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Preface 

Point mutation is a vast subject that could not be captured in a set of fifteen vignettes. 
This book therefore reflects the interest of its authors, who are, for the most part, 
medically oriented scientists from all over the world, from Latin America to Russia 
and from Africa to Asia. A diverse array of research fields are broached, with an effort 
to bring the reader up to date with the knowledge amassed since the year 2000. After 
an introductory chapter on point mutation, current theory is expounded in two 
chapters on human point mutation. This is followed by five chapters on point 
mutation in viral genomes, going from adaptation of HIV to current therapies to 
antiviral vaccination and point mutation. Next, current trends in our knowledge of 
bacterial adaptation to quinolone antibiotics is described. This is followed by point 
mutagenesis in eukaryotic genomes, going from drug resistance in malaria to the 
nefarious effects of cigarette smoking. Finally, two contemporary synthetic point 
mutagenesis methodologies are described.  

Colin Logie 
Nijmegen Centre of Molecular Life Sciences, 

Nijmegen, 
The Netherlands 
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Point Mutations, Their Transition  
Rates and Involvements in Human  

and Animal Disorders 
Viliam Šnábel 

Parasitological Institute,  
Slovak Academy of Sciences, Košice, 

 Slovakia  

1. Introduction 
Point mutation or single base substitution is the replacement of a single base nucleotide with 
another nucleotide of the genetic material. Point mutations can be divided into transitions, 
changes between the purines A and G, or changes between the pyrimidines C and T, and 
transversions, changes between purines and pyrimidines. A fundamental aspect of DNA 
point mutation is the observation that transitional nucleotide changes commonly occur with 
greater frequency than transversional changes. This bias is primarily due to the biochemical 
structure of the nucleotide bases and the similar chemical properties of complementary base 
pairing (Topal & Fresco, 1976). Estimates of the bias are important for understanding the 
mechanisms of nucleotide substitution, assessing mode and strength of natural selection, 
and the relative abundance of transitional and/or transversional mutations has important 
consequences in epidemiological research as each class is associated with different diseases 
(Wakeley, 1996; Martínez-Arias et al., 2001). This review addresses the issue to which extent 
transition bias is ubiquitous among living organisms and whether this is similar in different 
species, along with the screening of point mutations associated with diseases and disorders. 

2. Point mutations and transitional bias 
Within coding sequences, transitional changes are often synonymous whereas 
transversional changes are not. When both types of changes lead to a change in protein 
sequence, the transitional change is often less severe with respect to the chemical properties 
of the original and mutant amino acids (Zhang, 2000). In mammalian nuclear DNA, 
transition mutations appear to be approximately twice as frequent as transversions as is 
evident from the substitution patterns of mammalian pseudogenes (Gojobori et al., 1982), in 
synonymous and non-coding SNPs in humans (Cargill et al., 1999), and in SNPs in mice 
(Lindblad-Toh et al., 2000). On the other hand, transitions are about as common as 
transversions in synonymous and intron SNPs in Drosophila DNA (Moriyama and Powell, 
1996). In contrast to the modest transition bias observed in mammalian nuclear DNA, 
transitions appear to be about 15 times as frequent as transversions in human mitochondrial 
(mt) DNA (Tamura & Nei, 1993). In a detailed analysis of mtDNA Belle et al. (2005) 
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investigated the transition bias by assessing polymorphism in the cytochrome b gene (cyt-b) 
in 70 species distributed amongst mammals, birds, reptiles, amphibians, and fish, 
considering a total of 1823 mutations. The authors found that the bias towards transitions is 
widespread and the ts / tv ratio was always greater or equal to 1, and it varied from an 
average ratio of 2.4 in amphibians to 7.8 in birds. This is in sharp contrast with plant 
mtDNA where a transversion bias has been recorded (Wolfe et al., 1987), suggesting that the 
mitochondrial genomes of plants and animals follow very different patterns of evolution. 
Data of Belle et al. (2005) indicated little evidence for variation within orders or genera and 
between closely related species such as the great apes. For these primates, an advantage was 
that complete mtDNA sequences for humans, chimpanzees, gorillas and orangutans are 
available. Though humans displayed the greatest ts / tv ratio among these species (humans 
13.75, chimpanzees 11.00, orangutans 6.87, gorillas 5.67), there was no evidence of 
significant variation (χ2 = 5.8, df = 3, p = 0.12) between species, suggesting that the parameter 
has not changed much during the evolution of the great apes. Generally, the majority of the 
variation appeared to be at higher phylogenetic levels, between orders and classes. No 
evidence that the metabolic rate affects the ts / tv ratio was found in surveyed species. 

Rosenberg et al. (2003) conducted a similarly designed analysis of 4,347 mammalian protein-
coding genes from seven species (human, mouse, rat, cow, sheep, pig, macaque) as well as 
from the introns and multiple intergenic regions from human, chimpanzee and baboon 
primates. Estimates showed that genes and regions with widely varying base composition 
exhibit uniformity of transition mutation rate both within and among mammalian lineages, 
with no relationship to intrachromosomal or interchromosomal effects. This points to 
similarity in point mutation processes in genomic regions with substantially different GC-
content biases. Knowledge of the mutational transition/transversion rate bias also allows a 
prediction of time to saturation of substitutions at fourfold-degenerate sites. From mutation 
parameters the above authors derived that transversions become more common than 
transition after 250 Myr, i.e. the time about which transitions become saturated (at ~25% of 
sites). Transversions become saturated much more slowly, beginning to reach 50% after 
about 750 Myr. In addition, the observed number of transitional substitutions accumulates 
approximately linearly for about 100 Myr, whereas the transversional substitutions 
accumulate linearly for about 250 Myr. 

The accumulation of base substitutions not subject to natural selection is the neutral 
mutation rate. Most CpGs (regions of DNA where a cytosine nucleotide occurs next to a 
guanine nucleotide, separated by one phosphate) in mammals are uniquely hypermutable 
(e.g., Hwang & Green, 2004). The Cs of most CpGs are methylated (Ehrlich & Wang, 1981; 
Miranda & Jones, 2007), which enhances the deamination of C that produce in this case a 
T:G mismatch. The net result is that methyl-CpGs mutate at 10–50 times the rate of C in any 
other context (Sved & Bird, 1990), or of any other base (Hwang & Green 2004). 
Consequently, CpGs not under selection are replaced over time by TpG/CpAs. Mammals 
thus exhibit two dramatically different neutral mutation rates: the CpG mutation rate and 
the non-CpG rate. Walser et al. (2011) determined the neutral non-CpG mutation rate as a 
function of CpG content by comparing sequence divergence of thousands of pairs of 
neutrally evolving chimpanzee and human orthologs that differ primarily in CpG content. 
Both the mutation rate and the mutational spectrum (transition/transversion ratio) of non-
CpG residues changed in parallel as sigmoidal function of CpG content. As different 
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mechanisms generate transitions and transversions, these results indicate that both mutation 
rate and mutational processes are contingent on the local CpG content. Authors assessed that a 
threshold CpG content of ∼0.53% must be attained before the non-CpG mutation rate is 
markedly affected, and the CpG effect reaches saturation at levels above ∼0.63% CpG. Methyl-
CpG may mediate the recruitment of various DNA- or histone-binding proteins and other 
factors (Cedar & Bergman, 2009), which could conceivably affect the susceptibility of the DNA 
to mutation. In this case the correlation between non-CpG mutations and CpG content would 
mean that chromatin states promoted by CpG methylation, or that result in it, render DNA 
more susceptible to mutation than DNA not in such states. There is some evidence that the 
mutation rate of compact heterochromatin (closed, inactive formation of chromosome) is 
higher than euchromatin (opened, transcribed chromosome portion) (Prendergast et al., 2007).  

In attempting to quantify the context dependence of nucleotide substitution rates, Zhang et 
al. (2007) generated sequence data in baboon, chimpanzee and human by the NISC 
Comparative Sequencing Program. The study confirmed that C→T substitutions are 
enhanced at CpG sites compared with other transitions, and are relatively independent of 
the identity of the preceding nucleotide. While, as expected, transitions in general occurred 
more frequently than transversions, the most frequent transversions involved the C at CpG 
sites, with their rate comparable to the rate of transitions at non-CpG sites. A four-class 
model of the rates of context-dependent evolution in primate DNA sequences, CpG 
transitions > non-CpG transitions ≈ CpG transversions > non-CpG transversions, was 
consequently inferred from the observed mutation spectrum. 

To relate establishment of mitochondrial mutations to environmental stress, Khrapko et al. 
(1997) investigated whether point mutations accumulated during a human lifetime were 
different from those that arise in human cell cultures in the absence of added xenobiotic 
chemicals. They found that human organs such as colon, lung, muscle and their derived 
tumors share nearly all mitochondrial hotspot point mutations that indicate that they are 
primarily spontaneous in nature and arise either from DNA replication error or reactions of 
DNA with endogenous metabolites. The hypothesis that environmental mutagens are 
important contributors to mitochondrial point mutagenesis thus no longer seems tenable. 
Assessments of the types of point mutations observed as polymorphisms have shown that 
both G→A and A→G transitions occur more frequently than transversions that was 
consistent with previous observations in human mtDNA (Aquadro & Greenberg, 1983; 
Horai & Hayasaka, 1990). In TK6 cells (human lymphoblast cells with normal P53 function) 
and in human tissues the mitochondrial point mutation rate appeared to be more than two 
orders of magnitude higher than the nuclear point mutation rate. 

2.1 Mitochondrial and nuclear DNA mutations related to disorders 

Although much smaller than the nuclear genome, mitochondrial DNA is equally important 
as it has been hypothesized to play a crucial role in ageing and carcinogenesis. This is 
mainly due to the fact that mitochondria represent the major site for the generation of 
cellular oxidative stress and play a key role in mediating programmed cell death (Birch-
Machin, 2006). The first primary pathological mutations in mtDNA were discovered over 20 
years ago (Holt et al., 1988; Wallace et al., 1988), and since then more than 100 mutations of 
mtDNA have been linked to human disease. The vast majority of these mutations fall into 
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two classes: point mutations and large-scale rearrangements. The latter can be partial 
deletions (D) or duplications involving 1–10 kb of DNA (Holt et al., 2010). Nevertheless, the 
rearranged mtDNA invariably coexists with wild type molecules, a situation termed 
heteroplasmy, which is also frequently (Saada et al., 2001), but not universally (Van 
Goethem et al., 2001) found among pathological point mutations of mtDNA. Cellular 
dysfunction usually occurs when the ratio of mutated to wild-type mtDNA exceeds a 
threshold level (Birch-Machin, 2000). Mitochondrial DNA is wholly dependent on the 
nucleus for its maintenance and replication, and so mutations in nuclear DNA can also 
produce defects in mtDNA, or mtDNA loss (Zeviani et al., 1989; Moraes et al., 1991).  

Incomplete oxygen reduction within the mitochondrial respiratory chain can lead to the 
formation of the superoxide radical, the first molecule in the pathway responsible for the 
production of reactive oxygen species (ROS), often inducing DNA strand breaks (Kang & 
Hamasaki, 2003). Growing evidence suggests that cancer cells exhibit increased intrinsic ROS 
stress, due in part to oncogenic stimulation, increased metabolic activity and mitochondrial 
malfunction (e.g., Pelicano et al., 2004; Sedelnikova et al., 2010). As the mitochondrial 
respiratory chain is a major source of ROS generation and the exposed mtDNA molecule is in 
close proximity to the source of ROS, the vulnerability of the mtDNA to ROS-mediated 
damage appears to be a mechanism to amplify ROS-stressing cancer cells. Coupled with this 
phenomenon is free-radical theory of Harman (2001) who attributed ageing in a wide range of 
species by postulating that the production of intracellular ROS is the major determinant of life 
span. Intracellular ROS are primarily generated by the mitochondrial respiratory chain and 
thus constitute a prime target for oxidative damage. According to this theory, mtDNA 
mutations caused by ROS accumulate within the cell, leading to impaired respiratory chain 
proteins, thereby generating more ROS, which in turn causes higher mtDNA mutation rates. 
Although there are data supporting a direct functional role of mtDNA in ageing and 
photoageing (Trifunovic et al., 2004; Birch-Machin & Swalwell, 2010), there is still considerable 
debate about the type of mtDNA associated with ageing. For example, the most frequently 
reported DNA region under assumption presents 4977-bp common deletion, but its 
significance is under debate (Thayer et al., 2003; Meissner et al., 2010). In addition, there are 
single somatic mtDNA control region mutations associated with ageing in tissues including 
skin, but their functional significance is still unclear (Liu et al., 1998; Wallace, 2005). This 
process of chronological ageing can be accelerated in skin by chronic exposure to ultraviolet 
radiation, which has been shown to be associated with a further increase in mtDNA damage. 
Mitochondria have further been implicated in the carcinogenic process because of their role in 
apoptosis and other aspects of tumour biology, alongside ROS generation (Jakupciak et al., 
2005). In many types of human malignancy such as colorectal, liver, breast, pancreatic, lung, 
prostate, bladder and skin cancer somatic mtDNA mutations have been detected (Durham et 
al., 2003; Dasgupta et al., 2008; Fry et al., 2008; Yin et al., 2010; Choi et al., 2011; Namslauer et 
al., 2011; Potenza et al., 2011). Furthermore, sequence variations of mtDNA have been 
observed in preneoplastic lesions, which suggest generation of mutations early in tumour 
progression (Parr et al., 2006).  

Human cells lacking mtDNA, so-called ρ0 (rho zero) cells, can be repopulated with 
mitochondria derived from healthy subjects or patients with suspected mtDNA defects, to 
produce cytoplasmic hybrids, or cybrids. If the respiratory capacity of the cybrid cell is 
impaired then the deficiency can be ascribed to the mitochondrial, as opposed to the 
nuclear, genome (Chomyn et al., 1991). The cybrid cell culture system has enabled the 
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discovery of the biased segregation of human mtDNA variants (Hayashi et al., 1991). 
Zastawny et al. (1998) compared oxidative base damage levels in mitochondrial and nuclear 
DNA of endogenous pig liver cells using gas chromatography. Higher levels (4.4 to 42.4 
times) of five measured bases were found in mtDNA in relation to nuclear DNA. The higher 
rate of oxidatively modified bases may be due to the large amount of ROS produced in 
mitochondria, the absence of bound histones in mtDNA, and deficiency of DNA repair 
enzymes in some restoring routes.  

Defects in oxidative phosphorylation (OXPHOS) are genetically unique because the key 
components involved in this process, respiratory chain enzyme complexes I, III, IV, V, are 
encoded by both nuclear and mitochondrial genes. Therefore, Rubio-Gozalbo et al. (2000) 
examined whether there are clinical differences in patients suffering from OXPHOS defects 
caused by nuclear or mtDNA mutations. 16 families with >=2 two siblings bearing a 
genetically established OXPHOS deficiency were studied, in four families due to a nuclear 
gene mutation and twelve due to a mtDNA mutation. Differences in age at onset, severity of 
clinical course, outcome, and intrafamilial variability in patients affected by an OXPHOS 
defect due to nuclear or mtDNA mutations were observed. Patients with nuclear mutations 
became symptomatic at a young age, and had a severe clinical course. Patients with mtDNA 
mutations showed a wider clinical spectrum of age at onset and severity. Reported 
differences are of importance regarding the choice of type of genome in further studies of 
affected patients. 

2.2 Point mutations in pathogens 

The challenge to identify point mutations accounting for resistance against antiparasitic 
drugs has been often addressed in veterinary pharmacology. For drug resistance in 
Plasmodium, causative organisms of malaria, a multitude of tests have been available and 
used for detecting parasites resistant to multiple drugs over the past 15 years (Hunt, 2011). 
Although the mechanisms by which malaria parasites develop resistance to drugs are 
unclear, current knowledge suggests that a main mechanism of resistance is the alteration of 
target enzymes by point mutation. Mutations in dihydrofolate reductase (dhfr) and 
dihydropteorate synthatase (dhps) cause anti-folate resistance in human malaria parasites 
against drugs sulphadoxine and pyrimethamin with synergystic anti-malarial effect (Prajapati 
et al., 2011). A constant monitoring is necessary to keep information about newly emerging 
drug resistance in Plasmodium, e.g. due to ATP6 gene variants implicated in artemisin 
resistance (Menegon et al., 2008), and to detect new gene variants associated with resistance 
to older drugs, e.g. cyt-B gene variants in atovoquone resistance (Sutherland et al., 2008).  

The principal mechanism of resistance to benzimidazoles is likely to involve changes in the 
primary structure of beta-tubulins, the building blocks of microtubules (Lacey, 1988). 
Specifically, point mutations in the beta-tubulin isotype 1 gene leading to amino acid 
substitutions in codons 167, 198, and 200 are widely thought to be associated with resistance 
in nematodes and DNA-based assays have been developed to monitor single nucleotide 
polymorphisms (SNP) (Silvester & Humbert, 2000; Von Samson-Himmelstjerna et al., 2009). 
These SNPs offer a means to detect the presence of resistance within populations and to 
monitor the development of resistance. As research progresses, however; it has become clear 
that other genes may be implicated in benzimidazole resistance and further aspects of 
anthelmintic resistance/susceptibility (Blackhall et al., 2008). Pan et al. (2011) identified 
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heat-shock protein 60 (HSP 60) as one of the most frequently expressed biomolecules after 
albendazole treatment of patients that could be connected with beta-tubulin gene isoform 2 
which exhibits a conserved point mutation indicative of benzimidazole resistance in 
tapeworm Echinococcus granulosus.  

Detection of point mutations has been beneficial in allowing consistent differentiation of 
closely related parasitic organisms. By examining the ITS1 region Zhu et al. (1999) 
established six fixed nucleotide differences between sibling species of Ascaris suum (pig 
nematode) and A. lumbricoides (human nematode) that are impossible to distinguish by 
mitochondrial genes due to existence of different lineages before host affiliations (Levkut et 
al., 1999; Dubinský et al., 2000; Criscione et al., 2007). The rrnS mitochondrial gene was 
found to be a useful genetic marker for related genotypes G1 (sheep strain) and G3 (buffalo 
strain) of Echinococcus granulosus complex, revealing a total nucleotide uniformity within 
genotypes and two point mutations (166T→G, 205A→G) between these variants (Busi et al., 
2007; Šnábel et al., 2009). 

3. Conclusion 
DNA base substitutions (mutations) are the most frequent class of genetic variants. 
Determining the factors that affect the base mutation rate remains a major concern of 
geneticists and molecular evolutionists. In mammalian nuclear DNA, transition mutations 
appear to be approximately twice as frequent as transversions. In human mitochondrial (mt) 
DNA transitions appear to be as much as about 15 times more frequent than transversions. 
In evaluating 70 species of mammals, birds, reptiles, amphibians, and fish, the ts / tv ratio 
varied from average of 2.4 in amphibians to 7.8 in birds in mtDNA. This contrasts with plant 
mtDNA with recorded transversion bias, suggesting that the mitochondrial genomes of 
plants and animals follow very different patterns of evolution. In mammalian protein-
coding genes, it was estimated that transversions become more common than transition 
after 250 Myr, i.e. the time about which transitions become saturated (at ~25% of sites). 
Transversions become saturated much more slowly, beginning to reach 50% after about 750 
Myr. The observed number of transitional substitutions accumulates approximately linearly 
for about 100 Myr, whereas the transversional substitutions accumulate linearly for about 
250 Myr. Most CpG sites, particularly those in transposable elements, are preferred sites of 
C methylation. Therefore, the correlation between CpG content and non-CpG mutations 
could be due to an effect of methyl-CpG per se, to its spontaneous deamination to produce a 
T:G mismatch and subsequent recruitment of error-prone DNA repair mechanisms, or both. 
According to the present knowledge, more than 100 mutations of mtDNA have been proved 
to be linked to human disease. The majority of these mutations are point mutations and 
large-scale rearrangements (partial deletions or duplications involving 1–10 Kb of DNA). 
Mitochondria are implicated in the carcinogenic process because of their role in apoptosis 
and other aspects of tumour biology, and because of generating ROS (reactive oxygen 
species), presented as major determinant of life span. Intracellular ROS are primarily 
generated by the mitochondrial respiratory chain and thus constitute a prime target for 
oxidative damage. Many types of human malignancy such as colorectal, liver, breast, 
pancreatic, lung, prostate, bladder and skin cancer harbor somatic mtDNA mutations. 
Mitochondrial DNA is wholly dependent on the nucleus for its maintenance and replication, 
and so mutations in nuclear DNA can also produce defects in mtDNA, or mtDNA loss. 
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1. Introduction 
1.1 The bioinformatical resources 

The carrier of biological information is a DNA molecule that is packed in the cell nucleus. In 
the case of human species the genome consists of roughly three billion of base pairs that are 
packed into the chromosomes 1 through 22, and two sex chromosomes x and y. The genomic 
data acquisition witnessed a strong push in recent years. Ever more versatile sequencing 
technologies enable the sequencing laboratories to maintain a high throughput regime of 
work. Genomic data are freely available at several locations such as the National Center for 
Biotechnology Information (http://www.ncbi.nlm.nih.gov) and European Molecular 
Biology Laboratory  

(http://www.ebi.ac.uk/embl/) web sites. Also the aligned genomic sequences are available 
(Kuhn et al. 2009). The first draft of human genome was published in 2001 (Lander et al. 
2001). A few years later Mikkelsen et al. (2005) produced the chimpanzee genome. Soon 
followed the rhesus genome (Gibbs et al. 2007) and also a great part of genomic sequences of 
orangutan and gorilla are available today.  

The processes on the molecular level that are responsible for passing the genetic information 
between subsequent generations are prone to errors, causing the temporal modification of 
the genetic ‘text’. In the primate branch of the phylogeny the error rate is approximately one 
point mutation per generation (Kumar and Subramanian 2002). Some changes eventually 
spread among a large part of the population, and the others die out. This happens within the 
period of approximately one million years (Myr) that is called the coalescence time. The 
differences between the human individuals that exist due to the mutations that did not yet 
reach their final destiny (i.e. extinction or spread over the entire population) represent the 
genetic polymorphism of a species. The richest amount of polymorphic data is available in 
the case of human species. We shall be only concerned with the so called single nucleotide 
polymorphism (snp). The word “single” in the snp phrase is to some extent misleading 
because the snp databases also contain entries with variations in the genetic text in the form 
of several consecutive variations of the nucleotide sequence of an individual with respect to 
the master sequence. The snp databases encompass more than 10 million entries 
(http://www.ncbi.nlm.nih.gov/snp). The problem is in validation of the snp data. Various 
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levels of validation are possible, but only a limited number of snps fulfill the most stringent 
validation criteria.  

The split times of the human species with chimpanzee, orangutan, gorilla and rhesus 
macaque are in the range of 6 to 25 Myrs. Multiple sequence alignments reveal an order of 
magnitude of tens of millions of point mutations. This represents a decent basis for 
statistical evaluation of the evolutionary models. The human - chimpanzee sequence 
comparison (Mikkelsen et al. 2005) provides the most important set of data because their 
common ancestor lived 5 to 7 Myrs ago. Each nucleotide difference that is detected when 
comparing these two species is in the greatest extent the result of a single event. However, 
the double alignment does not uncover the directionality of the mutations (Jiang and Zhao 
2006). In order to assess more complete information about the mutational processes one 
needs to align at least three genomic sequences. This means that one needs to go deeper in 
the evolutionary history by adding to the human - chimpanzee pair additional primate 
species, as mentioned above. Going deeper in the evolutionary history cannot be at no cost. 
The differences that are inferred from the multiple alignments do not need to represent the 
genuine replacements but a result of a combination of the events that might have taken 
place at the same DNA site. This is likely to occur at the hypermutable sites such as CpG 
dinucleotides (Fryxell and Moon 2005, Fryxell and Zuckerkandl 2000, Jabbari and Bernardi 
2004, Ollila et al. 1996). 

1.2 Nucleotide replacements 

The single nucleotide replacement events can be categorized in several ways. There are 12 
possible replacements - two pairs of transitions (A<=>G, C<=>T) and four pairs of 
transversions (A<=>C, A<=>T, G<=>C, G<=>T). The replacements are context dependent. 
On a coarse grained scale the contextual categories can be identified in terms of the DNA 
functionalities: transcribed and non-transcribed regions, regulatory regions and the 
remaining sequences. The regions are subjected to variable functional constraints and the 
mutational spectra would differ for various regions. One can also define the context on 
micro scale in terms of the flanking nucleotides (Siepel and Haussler 2004; Fryxell and Moon 
2005; Zhao and Zhang 2006). One can choose only one nucleotide as the context defining 
element: the left or the right neighbor of the mutated site. In such a case the mutated site 
plus the nucleotide defining the context is a dinucleotide entity (Gentles and Karlin 2001). 
There are 16 distinct dinucleotides and the replacement counts and the replacement 
probabilities can be represented by 16x16 matrices. Two kinds of matrices will be the subject 
of our interest. The A matrices will represent the replacement counts and the W matrices 
will represent the replacement probabilities. The other possibility is that the context is 
defined in terms of right and left neighbor. In this case the above mentioned matrices are of 
rank 64. However, one does not need to deal with all 64x64=4096 matrix elements. If the 12 
above mentioned transitions and transversions are inserted within 16 possible left/right 
nucleotides defining the context one obtains altogether 192 replacement types that need to 
be examined in terms of their frequencies of appearance and their probabilities.  

The counts can be extracted from the genomic alignments and single nucleotide 
polymorphism data. In order to unravel the evidence regarding the compositional changes 
one should gain access to the directionality of the replacements,  meaning that when two 
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different nucleotides are found in two genomes at a certain site one should be able to tell, 
which is the ancestral and which is the newly replaced nucleotide. The identity of the 
ancestral sequence elements can be determined by the analyses of multiple sequence 
alignments. The majority principle is usually applied. This means that the nucleotide that is 
found most frequently at a certain site is supposed to be the ancestral one. In the case of 
multiple events taking place at a single site the majority principle does not lead to proper 
results, which can be corrected by computer simulation.  

We shall adhere to the convention that the Aij element represents the number of j to i 
replacements. On the basis of the A matrix one can define the replacement probability 
matrix W following the simple philosophy that the number of replacement events is equal to 
the number of the sites multiplied by the replacement probability 

 Aij =W ij Nfj . (1) 

N=ΣiΣjAij denotes the total number of dinucleotides and fj are the elements of the 
dinucleotide composition vector (fj =Σ i Aij /N). The W matrix has the property that each 
column sums to unity:  

Σ i Wij =1.  

1.3 Mutations produced by the replication slippage 

A rather potent mechanism of DNA modification is the modification of the length of short 
tandem repeats or microsatellites (Cox and Mirkin 1997, Borštnik and Pumpernik 2002, 2005, 
Borštnik et al. 2008). The human genome contains approximately 2% of sequences having 
the form of short tandem repeats of nucleotides, dinucleotides, trinucleotides and so forth. 
In the DNA replication process the repetitive parts of DNA sequences are likely to be 
incorrectly reproduced. The repeats can become elongated or shortened. This is because the 
two complementary DNA strands retain the complementarity also in the case when one or 
the other strand slips forward or backward for an integer number of repeat units. In a series 
of subsequent cell divisions a tandem repeat can thus lead to a substantial elongation or, in 
the other extreme, may even lead to the disappearance of the repeat. The high mutability of 
repeats makes them usable in genotyping purposes. Microsatellite markers exhibit mutation 
rates that exceed the average mutation rates by two orders of magnitude. In this work we 
shall put under scrutiny whether the nucleotide replacement process and the replication 
slippage mechanism produce comparable densities of mutational changes.  

1.4 The distribution of mutations along the chromosomes  

Since stochasticity is an essential component of the mutational processes one can expect that 
the locations of the mutated sites will be randomly distributed along the DNA sequence. 
According to our opinion it is worth to study in detail the spatial distribution of the mutated 
sites. We shall be concerned with three types of point mutations: nucleotide replacements 
produced by the genomic and snp mutations and replication slippage events. There are 
several possible realizations of mutation density studies. One can look for the differences 
between genomic and snp nucleotide replacements and replication slippage mutations. 
Further, one can compare the mutation densities occurring in the human genome to those 
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occurring within the genomes of other primate species. This can be done if one can trace the 
directionality of the mutations. By aligning several primate species one can first determine 
the ancestral state of the sequence and then one can identify the species that was subjected 
to the mutation. 

1.5 The neutrality hypothesis 

It is not easy to explain the Darwinian principle of the survival of the fittest in terms of the 
changes taking place at the DNA level. The idea that the mutations can be divided into two 
classes – the ones giving a positive contribution to fitness, and the others reducing the 
fitness of the organisms is an oversimplification. Kimura (1968) has shown that the majority 
of changes at the molecular level are neutral and do not affect fitness. Stochasticity is the 
main characteristic of molecular evolution. The changes are generated at random times and 
random positions along the chromosomes. The driving force of the mutations is the non-
ideality of the DNA replication apparatus. If the selective coefficient belonging to the change 
that the mutation produces is small enough, the mutated variants would eventually spread 
among the population since there is no impact upon the functioning of the organisms. 
Studies of the patterns of neutral mutations can offer an insight into the cellular machinery 
that is responsible for DNA replication. 

1.6 Scope of the work 

In what follows we present new results on the mutational propensities in the human 
lineage. In the next section the results obtained by a simple four parameter model of 
nucleotide replacements will show that the mutational changes are amenable to statistical 
predictions. In the next section the model is expanded to a multi-parameter form and it is 
shown that the agreement between the model and the results of the alignment of natural 
sequences become very close. The mutational analyses are then expanded in two respects. 
The comparison between the processes leading to the diversity and divergence is performed 
on the ground of the nucleotide replacements. Further, two competing mutational 
mechanisms are compared: the nucleotide replacements and the replication slippage 
mechanism. The question is also addressed how to search the genetic basis of human 
phenotypical characteristics.  

2. Results  
2.1 Nucleotide replacements  

Let us first present the results obtained by a simple four parameter model of nucleotide 
replacements. The model is defined as follows. A nucleotide sequence with the 60:40 
A+T:C+G composition is subjected to a process of one-nucleotide replacement at random 
positions in such a way that transitions are four times more probable than transversions. 
The CpG dinucleotides are taken to be five times less frequent and two times more mutable 
than the average dinucleotides. A computer simulation procedure was set up. An artificial 
sequence was randomly subjected to the nucleotide replacements. After enough 
replacements have been accumulated to reproduce the human/chimpanzee split the counts 
were performed on the level of trinucleotides and the results were compared with the 
results of the human - chimpanzee genomic alignments. The results are presented in Fig. 1, 

 
Bioinformatical Analysis of Point Mutations in Human Genome 

 

19 

where the logarithm of human/chimpanzee replacement counts are plotted along the 
horizontal axis and the model values along the vertical axis. The points are scattered along 
the y=x line. The four groups of points belong to Δn=0,1,2,3 substitutions per trinucleotide. 
Each group is dispersed and divided into several subgroups. The Δn=0 group located at the 
upper right corner of the figure represents the degree of reproduction of the genome 
composition in terms of trinucleotides. It shows that a two parameter (the C+G:A+T ratio 
and the degree of CpG depletion) model reproduces reasonably the DNA composition in 
terms of trinucleotides. The points in the form of full circles are divided into two subgroups 
on the basis of CpG content. The eight trinucleotides in the form XCG and CGX are 
separated from the remaining trinucleotides due to their strong depletion. The other three 
groups (Δn=1,2,3) are further partitioned on the basis of transition/transversion differences 
and CpG supermutability. The positions of Δn=3 points in the form of empty triangles are 
systematically deflected below the y=x line which means that the multiple replacements at 
the neighboring sites are not as independently occurring as a model of independent 
mononucleotide events would predict.  

 
Fig. 1. The comparison between the human - chimpanzee replacement counts based on a 
simple four parameter model (vertical direction - Nmod) and the results based upon the 
human - chimpanzee genomic alignment (horizontal direction - Nnat) in trinucleotides. The 
four symbols (full circle, empty circle, full triangle, empty triangle) refer to  Dn=0, 1, 2 ,3 
replacements within a trinucleotide frame.  

2.2 Multi-parameter dinucleotide replacement model 

In general one can construct a multi-parameter nucleotide replacement model. Hwang and 
Green (2004) presented the most elaborate model by dividing the genomic sequences in 
several classes according to their functional role. The context was taken into account with 
left and right neighbor and the replacement probabilities for all possible pairs of 
trinucleotides were optimized in order to match the results of multiple genomic alignments. 
Only those trinucleotide pairs were taken into account where the left and right nucleotides 
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where the logarithm of human/chimpanzee replacement counts are plotted along the 
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Fig. 1. The comparison between the human - chimpanzee replacement counts based on a 
simple four parameter model (vertical direction - Nmod) and the results based upon the 
human - chimpanzee genomic alignment (horizontal direction - Nnat) in trinucleotides. The 
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2.2 Multi-parameter dinucleotide replacement model 
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are identical while the middle one is being replaced. Also several other authors (Arndt and 
Hwa (2005), Baele et al. (2008), Duret and Arndt (2008), Lunter and Hein (2004), Borštnik 
and Pumpernik (to be published)) were trying to infer the replacement probabilities. It turns 
out that the results are pretty elusive. There are several circumstances that render the 
parameterization of the mutational process difficult. It is hard to attain the statistical 
significance. A particular class of mutational changes can easily be defined in such a way 
that, when it is sampled within the appropriate database becomes too narrow to guarantee a 
satisfactory statistics. In this work we would like to present an approach with the 
classification of the mutational changes that does not follow the standard practice in order to 
gain a profit in the form of the reduction of statistical fluctuations. We are halving the 
number of the nucleotides defining the context and perform the analyses in the space of 
dinucleotides. In this case the number of unknown replacement probability parameters is 
reduced to the number of the entities defining the context (4 in our case ) multiplied with the 
number of distinct type of replacements (four transitions and 8 transversions, what makes 
12 replacements), thus 48 unknowns. In order to further improve the statistics we have 
chosen the largest set of nucleotide sequences possible: the complete human genome aligned 
with the counterparts of chimpanzee, orangutan and rhesus genomic sequences. The 
number of nucleotides aligned was close to one billion.  

The simulation procedure was performed in order to determine the elements of the 
replacement probability matrix and to retrieve the replacement count matrix that is free of 
superposition errors. This goal was achieved by simulating the replacement process on an 
artificial starting DNA sequence. The simulation was run along the dendrogram in the form of 
four branches. The branch representing the outgroup species (rhesus or orangutan) extends 
from the common root to the present. Its length is denoted by Tr or To , respectively. The 
human/chimpanzee common ancestor branch extends from the common root to the point of 
human/chimpanzee split and its length is denoted by Thp. The replacements were generated 
using the random number generator uniformly on all the branches according to the 
probabilities defined by the mutation probability matrix W. The W matrix was expressed as  

 Wij=aij Aij/(Nkj fj) (2) 

where Aij and fj elements were taken from the results of the triple alignments and aij and kj 

are the correction coefficients subjected to the optimization procedure. In a hypothetical 
ideal case when the A matrix would represent genuine replacement numbers free of 
superposition errors, all the aij and kj coefficients would be equal to unity. In our case the aij 

and kj coefficients were determined by the following procedure: After each simulation 
round the three artificial sequences were aligned and the resulting A(t) matrix was compared 
with the corresponding A(t) matrix obtained when aligning the natural sequences. The 
difference between the two matrices was minimized by optimizing the correction 
coefficients by a brute force Monte Carlo procedure. Random variations were performed 
and the variations not improving the matching of the two matrices were discarded. The 
variational procedure in such an enormous parameter space as it is spanned by the entire set 
of the correction coefficients is not easy to carry out. It is expected that the main source of 
the superposition events are the replacements caused by CG dinucleotide decay. Therefore 
the Monte Carlo procedure was conducted in such a way that the parameter subspace 
associated with the CG decay was given more attention than the remaining regions of the 
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parameter space. The end result of the simulation procedure were the W matrix and the 
matrix  A(d) of direct counts of the dinucleotide replacements that was free of deformation 
due to multiple replacements taking place at the same site. 

In Fig. 2 the pairs of A(t) matrix elements are plotted in such a way that the i <= j 
replacement counts are used as the x coordinate and the j <= i value as the y coordinate. The 
two points belonging to the same i,j pair are positioned symmetrically with respect to the 
y=x line and the distance between them represents the measure of the asymmetry. The 
dinucleotides connected by the strand symmetry are positioned approximately at the same 
place. The data plotted in Fig. 2 were extracted from the human/chimpanzee/rhesus (hpr) 
alignment. We can see that the majority of the replacements exhibit an appreciable degree of 
asymmetry. When these data are compared to the human/chimpanee/orangutan (hpo) case 
it turns out that the asymmetry is independent of the choice of the triple alignment sources. 
Nearly all the pairs of points belonging to hpr and hpo coincide to a rather high extent. Only 
the points corresponding to the CG <=> CA/TG replacements are in disagreement. The 

 
Fig. 2. The dinucleotide replacement counts presented in such a way that each pair of counts 
running in opposite directions is represented by a point in Aij, Aji plane. If the two counts 
are equal the corresponding replacement would be located along the y=x line. The distance 
from y=x line is a measure of the directionality asymmetry. The two replacement pairs 
connected by the strand symmetry is mapped as a pair of points mirroring across the y=x 
line. Bullets correspond to the replacement counts obtained from 
human/chimpanzee/rhesus triple alignments (A(t)) and circles to the direct replacement 
count (A(d)) generated in the simulation procedure. In nearly all the cases  the  bullets and 
circles coincide. A significant discrepancy takes place in the case of CG <=> CA/TG 
replacements where a pair of arrows indicate the extent of the superposition error inflicted 
upon the counts retrieved by the triple alignments. Only the replacements of the transition 
type below the y=x line are interpreted. The interpretation is also valid for the points that 
are mirrored across the y=x axis, provided that the arrows symbolizing the replacement 
directions are reversed. The units are arbitrary. 
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asymmetries of the CG <=> CA/TG replacements are larger in the case of hpr than in the 
case of hpo. Such a disagreement leads us to the idea that the CG <=> CA/TG replacement 
asymmetries are the artifact of the procedure by which they were detected. The process to 
be blamed is the superposition of multiple replacement events at a single site which was 
resolved by the simulation of the replacement process. 

The optimal agreement between the natural and simulated A(t) replacement count matrices 
was achieved with the branch length ratio Thp /Tr = 0.8 and Thp /To= 0.53. The majority of 
the resulting correction factors emerged from the optimization procedure within the interval 
0.96 to 1.04. The following values emerged outside this interval aij=1.3; aji=0.9 and kj=1.35 for 
j=CG; i=CA/TG. The final correlation coefficient between the two (natural and model) A(t) 
matrices was equal to 0.9995 when simulating the hpr case. The two direct count matrices 
A(d) belonging to the hpr and hpo case exhibit small differences. The extent of corrections that 
emerge from the simulation procedure is seen in Fig. 2. The two arrows mark the position of 
CG<=>CA/TG replacements in the Aij/Aji plane corresponding to the hpr case.  

The dinucleotide replacement probabilities Wij that resulted from the optimization 
procedure are presented in Fig. 3 in a similar way as the Aij counts are presented in Fig. 2. 

The location of the two points belonging to CG decay are located outside the margins of the 
figure and their position is indicated by the arrows. The probability of CG decay is for one 
order of magnitude above the average probability of the transition type replacements. The 
asymmetries of the dinucleotide replacements do not need to exhibit the same direction in 
the Wij and Aij cases because the factor fi /fj in the relation Wij / Wji = (Aij /Aji )( fi /fj) can 
reverse the directionality of the two pairs of i,j values. 

 
Fig. 3. The dinucleotide replacement probabilities W(i,j) presented in the same way as the  
A(i,j) counts in Fig. 2. Note that the italicized dinucleotide pairs exhibit the opposite 
directionalities  in comparison with the A(i,j) values. The CA/TG<= CG replacement 
probabilities are located in the direction indicated by  the two arrows at x=21 (horizontal 
arrow) and and y=21 (vertical arrow). The units are arbitrary. 
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The deviation from reciprocally equilibrated replacements between the dinucleotide pairs 
are statistically the most significant in the cases where the two dinucleotides differ at one 
place - and the difference is of the transition type. The dinucleotide pairs of this type can be 
grouped into three clusters (Figs. 4 and 5). The first cluster (Fig. 4) comprises the 
dinucleotides GG/CC that can be replaced by the dinucleotides GA/TC or AG/CT, which 
can be further replaced by AA/TT dinucleotides. The next two clusters (Fig. 5) comprise the 
four palindromic nucleotides of which AT and GC can be replaced by AC/GT, while TA 
and CG can be replaced by CA/TG dinucleotides. Also the asymmetries of the three clusters 
of the replacements are presented in Figs. 4 and 5. It is evident that the transition 
components of the fluxes are not equilibrated. In order to see whether the replacement 
process is running in a steady state or not, one should examine the A and W matrices in 
their entirety. Both A(d) matrices, in the hpr and hpo case clearly show that in the case of 
AC/GT, TA and CA/TG dinucleotides are increasing their share in the replacement process, 
while CC/GG, AG/CT and AT are losing their share in dinucleotide population.  

 
Fig. 4. The asymmetries of the  GG/CC, GA/TC, AG/CT replacements. The height of the 
barrels is proportional to their composition (given in percents at the top). For each 
replacement the arrow shows the predominant directionality. The numbers beside the 
arrows give the asymmetry factor - the  Aij(d)/Aji(d) ratio. The numbers in parentheses give 
the  corresponding Wij/Wji ratios. 

2.3 The density of mutations: Diversity versus divergence comparison 

The genetic diversification within the human population appears on the account of two 
mechanisms – both having essential stochastic component – point mutations and genetic 
recombination in the process of meiosis. The former process generates new varieties and the 
latter one generates new combinatorial realizations of the genetic differences. Nucleotide 
sequencing reveals the differences between the individuals and make them available for 
bioinformatical processing. Roughly 107 single nucleotide polymorphisms are known today 
what means one to ten polymorphic sites per thousand nucleotides.  
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Fig. 5. The asymmetries of the  GC, AC/GT, AT, CG, CA/TG and TA  replacements. See 
also the caption of Fig. 4. 

Also the differences between the master sequences of closely related diverging primate 
species exhibit a comparable densities of point mutations as the above mentioned 
intraspecies diversities. One can compare the two types of mutabilities in several ways. The 
standard approach is to compare the nucleotide replacement matrices. Our preliminary 
results (Borštnik and Pumpernik - in preparation) show that there exists a certain difference 
between the replacement matrices. In this work we focus our attention on the question as to 
how the two types of mutations are distributed along the chromosomes. In Figure 6 the 
distribution of genomic and snp mutations is presented for a typical segment located on the 
first chromosome. The density of mutations is proportional to the slope of the line on which 
lies the sequence of points representing the counts of nucleotide replacements. We can see 
that, roughly speaking, there exist chromosomal segments with diverse densities of 
mutations. This is valid for snp and for the genomic mutations. However, the densities of the 
two types of mutations do not necessarily fluctuate in phase. A more detailed information 
regarding the distribution of the replacement sites is presented in Figure 7. The two 
horizontal directions in the plot refer to the number of two types of the replacements per 
1000 nucleotides. The direction marked with “gen” refers to the density of genomic 
mutations and the other horizontal coordinate corresponds to the density of the snp 
replacements. The values along the vertical direction represent the number of 1000 bp  
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Fig. 6. The comparison of counts of genomic and snp type of nucleotide replacements. 
Horizontal variable x represents the coordinate (running nucleotide number (from 1 to 250 
million)) along the first chromosome, N(x) is the cumulative number of human – 
chimpanzee nucleotide replacements within the interval [0-x] (red square symbols). Green 
circles represent the snp counts as a function of the chromosome coordinate. The snp counts 
are multiplied by a factor 3.827 in order that only one series of values suffice to be displayed 
along the vertical axis. The nucleotide replacement densities are proportional to the slope of  
N(x) plot. One can  identify segments with well defined densities, that vary from segment to 
segment. The straight lines are plotted to guide the eye. 

segments possessing the characteristics defined by the two horizontal coordinates. The 
distribution is close to what one would expect. The plot in two dimensions exhibits its 
highest values close to zero density and not at the average value that is located at higher 
values of the densities. The essential message of Fig. 7 is the following. In spite of the fact 
that the genomic and snp replacements exhibit strong fluctuations in mutation density and 
that the fluctuations are apparently out of phase, the two dimensional distribution of the 
two densities exhibits normal unskewed properties.  

Besides the comparison of genomic and snp replacements we also performed the 
comparison between the nucleotide replacement type of point mutations and replication 
slippage type mutations. Short tandem repeats (str) with the monomer lengths 1 and 2 were 
first located within the human sequence. In the next step the human – chimpanzee str 
counterparts with unequal lengths were detected in the human/chimpanzee alignment. The 
result was a list of chromosomal coordinates of replication slippage type of mutations. This 
list can be compared with the list of genomic nucleotide replacement type mutations. The 
question can be posed again whether there is a noticeable correlation in the distribution of 
the mutations of various classes. In Figure 8 the mutation counts are plotted as a function  of 
the chromosome coordinate. The densities of three kinds of mutations are presented: 
mutated strs with monomer lengths 1 and 2 and single nucleotide replacement mutations 
that were already presented in Fig. 6. We can see again that the densities of the three kinds 
of mutation do not oscillate in phase. The strongest fluctuations are present in the  
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Fig. 7. A three dimensional plot of the genomic and snp type nucleotide replacement 
densities. The coordinates of the points in two horizontal directions have the following 
meaning: number of genomic replacements per 1000 nucleotides for the “gen” direction and 
number of snp nucleotide replacements per 3800 nucleotides for the “snp” direction. The 
heights of the points represent the number of segments having the densities specified by the 
two horizontal coordinates. 

 
Fig. 8. Red squares, green circles and blue triangles (hidden behind the red squares) 
represent the counts of nucleotide replacements and repeat elongation/shortening of 
mononucleotide and dinucleotide repeats, respectively, as a function of the first 
chromosome coordinate x. 

distribution of strs composed of dinucleotides. This is to be expected. There is a significant 
difference between the mononucleotide and dinucleotide repeats. Mononucleotide repeats 
of the type Cn or Gn are very rare. The majority of mononucleotide repeats are of the form An 

or Tn and more than one half of them have their origin in retroposed segments of 
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retroposons with a polyadenyl tail. After these elements are retroposed they begin with their 
mutational dynamics. The dinucleotide repeats, on the other hand, are supposed to be the 
result of a pure replication slippage dynamics and therefore the densities of their mutations 
exhibit a different pattern than the mononucleotide repeats. 

2.4 The density of mutations: Human versus non-human mutations 

As the last case, let us present the analysis of the differences between the densities of the 
mutations that occurred in human lineage on one hand and the densities of the mutations 
that occurred in other primate species. We analyzed quadruple alignment of human, 
chimpanzee, orangutan and gorilla genomic sequences. Suppose that a site is populated by 
x,y,z,w nucleotides at their respective human, chimpanzee, orangutan and gorilla sequence. 
In the majority of cases all four nucleotides are identical, indicating that the site was not 
subject to mutation. The cases where the diversity of x,y,z,w goes beyond two unequal 
nucleotides are rare and were ignored. What remains are the cases where a site is populated 
by two nucleotides, say x and y. There are 6 realizations of (2x,2y) case and 4 realizations of 
(3x,y) case. We considered only the cases y,x,x,x and x,y,x,x. In the first case it is plausible to 
conclude that the mutation took part in human lineage and in the second case chimpanzee 
lineage can be supposed to be hit by the nucleotide replacement. In our earlier study 
(Borštnik and Pumpernik - in preparation) we produced the trinucleotide 64x64 replacement 
matrices for the cases where only the middle nucleotide is allowed to be replaced. Using the 
above mentioned criterion to determine the directionality of the replacement we have 
shown that no significant difference exists between the nucleotide 64x64 replacement 
matrices taking place in human lineage and chimpanzee lineage. Also the results based 
upon the study of sequential distribution of the nucleotide replacements shown in Fig. 9 
corroborate the notion that on average there is no appreciable difference between the 
mutation densities in the two species. The most important information emerging from Fig. 9 
can be extracted by comparing the mutation densities in human and chimpanzee species. To  

 
Fig. 9. Red squares and green circles represent the counts of nucleotide replacements taking 
place in human and chimpanzee species, respectively, as a function of the first chromosome 
coordinate x. 
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Fig. 7. A three dimensional plot of the genomic and snp type nucleotide replacement 
densities. The coordinates of the points in two horizontal directions have the following 
meaning: number of genomic replacements per 1000 nucleotides for the “gen” direction and 
number of snp nucleotide replacements per 3800 nucleotides for the “snp” direction. The 
heights of the points represent the number of segments having the densities specified by the 
two horizontal coordinates. 

 
Fig. 8. Red squares, green circles and blue triangles (hidden behind the red squares) 
represent the counts of nucleotide replacements and repeat elongation/shortening of 
mononucleotide and dinucleotide repeats, respectively, as a function of the first 
chromosome coordinate x. 
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some extent the two densities go hand in hand, but the deviations of this rule are 
appreciable. This means that after the human – chimpanzee split the mutational process in 
each genome ran with comparable pace in orthologous regions. Obviously in the course of 
time species-specific mutation patterns came into the existence. Detecting and scrutinizing 
such regions can provide vital information about the human ascent. 

3. Discussion 
The purpose of this work is to contribute new findings in the field of the studies of point 
mutations in human lineage. This topics is of paramount importance because at the moment 
a greater part of questions concerning the correspondence between genotypic and 
phenotypic mutational changes remain unsolved. A conservative scenario as to how to 
figure out the meaning of the genomic differences should point towards the 22.000 primate 
genes and, of course towards their regulatory regions. The differences between the coding 
regions of the primate genes are known (Jordan et al. 2006, Goldstein and Pollock 2006), but 
the exact identity of the regulatory sequences is still missing (Tuch et al. 2008) and one does 
not know exactly what to search for in the genomic comparison between human and other 
primates. This means that the studies of the genomic differences between human and other 
great apes are welcome even if the studies are not directed to a specific gene product. One 
can follow the philosophy due to which one decides to accumulate and analyze mutational 
data on large scale. Doing this one should carefully evaluate the statistical errors. A simple 
guideline to estimate the uncertainties can be deduced from the theory of radioactive decay 
for which we know that if one measures N events the relative uncertainty of the quantities 
that are deduced from this measurement is 1/sqrt(N). This means that when counting, for 
instance, the number of replacements of a pair of dinucleotides or trinucleotides and finds N 
occurrences, the relative uncertainty of the corresponding replacement probability will be 
again 1/sqrt(N). In order to achieve 1% accuracy N should be of the order of magnitude of 
104. When determining the dinucleotide mutation probability matrix the number of essential 
replacement classes is of the order of magnitude of 100. To accumulate 104 replacements per 
replacement class one needs to have at least 106 replacement events. Taking into account one 
percent difference between distinct primate sequences the body of aligned sequences should 
encompass a sequence length of at least 108 bp. Such an amount of aligned sequence 
material is rarely reported in the literature. Usually the analyses are performed on the 
samples containing a set of pseudogenes, introns or other sequence samples with low 
functional constraints (Zhang and Gerstein 2003). Our approach in the studies of 
dinucleotide replacement was based upon the premise that more than 95% of genetic 
sequences (Davydov et al. 2010) is subjected to low functional constraints and therefore we 
decided to align the entire set of genomic sequences. 

To return to the question regarding the genetic basis of human phenotypic abilities let us 
discuss the results presented in Fig. 9. The general picture supports the notion that the two 
species are pretty equilibrated in the nucleotide replacement densities. The two replacement 
counts grow nearly at the same pace as a function of chromosome coordinate. However, it is 
possible to find the difference in details. There are regions where human replacements are 
more dense than the chimpanzee counterparts. Such regions are the candidates for coding 
the human specific traits. There is of course a long way to go to attain an in-depth view as to 
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how the human specific traits are coded. One could combine the results of studies of 
nucleotide replacement densities with the studies of positive or accelerated evolution 
(Wagner 2007) of protein coding regions. Under normal circumstances the mutabilities of 
the protein coding regions is an oscillatory function with period 3 – what is the codon 
length. The third position in a codon is usually, due to the codon degeneracy, subjected to 
lower constraints than the other two positions and exhibits higher mutability. The 
replacements taking place at synonymous sites are neutral and the replacements at the 
nonsynonymous sites produce amino acid changes. It is not easy to detect the deviations of 
the expected mutational patterns that can indicate the presence of an accelerated evolution. 
One can envisage the following scenario: The candidates for the accelerated evolution can be 
sought within the regions where the human genome exhibit mutation densities that exceed 
the mutation densities of other primate species. Within these regions one would then look 
for the genetic changes that shaped the properties of human species. 

4. Conclusions 
The purpose of this work is to contribute new findings in the field of the studies of point 
mutations in the human genome. We show that the most appropriate approach is to analyze 
the results of multiple alignments of primate genomic sequences. Several methods are 
presented how to carry out the analyses. The construction of dinucleotide replacement 
probabilities provides us with the information about the details of the nucleotide 
replacements. The role of CpG dinucleotide is unveiled and it is shown how the 
hypermutability of CpG dinucleotide influences the influx and outflux of all the other 
dinucleotides. Another aspect of the mutational processes, which is put under scrutiny in 
this work, is the study of sequential distribution of point mutations. The properties of three 
types of mutations is compared: nucleotide replacements involved in diversity and 
divergence processes and replication slippage events. It is also shown how the density of 
nucleotide replacement events along the chromosome can unveil the sites where human - 
specific traits can be coded.  
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1. Introduction 
Estimation of point mutation rates is essential for studying molecular evolution and 
genetics. Point mutation rates are also important for developing tools for genome analyses, 
such as those used for homology searches (Altschul et al., 1990), sequence alignments (Katoh 
et al., 2002; Larkin et al., 2007), gene finding (Misawa and Kikuno, 2010), or detecting natural 
selection (Nei and Gojobori, 1986; Hughes and Nei, 1988; Yang, 2007; Yang and Nielsen, 
2008), and for reconstructing phylogenetic trees (Felsenstein, 2004; Sullivan and Joyce, 2005). 
Patterns of mutations also affects the neutrality test for population genetics (Misawa and 
Tajima, 1997). According to the neutral theory (Kimura, 1968), new alleles may be produced 
at the same rate per individual as they are substituted in a population. On the basis of this 
theory, mutation rates were estimated from neutral substitution rates.  

One of the causes of mutations is the error during DNA replication (Pray, 2008). Since cell 
division is tightly linked to DNA replication, mutation rates are expected to correlate the 
number of cell divisions so that they are higher in sperms than in egg (Haldane, 1956; 
Miyata et al., 1987). The phenomenon in which mutation rate are higher in males than in 
females is called ‘male-driven evolution’ (Miyata et al., 1987). The previous studies show 
large discrepancies with regard to the effect of male-driven evolution on mutation rates (Li 
et al., 2002). To investigate the effect of DNA replication on mutation rates, the effect of male 
male-driven evolution was also investigated in this study.  

Recent studies on mutation rates in human non-coding regions have shown that mutation 
rates in the human genome are negatively correlated to local GC content (Fryxell and Moon, 
2005; Taylor et al., 2006; Tyekucheva et al., 2008; Walser et al., 2008) and to the densities of 
functional elements (Hardison et al., 2003; Hellmann et al., 2005; Tyekucheva et al., 2008). 
Mutation rates have also been shown to correlate with the distance of a gene from the telomere 
(Hellmann et al., 2005; Tyekucheva et al., 2008). A study on mutation rates in human coding 
regions showed that mutation rates also depend on the chromosome sizes, and this is probably 
attributed to the distance between the genes and telomeres (Misawa, 2011). 
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Mutation rates are sometimes dependent of the local context, especially the adjacent 
nucleotides (Cooper and Youssoufian, 1988; Cooper and Krawczak, 1989; Hobolth et al., 
2006; Misawa et al., 2008; Misawa and Kikuno, 2009; Misawa, 2011). CpG hypermutability is 
a major cause of codon substitution in mammalian genes (Huttley, 2004; Lunter and Hein, 
2004; Misawa et al., 2008; Misawa and Kikuno, 2009). CpG hypermutation occurs 
approximately 10 times or more rapidly than other types of point mutations do (Scarano et 
al., 1967; Bird, 1980; Lunter and Hein, 2004). Figure 1 shows cytosine (C), methylcytosine 
(methyl-C), and thymine (T). The notation CpG is used to distinguish a C followed by a 
guanine (G) from a Watson-Crick pair of C and G. CpG dinucleotides are often methylated 
at C by DNA methyltransferase (DNMT) (Wu and Zhang, 2011), and methyl-C 
spontaneously undergoes deamination to generate T. The mutation pressure of CpG 
hypermutability is so high in organisms with DNMT, that they share a similar pattern of 
amino acid substitutions (Misawa et al., 2008). This pattern of amino acid substitutions used 
be called the ‘universal’ trend (Jordan et al., 2005). Misawa et al. (2008) also showed that 
organisms who lost DNMT, such as Buchnera and Saccharomyces do not share the ‘universal’ 
trend. In the mouse, the effect of CpG hypermutability on codon preference is stronger than 
that of tRNA abundance (Misawa and Kikuno, 2011). When mutation rates are estimated, 
the effect of adjacent nucleotides on mutation rates and the direction of mutation rates 
should be considered. 

 
Fig. 1. Cytosine, methylcytosine, and thymine. 

Some of previous studies used mutation models that do not consider the effect of adjacent 
nucleotides; these mutation models were the REV model (Tavare, 1986; Yang, 1994; Whelan 
et al., 2001) used by Hardison (Hardison et al., 2003), and the JC (Jukes and Cantor, 1969) 
and HKY models (Hasegawa et al., 1985) used by Tyekucheva (Tyekucheva et al., 2008). 
Tayler’s (Taylor et al., 2006) study was based on two-species comparison, and therefore, the 
direction of mutation was unclear. Recently, I and my colleagues (Misawa and Kikuno, 2009; 
Misawa, 2011) estimated the mutation rates in humans by considering the effect of adjacent 
nucleotides on mutation rates and the direction of mutations. These studies, however, did 
not consider the effect of the distance of a gene from the telomere on mutation rates.  

To understand the effect of DNA replication and the distance of a nucleotide site from the 
telomere, mutation rates were estimated using the codon substitution rates in the coding 
regions of thousands of human and chimpanzee genes by using autosomes and X 
chromosome; further, the ancestral gene sequences were inferred by assuming macaque 
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genes as the outgroup in this study. Regression analyses were conducted to evaluate the 
effect of GC content, gene density, and CpG island density on the rates of CpG-to-TpG 
mutations, TpG-to-CpG mutations, and non-CpG transitions and transversions.  

2. Methods 
2.1 Data set  

To estimate the rates of mutation rates, we used 10,372 orthologous gene trios obtained from 
human, chimpanzee, and macaque genomes (Gibbs et al., 2007). Table 1 shows the sizes of 
human chromosomes of the NCBI human genome (Build 36) taken from the UCSC genome 
browser (http://genome.ucsc.edu). Table 1 also shows number of genes on each 
chromosome used in this study. These genes were binned into a series of 10-Mb windows of 
human DNA depending on the positions of the midpoint of genes.  
 

Chromosome Chromosome Size 
(base pair) No. of genes used No. of fourfold sites 

used 
1 247249719 1123 236111 
2 242951149 708 158041 
3 199501827 644 140972 
4 191273063 442 96920 
5 180857866 521 120438 
6 170899992 623 120260 
7 158821424 472 97566 
8 146274826 359 70764 
9 140273252 420 89507 
10 135374737 431 88630 
11 134452384 593 121652 
12 132349534 567 119251 
13 114142980 198 44238 
14 106368585 360 78504 
15 100338915 321 75640 
16 88827254 435 96218 
17 78774742 549 119793 
18 76117153 192 39089 
19 63811651 525 100125 
20 62435964 319 62578 
21 46944323 127 25595 
22 49691432 199 41400 
X 154913754 244 41061 

Table 1. Summary of data 

2.2 Estimation of mutation rates from substitution rate on fourfold sites 

To estimate mutation rates from nucleotide substitution rates, it is important to separate 
substitutions representing neutral evolutionary drift from those influenced by selection. 
Following Hardison et al.'s study (Hardison et al., 2003), fourfold sites were analyzed in this 
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study. Fourfold sites are sites marked “N” in the codons GCN (Ala), CCN (Pro), TCN (Ser), 
ACN (Thr), CGN (Arg), GGN (Gly), CTN (Leu), and GTN (Val). is worth noting that 
nucleotide substitutions at fourfold sites do not change amino acids so that they can be 
considered as neutral. In the case of mouse, the effect of codon preference on nucleotide 
substitutions would be smaller than that of mutations (Misawa and Kikuno, 2011). In this 
study, the mutation rates were estimated from the substitution rates at fourfold sites by 
assuming that the substitutions at fourfold sites are neutral. 

2.3 Classification of sites and mutations  

To evaluate the effect of CpG hypermutability on mutation rates, fourfold sites were 
classified into three categories depending on the adjacent nucleotides, namely, CpG sites, 
TpG sites, and usual sites. If the nucleotide at fourfold site is C and the first nucleotide of 3'-
adjacent codon is G, the site is classified into CpG site. If the nucleotide at fourfold site is T 
and the first nucleotide of 3'-adjacent codon is G, the site is classified into TpG site. If the 
nucleotide at fourfold site is C and the first nucleotide of 3'-adjacent codon is A, the site is 
classified into TpG site, because on the complementary strand T is next to G.  The sites that 
are neither CpG site nor TpG site are classified as usual site.  

Mutations were classified into 4 categories: CpG to TpG mutations, TpG to CpG mutations, 
and non- CpG transitions and transversions. To distinguish CpG to TpG mutations and TpG 
to CpG mutations from non-CpG transitions, the adjacent nucleotides were also considered. 
If the observed nucleotide was T, its ancestral nucleotide was C, and the downstream 
nucleotide was G, the mutation was classified as a CpG to TpG substitution. For example, a 
mutation from CCC (Pro) to CCT (Pro) is classified into a CpG to TpG mutation only when 
3’ adjacent nucleotide of the codon is G. If the observed nucleotide was A, its ancestral 
nucleotide was G, and the upstream nucleotide was C, the mutation was again classified as 
a CpG to TpG mutation because a CpG to TpG mutation occurs on the complementary 
strand of DNA. For example, a mutation from CCG (Pro) to CCA (Pro) corresponds to a 
CpG to TpG mutation. If the observed nucleotide was C, its ancestral nucleotide was T, and 
the downstream nucleotide was G, the mutation was classified as a CpG to TpG mutation. If 
the observed nucleotide was G, its ancestral nucleotide was A, and the upstream nucleotide 
was C, the mutation was again classified as a CpG to TpG mutation. Other types of 
mutation are classified into two types: transitions and transversions (Misawa et al., 2008; 
Misawa and Kikuno, 2009; Misawa, 2011; Misawa and Kikuno, 2011).  

2.4 Estimation of mutation rates by using the Maximum Parsimony (MP) method  

I determined the codon sequences of the common ancestors of humans and chimpanzees by 
using the maximum parsimony (MP) method. Next, I counted the number of codon 
substitutions that had occurred along the human lineage. For some codon trios, the ancestral 
state between the human and chimpanzee codons appeared ambiguous when estimated by 
the MP method. In such cases, all possible ancestral states were treated equally. I also 
calculated the mutation rates by dividing the number of codon substitutions occurring 
annually by the number of ancestral codons. It was assumed that the human-chimpanzee 
divergence occurred 5 million years (MY) ago (Horai et al., 1995). Macaque genes were used as 
the outgroup. To calculate confidence intervals of the estimates, the binomial distribution was 
assumed. The awk program used in the analysis is available from the author upon request.  
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2.5 Comparison between mutation rate and the distance from the telomere by using 
regression analysis  

I compared the mutation rates with the distance of a central position of 10-MB windows 
from the telomere. These values were used in regression analyses, which were performed 
using the statistical software R (R Development Core Team, 2008).  

3. Result  
Table 2 shows the mean value of the mutation rate estimates per BY per site and their 99% 
confidence intervals. The mutation rate of CpG to TpG is similar to that obtained by the 
previous study, but the rate of other types of mutation is lower than those obtained by the 
previous study (Misawa, 2011). The mutation rate of CpG to TpG is about 10 times higher 
than that of transitions and transversions on usual sites. This ratio is similar to previous 
studies (Scarano et al., 1967; Bird, 1980; Lunter and Hein, 2004). The mutation rates on 
autosomes were similar to those on X chromosome, except the rates of transversion on usual 
sites. The rate of transversion on usual sites on autosomes is significantly higher than that of 
X chromosomes after the Bonferroni correction (P<0.05).  

 
Mutation type Site type Autosomes X chromosome 

CpG to TpG CpG 3.91 ( 3.74 - 4.08 ) 3.96 ( 2.07 - 4.58 ) 

Transversion CpG 0.79 ( 0.72 - 0.87 ) 0.44 ( 0.15 - 1.18 ) 

TpG to CpG TpG 0.47 ( 0.44 - 0.49 ) 0.47 ( 0.20 - 0.50 ) 

non-CpG transition TpG 0.27 ( 0.26 - 0.29 ) 0.09 ( 0.11 - 0.35 ) 

Transversion TpG 0.29 ( 0.27 - 0.31 ) 0.30 ( 0.04 - 0.22 ) 

non-CpG transition Usual 0.32 ( 0.29 - 0.34 ) 0.41 ( 0.09 - 0.33 ) 

Transversion Usual 0.51 ( 0.49 - 0.54 ) 0.24 ( 0.18 - 0.48 ) * 
 

*Significantly lower than autosomes at 5% level 

Table 2. Avarage mutation rates per BY per site and their 99% confidence intervals 

Figures 2, 3, and 4 are a scatter plot of the mutation rates versus the distances to telomeres. 
Upper panel of figure 3 is for autosomes and the lower panel is for X chromosome. Figure 3 
shows a scatter plot of the mutation rates on TpG sites. Figure 4 shows a scatter plot of the 
mutation rates on usual sites. These figures show that mutation rates are negatively 
correlated to the distances from telomeres. These figures also show that a large variation in 
the rates of mutations exist among genomic regions. 

Table 3 shows Pearson’s correlation coefficient between mutation rates and the distances 
from telomeres. Only the mutation rates of TpG to CpG and transversion on TpG sites were 
significantly correlated to the distance from telomeres (P < 0.001 and P < 0.01, respectively) 
after the Bonferroni correction. There were no significant differences of the correlation 
coefficients between autosomes and X chromosomes. 
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Figures 2, 3, and 4 are a scatter plot of the mutation rates versus the distances to telomeres. 
Upper panel of figure 3 is for autosomes and the lower panel is for X chromosome. Figure 3 
shows a scatter plot of the mutation rates on TpG sites. Figure 4 shows a scatter plot of the 
mutation rates on usual sites. These figures show that mutation rates are negatively 
correlated to the distances from telomeres. These figures also show that a large variation in 
the rates of mutations exist among genomic regions. 

Table 3 shows Pearson’s correlation coefficient between mutation rates and the distances 
from telomeres. Only the mutation rates of TpG to CpG and transversion on TpG sites were 
significantly correlated to the distance from telomeres (P < 0.001 and P < 0.01, respectively) 
after the Bonferroni correction. There were no significant differences of the correlation 
coefficients between autosomes and X chromosomes. 
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Mutation type Site type Autosomes X chromosome 
CpG to TpG CpG -0.06 -0.42 
Transversion CpG 0.18 -0.09 
TpG to CpG TpG -0.20 *** -0.43 

non-CpG transition TpG -0.10 -0.05 
Transversion TpG -0.20 ** 0.13 

non-CpG transition Usual -0.13 -0.61 
Transversion Usual -0.03 -0.34 

*at 1% level of significance; ***at 0.1% level of significance 

Table 3. Correlation coefficient between mutation rates and distances to telomeres by 
regression analysis 

 
Fig. 2. A scatter plot of the mutation rates on CpG sites versus the distances to telomeres. 
The open circles (○) show the TpG to CpG mutation rates. The open triangles (△) show the 
rates of non-CpG transition. The crosses (+) show the rates of transition. 
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Fig. 3. A scatter plot of the mutation rates on TpG sites versus the distances to telomeres. 
The open squares (□) show the CpG to TpG mutation rates. The open circles (○) show the 
TpG to CpG mutation rates. The open triangles (△) show the rates of non-CpG transition. 
The crosses (+) show the rates of transition. 

4. Discussion  
In this study, the rates of CpG to TpG mutations, TpG to CpG mutations, and non-CpG 
transitions and transversions were estimated by comparing the coding regions of thousands 
of human and chimpanzee genes from entire genome and inferring their ancestral sequences 
by assuming macaque genes as the outgroup. The mutation rate of CpG to TpG is about 10 
times higher than that of transitions and transversions on usual sites. This ratio is similar to 
previous studies (Scarano et al., 1967; Bird, 1980; Lunter and Hein, 2004). The mutation rate 
of CpG to TpG is similar to that obtained by the previous study, but the rate of other types 
of mutation is lower than those obtained by the previous study (Misawa, 2011), probably 
because previous studies included nonsynonymous substitutions (Misawa, 2011) while only 
fourfold sites were analyzed in this study.  
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Fig. 4. A scatter plot of the mutation rates on usual sites versus the distances to telomeres. 
The open squares (□) show the CpG to TpG mutation rates. The open circles (○) show the 
TpG to CpG mutation rates. The open triangles (△) show the rates of non-CpG transition. 
The crosses (+) show the rates of transition. 

As seen in table 2, a significant difference was not observed between the mutation rates of 
autosomes and X chromosome, except the rates of transversion on usual sites  This result 
indicates that the effect of “male-driven evolution” (Miyata et al., 1987) is not strong. Figures 
2, 3, and 4 show that a large variation in the rates of mutations among genomic regions. 
These results might be caused by the fact that mutation rates are affected by various factors, 
such as gene density, GC contents and the density of CpG islands (Misawa, 2011).  

Vogel and Motulsky (Vogel and Motulsky, 1997) pointed out that since the deamination of 
methyl-C occurs spontaneously and is independent of DNA replication, the rate of CpG 
mutations should be scaled with time and not with the number of cell divisions. Recently, 
Taylor et al. (Taylor et al., 2006) investigated male mutation bias separately at non-CpG and 
CpG sites by using human-chimpanzee whole-genome alignments. They concluded that 
CpG hypermutation is weakly affected by the number of cell divisions. As pointed out by 
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Misawa (2011), the effect of male-driven evolution on CpG hypermutation is weaker than 
that of other chromosomal properties. Further study must be necessary.  

Figures 2, 3, and 4 indicate that the CpG to TpG substitution rates were negatively 
correlated to the distances from telomeres. This is consistent with previous studies 
(Hellmann et al., 2005; Tyekucheva et al., 2008), although their methods for estimating 
mutation rates were different from this study. However, Table 3 shows that only the 
mutation rates of TpG to CpG and transversion on TpG sites were significantly correlated to 
the distance from telomeres after the Bonferroni correction. Tyekucheva et al. (Tyekucheva 
et al., 2008) suggested the existence of additional mutagenic mechanisms that increase 
neutral substitution rates in subtelomeric regions. Increased divergence near telomeres has 
been linked to direct and indirect effects of large-scale chromosomal structure. If the 
correlation coefficients between mutation rates and the distances from telomeres on X 
chromosome are different from that on autosomes, cell division and DNA replication might 
be a part of such mutation mechanisms. Unfortunately, no significant differences of the 
correlation coefficients between autosomes and X chromosomes were observed in this 
study.  

The numbers data points are not very large; thus, dividing too many bins by the distance 
from the telomeres may yield weak results. As more data become available, incorporating 
these additional predictors in the regression analyses may be beneficial.  
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Fig. 4. A scatter plot of the mutation rates on usual sites versus the distances to telomeres. 
The open squares (□) show the CpG to TpG mutation rates. The open circles (○) show the 
TpG to CpG mutation rates. The open triangles (△) show the rates of non-CpG transition. 
The crosses (+) show the rates of transition. 
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Estimating Human Point Mutation Rates from Codon Substitution Rates 

 

39 
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mutation rates of TpG to CpG and transversion on TpG sites were significantly correlated to 
the distance from telomeres after the Bonferroni correction. Tyekucheva et al. (Tyekucheva 
et al., 2008) suggested the existence of additional mutagenic mechanisms that increase 
neutral substitution rates in subtelomeric regions. Increased divergence near telomeres has 
been linked to direct and indirect effects of large-scale chromosomal structure. If the 
correlation coefficients between mutation rates and the distances from telomeres on X 
chromosome are different from that on autosomes, cell division and DNA replication might 
be a part of such mutation mechanisms. Unfortunately, no significant differences of the 
correlation coefficients between autosomes and X chromosomes were observed in this 
study.  

The numbers data points are not very large; thus, dividing too many bins by the distance 
from the telomeres may yield weak results. As more data become available, incorporating 
these additional predictors in the regression analyses may be beneficial.  
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1. Introduction 
Viruses are the most abundant biological entities on the planet and their life cycles include 
the infection of other organisms. Although the presence of viruses is obvious in host 
organisms that show signs of disease, many healthy organisms are also hosts of non-
pathogenic virus infections, where some are active and others are quiescent. It is doubtless 
that the known viruses represent only a tiny fraction of the viruses on Earth. There is a 
strong correlation between how intensively a species is studied and the number of viruses 
found in that species. Our own species is the subject of the most attention, because we have 
the greatest interest in learning about agents and processes that affect our health. If other 
species received the same amount of attention, it is likely that many would be found to be 
hosts to similar numbers of viruses (Breitbart et al., 2005). 

Viruses are important agents of many human diseases ranging from the trivial to the lethal, 
and they play roles in the development of several other types of disease. The history of viral 
pathogenesis is intertwined with the history of medicine. Humans were clearly aware of 
viral diseases in ancient times and, since recognizing viruses as disease agents, have taken 
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the greatest interest in learning about agents and processes that affect our health. If other 
species received the same amount of attention, it is likely that many would be found to be 
hosts to similar numbers of viruses (Breitbart et al., 2005). 

Viruses are important agents of many human diseases ranging from the trivial to the lethal, 
and they play roles in the development of several other types of disease. The history of viral 
pathogenesis is intertwined with the history of medicine. Humans were clearly aware of 
viral diseases in ancient times and, since recognizing viruses as disease agents, have taken 
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on the task of fighting them. This fight entails a need to understand the nature of viruses, 
how they replicate, and how they cause disease. Having such knowledge would facilitate 
the development of effective means for prevention, diagnosis, and treatment of viral 
diseases – medical applications that constitute the main aspects of the science of virology 
(John et al., 2007). 

Currently, the principal strategy for treating viral infections is to use antiviral drugs. For a 
long time, very few antiviral drugs were available for clinical use compared with the 
number of anti-bacterial drugs. This was because it was difficult to find compounds that 
interfere specifically with viral activities without causing significant harm to host cells. 
However, drugs are now available to treat diseases caused by a variety of viruses and, in 
some circumstances, to prevent viral infections. The development of these drugs is closely 
connected with a better understanding of viral life cycles. Chemists are now applying their 
knowledge of the three-dimensional structure and the molecular function of viral proteins 
and other structures to the design of molecules that inhibit important functions of viral 
proteins (De Clercq, 2004; John et al., 2007). 

In recent years, the demand for new antiviral strategies has increased markedly. Factors 
contributing to this growing demand include the ever-increasing prevalence of chronic viral 
infections and the emergence of new, more infectious viruses (De Clerq, 2004). One of the 
most dramatic aspects of virology is the emergence of new viral diseases or the re-
emergence of viruses with increased pathogenicity (as in the outbreak of swine flu). 

In some instances, the emergence of a viral disease represents the original identification of 
cause of this event (Geisbert et al., 2004). On occasion, a virus that is already widespread 
in a population can emerge as an endemic or epidemic disease because of an increase in 
the ratio of infectious cases. Such increases may result from either an increase in host 
susceptibility or an enhancement in the virulence of a virus. This can lead to large 
numbers of deaths among human populations, depending on the local social and 
environmental conditions (Weiss et al., 2004). 

When a viral disease becomes pandemic, antiviral drugs are vital in the management of 
infections (Moscona et al., 2008). However, the emergence of drug-resistant viral strains is of 
great concern, because these can compromise the effectiveness of treatment, or even lead to 
its failure. Drug-resistant viruses began to appear soon after antiviral drugs were introduced 
into clinical practice. This should not have been surprising given that antibiotic-resistant 
bacteria and insecticide-resistant insects emerged as a result of natural selection. It is now 
known that viruses can mutate at high frequencies (RNA viruses have a mutation rate 
estimated at 10–4, i.e., one mutation in 10,000 bases, while DNA viruses have a rate of 10–8) 
and evolve rapidly, thereby allowing genotypes encoding for drug resistance to arise. Drug-
resistant genotypes can be advantageous in hosts where the drug is present and they can 
become the dominant genotypes in such hosts (Nathanson et al., 2007). 

The drug resistance of viruses is relative, rather than absolute. A measure of the degree of 
resistance can be obtained by determining the IC50. A virus strain is considered to be ‘resistant’ 
to a drug if it is able to replicate in the body in the presence of a concentration of the drug that 
inhibits replication of ‘sensitive’ strains. Drug-resistant virus isolates are found to have one or 
more mutations in genes encoding for proteins that are drug targets (John et al., 2007). 
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Clinical problems arise when drug-resistant virus strains emerge in patients undergoing 
treatment and when resistant strains are transmitted to other individuals. In such cases, 
patients may be treated with alternative drugs or a strategy of multidrug therapy can be used, 
which is the current trend (John et al., 2007; l Nathanson et al., 2007). However, there are fewer 
therapeutic options when a new drug-resistant viral strain emerges (Tan et al., 2007). 

Therefore, there is a great need to continue research programmes aimed at extending the 
range of drugs available. In particular, it is very important to know and understand the 
mechanisms by which viral strains can become resistant to existing drugs in order to design 
new drugs for which the development of resistance will prove more difficult. In this chapter, 
we focus on the molecular mechanisms involved in the emergence of drug resistance, using 
different types of virus to describe current knowledge. 

2. Influenza virus 
Influenza is one of the most prevalent viral diseases, affecting an estimated 10–20% of the 
world population annually, with 3–5 million cases of severe respiratory illness and up to 500 
000 deaths. The aetiological agent is influenza virus (l Nathanson et al., 2007). 

Influenza virus belongs to the Orthomyxoviridae family, which is subdivided into three 
serologically distinct types: A, B, and C. Only influenza viruses A and B appear to be of 
concern as human pathogens, because influenza C virus does not cause significant disease 
(Collier et al., 2006). 

The virions are 100–200 nm in diameter with a spherical shape. The lipid envelope is 
covered with projections corresponding to different proteins on the virion surface (Itzstein 
et al., 2007). These proteins are: haemagglutinin (HA), which is a trimeric protein in the form 
of a spike; neuraminidase (NA), which is a tetrameric protein with a mushroom-like shape; 
and the M2 protein, which penetrates the lipid membrane of the virus during replication in 
the host cells and forms ion channels that allow the entry of protons from the interior of the 
virus (Figure. 1) (Horimoto et al., 2005). 

HA is a glycoprotein with a triangular cross-section, which was first identified based on 
its ability to agglutinate erythrocytes (hence its name). It is now apparent that it also has 
important roles in the attachment and entry of the virus into host cells, thereby 
determining virulence. NA (also called sialidase) removes the neuraminic (sialic) acid 
from cellular glycoproteins to facilitate viral release and the spread of infection to new 
cells (Eun-Sun et al., 2011). 

The genome of the influenza virus consists of eight discrete fragments of negative single-
stranded RNA (approximately 13 kb in size). These fragments form a complex with various 
proteins (PA, PB1, and PB2) to form a ribonucleoprotein arranged in a helix. The M1 protein 
forms a shell that provides strength and rigidity to the lipid membrane and it is associated 
with the NS2 protein. RNA transcriptase, which is found inside the matrix shell, is essential 
for the transcription of viral RNA to mRNA during replication (Palese et al., 2004). 

Influenza A viruses are designated based on the antigenic relationships of their external HA 
and NA proteins, i.e., they classified based on antibodies to H1–H16 and N1–N9. Only 
viruses with H1, H2, H3, N1, and N2 are known to infect humans or cause serious disease  
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on the task of fighting them. This fight entails a need to understand the nature of viruses, 
how they replicate, and how they cause disease. Having such knowledge would facilitate 
the development of effective means for prevention, diagnosis, and treatment of viral 
diseases – medical applications that constitute the main aspects of the science of virology 
(John et al., 2007). 

Currently, the principal strategy for treating viral infections is to use antiviral drugs. For a 
long time, very few antiviral drugs were available for clinical use compared with the 
number of anti-bacterial drugs. This was because it was difficult to find compounds that 
interfere specifically with viral activities without causing significant harm to host cells. 
However, drugs are now available to treat diseases caused by a variety of viruses and, in 
some circumstances, to prevent viral infections. The development of these drugs is closely 
connected with a better understanding of viral life cycles. Chemists are now applying their 
knowledge of the three-dimensional structure and the molecular function of viral proteins 
and other structures to the design of molecules that inhibit important functions of viral 
proteins (De Clercq, 2004; John et al., 2007). 

In recent years, the demand for new antiviral strategies has increased markedly. Factors 
contributing to this growing demand include the ever-increasing prevalence of chronic viral 
infections and the emergence of new, more infectious viruses (De Clerq, 2004). One of the 
most dramatic aspects of virology is the emergence of new viral diseases or the re-
emergence of viruses with increased pathogenicity (as in the outbreak of swine flu). 

In some instances, the emergence of a viral disease represents the original identification of 
cause of this event (Geisbert et al., 2004). On occasion, a virus that is already widespread 
in a population can emerge as an endemic or epidemic disease because of an increase in 
the ratio of infectious cases. Such increases may result from either an increase in host 
susceptibility or an enhancement in the virulence of a virus. This can lead to large 
numbers of deaths among human populations, depending on the local social and 
environmental conditions (Weiss et al., 2004). 

When a viral disease becomes pandemic, antiviral drugs are vital in the management of 
infections (Moscona et al., 2008). However, the emergence of drug-resistant viral strains is of 
great concern, because these can compromise the effectiveness of treatment, or even lead to 
its failure. Drug-resistant viruses began to appear soon after antiviral drugs were introduced 
into clinical practice. This should not have been surprising given that antibiotic-resistant 
bacteria and insecticide-resistant insects emerged as a result of natural selection. It is now 
known that viruses can mutate at high frequencies (RNA viruses have a mutation rate 
estimated at 10–4, i.e., one mutation in 10,000 bases, while DNA viruses have a rate of 10–8) 
and evolve rapidly, thereby allowing genotypes encoding for drug resistance to arise. Drug-
resistant genotypes can be advantageous in hosts where the drug is present and they can 
become the dominant genotypes in such hosts (Nathanson et al., 2007). 

The drug resistance of viruses is relative, rather than absolute. A measure of the degree of 
resistance can be obtained by determining the IC50. A virus strain is considered to be ‘resistant’ 
to a drug if it is able to replicate in the body in the presence of a concentration of the drug that 
inhibits replication of ‘sensitive’ strains. Drug-resistant virus isolates are found to have one or 
more mutations in genes encoding for proteins that are drug targets (John et al., 2007). 
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Clinical problems arise when drug-resistant virus strains emerge in patients undergoing 
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new drugs for which the development of resistance will prove more difficult. In this chapter, 
we focus on the molecular mechanisms involved in the emergence of drug resistance, using 
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serologically distinct types: A, B, and C. Only influenza viruses A and B appear to be of 
concern as human pathogens, because influenza C virus does not cause significant disease 
(Collier et al., 2006). 

The virions are 100–200 nm in diameter with a spherical shape. The lipid envelope is 
covered with projections corresponding to different proteins on the virion surface (Itzstein 
et al., 2007). These proteins are: haemagglutinin (HA), which is a trimeric protein in the form 
of a spike; neuraminidase (NA), which is a tetrameric protein with a mushroom-like shape; 
and the M2 protein, which penetrates the lipid membrane of the virus during replication in 
the host cells and forms ion channels that allow the entry of protons from the interior of the 
virus (Figure. 1) (Horimoto et al., 2005). 

HA is a glycoprotein with a triangular cross-section, which was first identified based on 
its ability to agglutinate erythrocytes (hence its name). It is now apparent that it also has 
important roles in the attachment and entry of the virus into host cells, thereby 
determining virulence. NA (also called sialidase) removes the neuraminic (sialic) acid 
from cellular glycoproteins to facilitate viral release and the spread of infection to new 
cells (Eun-Sun et al., 2011). 

The genome of the influenza virus consists of eight discrete fragments of negative single-
stranded RNA (approximately 13 kb in size). These fragments form a complex with various 
proteins (PA, PB1, and PB2) to form a ribonucleoprotein arranged in a helix. The M1 protein 
forms a shell that provides strength and rigidity to the lipid membrane and it is associated 
with the NS2 protein. RNA transcriptase, which is found inside the matrix shell, is essential 
for the transcription of viral RNA to mRNA during replication (Palese et al., 2004). 

Influenza A viruses are designated based on the antigenic relationships of their external HA 
and NA proteins, i.e., they classified based on antibodies to H1–H16 and N1–N9. Only 
viruses with H1, H2, H3, N1, and N2 are known to infect humans or cause serious disease  
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Fig. 1. Schematic diagram of influenza A virus. Two surface glycoproteins, hemagglutinin 
(HA) and neuraminidase (NA), together with the M2 ion-channel protein, are embedded in 
the viral envelope, which is derived from the host plasma membrane. The ribonucleoprotein 
complex comprises a viral RNA segment associated with the nucleoprotein (NP) and three 
polymerase proteins (PA, PB1 and PB2). The matrix (M1) protein is associated with both 
ribonucleoprotein and the viral envelope. A small amount of non-structural protein 2 is also 
presen. (Modified from: Horimoto T, et. al. Nature Rev. Microbiol. 2005. 3: 591-600, 
reproduced with permission of the author) 

outbreaks (Collier et al., 2006). Although influenza B viruses cause the same types of disease 
as influenza A, they do not cause pandemics, because the only hosts are humans and seals 
(Eun-Sun et al., 2011). 

With at least 16 different HA and nine different NA subtypes, there is considerable antigenic 
variation among influenza viruses (Palese et al., 2004). This variation occurs because RNA 
viruses (e.g., influenza viruses) are extremely mutable and possess highly efficient strategies 
for generating viral diversity during evolution. RNA viruses have few or no proofreading 
mechanisms and many mutations are introduced during replication. Thus, RNA viruses 
exist as quasispecies, where viruses possess slightly different genetic compositions. 
Unfortunately, the evolution of viruses is not simply confined to point mutations inserted 
during replication. Viruses can also undergo leaps in evolution through the processes of 
recombination and reassortment. These processes produce population heterogeneity in 
viruses through the acquisition of large sections of genomic material from other viruses 
(Figure. 2) (Webby et al., 2004). 

These same mechanisms of evolution allow viruses to develop resistance to drugs. This is 
the case with resistance to oseltamivir (Tamiflu), where mutations confer resistance 
(mutations in NA) and there might be possible exchange of genetic information between 
resistant and susceptible viral strains (Janies et al., 2010). 

As mentioned earlier, a pandemic can arise because of either an increase in host 
susceptibility or the enhancement of viral virulence, and antiviral drugs are vital in the  
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Fig. 2. Molecular mechanisms for generating viral diversity. The viruses have three main 
mechanisms for generating diversity on replication. (a) Mutation: during replication, single 
point mutations are incorporated into one or more genomic positions as a result of a lack of 
proof-reading activity of the viral polymerase. (b) Recombination: foreign genetic material is 
incorporated into the viral genome through mechanisms such as template switching during 
replication. (c) Reassortment: occurs on dual infection of a cell with segmented genome 
viruses, whole gene segments can be swapped. Any of the three mechanisms (which are not 
exclusive), may result in viruses that have new biological properties, such as new host range 
and pathogenic potential. (Modified from: Webby R., et. al. Nature Med. Suppl. 2005. 10: S77-
S81, reproduced with permission of the author) 

management of infection when a viral disease becomes pandemic. Therefore, it is important 
to combat the emergence of drug resistance in seasonal strains (normal) and pandemic 
strains (Janies et al., 2010). 

Antiviral therapeutics can be divided into the following categories: drugs directed against 
the virus itself (either its genome or its proteins); drugs directed against host cell proteins 
that are critical for the replication of individual viruses; and therapeutics that mimic or 
enhance host defence mechanisms (Neal Nathanson et al., 2007). Two classes of antiviral 
agents are currently in use for the control of influenza infections: M2 ion channel blockers 
(directed against host cells) and NAIs (antivirus) (Fig. 3) (Palese et al., 2004; Okomo-
Adhiambo et al., 2010). 
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to combat the emergence of drug resistance in seasonal strains (normal) and pandemic 
strains (Janies et al., 2010). 
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the virus itself (either its genome or its proteins); drugs directed against host cell proteins 
that are critical for the replication of individual viruses; and therapeutics that mimic or 
enhance host defence mechanisms (Neal Nathanson et al., 2007). Two classes of antiviral 
agents are currently in use for the control of influenza infections: M2 ion channel blockers 
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Fig. 3. Inhibition of influenza virus replication cycle by antivirals. After binding to sialic acid 
receptors, the virus is internalized by receptor-mediated endocytosis. The low pH in the 
endosome triggers the fusion of viral and endosomal membranes and the influx of H+ ions 
through the M2 channel releases the viral genes into the cytoplasm. Amantadine blocks this 
uncoating step. RNA replication and transcription occur in the nucleus. siRNA inhibition 
may affect the stability of mRNA, preventing translation of viral protein. Packaging and 
budding of virions occurs at the cytoplasmic membrane. Neuraminidase inhibitors block the 
release of the virus from the infected cell. Because sialic acid receptors are not removed by 
the neuraminidase, aggregates of virus stick to the cytoplasmic membrane of the infected 
cell and cannot move on to infect other cells. (Modified from: Peter P. et al. Nature Med. 2004. 
Supp. 10: S82-S87) 

The M2 blockers (amantadine and rimantadine) are effective against influenza A viruses, 
but not influenza B viruses. However, their effectiveness has been compromised by drug-
resistant mutants that are frequently isolated from patients within a few days of therapy 
(Okomo-Adhiambo et al., 2010). 

2.1 Antivirals used to the treatment of influenza 

Oseltamivir and zanamivir are neuraminidase inhibitors (NAIs) that are commonly used 
against type A and type B influenza infections (Fig. 4). Oseltamivir is administered orally, 
whereas zanamivir is inhaled. Another drug of this type is peramivir, which is currently 
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being studied. NAIs competitively bind to the highly conserved NA active site by 
mimicking sialic acid (N-acetylneuraminic acid), which is the natural substrate of NA. This 
inhibits the enzyme’s key function by destroying neuraminic acid-containing receptors, 
which prevents the release of progeny virions from infected cells and any possible 
dissemination to neighbouring cells (Neal Nathanson et al., 2007). 

 
Fig. 4. Electrostatic surface potential of the sialic acid (SA) binding pocket of H1N1pdm and 
oseltamivir. Shown in A) and B) are closeup views of the SA binding pocket with drug 
bound H1N1pdm and avian H5N1 neuraminidase, respectively. The region of the binding 
pocket, where the drug binds, exhibits a negative potential (colored red), whereas the 
opening of the pocket is surrounded by a highly positive potential ring (colored blue). 
(Reproduced with permission of the author). 

The highly conserved NA enzyme active site is comprised of catalytic amino acid residues 
that directly interact with the substrate (R118, D151, R152, R224, E276, R292, R371, and Y406) 
and framework (E119, R156, W178, S179, D198N, I222, E227, H274, E277, N294, and E425) 
residues that support the catalytic residues (Ferraris et al., 2008; Le et al., 2010). 

The influenza A H1N1 virus can develop resistance to oseltamivir because of a point 
mutation at one of several sites in the NA protein (e.g., D79G, S247G, N294S, or H274Y). 
Resistance to zanamivir (Relenza®) by the influenza A H1N1 virus can occur because of the 
NA point mutations H126N or Q136K (Janies et al., 2010). 

2.2 Antiviral resistance 

Resistance to oseltamivir in pandemic influenza strains can appear in various forms: 1) 
sporadic evolution in an infected patient in response to treatment; 2) evolution of resistance 
to oseltamivir in an infected patient and transfer of the strain among personal contacts; 3) 
maintenance of a genotype that confers resistance to oseltamivir in a viral lineage due to 
selection pressure; and 4) a reassortment event between oseltamivir-resistant seasonal H1N1 
and a pandemic strain (Janies et al., 2010). 

The frequency of resistance to oseltamivir was previously low, except in hospitalized 
children and immunocompromised patients. However, during the 2007–2008 and 2008–2009 
influenza seasons, the emergence and transmission of oseltamivir-resistant seasonal 
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influenza A (H1N1) viruses with an H274Y mutation were detected globally in untreated 
individuals, which emphasized the need for close monitoring of oseltamivir resistance. 
Mutations at catalytic (R292K) and framework (E119V and N294S) NA residues have been 
detected in the N2 viral subtype in oseltamivir-treated patients. A four-amino-acid deletion 
mutation (deletion of residues 245 to 248) was reported to confer oseltamivir resistance in an 
influenza A (H3N2) virus isolated from an immunocompromised patient treated with the 
drug (Okomo-Adhiambo et al., 2010). This shows that the clinical use of oseltamivir is 
associated with the emergence of drug resistance resulting from subtype-specific NA 
mutations (Janies et al., 2010; Okomo-Adhiambo et al., 2010). 

Zanamivir-resistant mutants are less common than oseltamivir-resistant mutants, partly 
because of differences between how the two drugs bind to the NA active site and possibly 
because of lower frequency of the prescription and use of zanamivir (Okomo-Adhiambo et 
al., 2010). 

Variant strains with an advantage are quickly amplified when selective conditions are 
present, such as the conditions after jumping to a new host, and they become the dominant 
strain by selective pressure, e.g., when a host is treated with a drug that the strain can resist 
(Webby et al., 2004). 

Several mutations in seasonal or pandemic strains confer resistance to oseltamivir, which is 
currently the most widely used drug. These mutations are found mainly in the framework 
of the enzyme and they appear to destabilize drug binding to the target enzyme, thereby 
reducing viral susceptibility to the treatment (Itzstein et al., 2007; Janies et al., 2010; Okomo-
Adhiambo et al., 2010). 

Mutants in E119 (influenza A H3N2) are known to emerge after oseltamivir treatment. The 
E119V variant was resistant to oseltamivir, but it did not exhibit reduced susceptibility to 
peramivir. The E119I variant was resistant to oseltamivir, but it also showed decreased 
susceptibility to zanamivir, peramivir, and A-315675 (another NAI under study) (Okomo-
Adhiambo et al., 2010). Mutants in E119 (influenza A H3N2) were also reported to disrupt 
E276-R224 salt bridges that accommodate the hydrophobic pentyl group of oseltamivir, 
although further studies are required to confirm this (Wang et al., 2009). Another very 
important mutation is H274Y (influenza H5N1 and H1N1), which is a mutation in the 
framework of the NA. 

Despite advances in our understanding of some viruses, we generally know very little about 
the specific molecular changes that allow many viruses to overcome known barriers (Webby 
et al., 2004). Therefore, new studies are investigating the molecular mechanisms that allow a 
virus to become drug resistant. One example is a computer simulation study of the union 
and disunion of oseltamivir with NA, and the effects that might be caused by known 
mutations (Le et al., 2010). 

These studies rely on the recent elucidation of crystal structures of both wild-type and 
mutant H5N1 NAs, which have opened the way for the investigation of drug resistance 
mechanisms and structure-based drug design at the atomic level. These crystal structures 
represent a frozen-in-time snapshot of a possible conformation during drug–protein 
interaction. However, drug binding is a dynamic process and computational studies using 
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crystal structures as starting points can shed light on how protein flexibility and point 
mutations influence drug–protein endpoint interactions (Le et al., 2010). 

The major finding with this approach is the discovery that the union of oseltamivir to the NA 
occurs through charged groups on the protein surface. These interactions through a charged 
pathway have proved to be very important in the process of interaction between oseltamivir 
and the NA, because they facilitate binding or stabilize it. It is now known that many 
mutations prevent or weaken key interactions that allow the union or stabilization between 
oseltamivir and the NA enzyme (Fig. 5) (Itstein, 2007; Le et al., 2010; Eun-Sun et al., 2011). 

This finding opens up a whole new landscape for drug design. Chance and virological 
screening will continue to play a part in the discovery of new antivirals, but knowledge of 
viral gene structure and protein functioning is leading to a new generation of drugs (Collier 
et al., 2006). The insights gained so far should assist in the rational design of NAIs and other 
types of drugs, while avoiding drug resistance (Le et al., 2010). 

Given the results of simulations of the interaction between oseltamivir and the NA enzyme, 
the next generation of drugs for the treatment of influenza will probably consist of inhibitors 
with positively charged groups, because these compounds have potential as antiviral 
therapeutics, although the strain specificity of these inhibitors must be resolved (Eun-Sun et 
al., 2011). 

Alternative drug discovery targets, such as RNA polymerase, HA, or the M2 ion channel 
protein, which are essential components of the viral life cycle, are also under investigation. 
This research may lead to a combination therapy approach or the use of sialidase inhibitors 
alone, to provide new classes of anti-influenza drugs. Combination therapy might also 
reduce the potential of resistance development (Izstein, 2007). 

It is also very important to limit the prescription of antivirals in order to reduce the 
possibility of the emergence of drug-resistant strains and thus maintain the ability of 
antivirals to treat high-risk patients (Le et al., 2010). 

Finally, a precise diagnosis of influenza A is very important, including the identification of 
resistant strains and point-of-care pathogen genotyping, because this information can help 
to identify the appropriate antiviral in each situation. Some studies have indicated that 
genomics technology, bioinformatics, and geographical information systems can be 
immediately applicable to help in the treatment of infectious diseases. In addition to data 
collection, analyses are useful for turning raw data into prospective public health 
intelligence on drug resistance in a specific region, and into a form that provides easy 
visualization (Janies et al., 2010). 

Is very important a precise diagnosis of influenza A, including the identification of resistant 
strains and point-of-care pathogen genotyping, because this information can help to identify 
the appropriate antiviral in each situation. Some studies have indicated that genomics 
technology, bioinformatics, and geographical information systems can be immediately 
applicable to help in the treatment of infectious diseases. In addition to data collection, 
analyses are useful for turning raw data into prospective public health intelligence on drug 
resistance in a specific region, and into a form that provides easy visualization 



 
Point Mutation 

 

52
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et al., 2004). Therefore, new studies are investigating the molecular mechanisms that allow a 
virus to become drug resistant. One example is a computer simulation study of the union 
and disunion of oseltamivir with NA, and the effects that might be caused by known 
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These studies rely on the recent elucidation of crystal structures of both wild-type and 
mutant H5N1 NAs, which have opened the way for the investigation of drug resistance 
mechanisms and structure-based drug design at the atomic level. These crystal structures 
represent a frozen-in-time snapshot of a possible conformation during drug–protein 
interaction. However, drug binding is a dynamic process and computational studies using 
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crystal structures as starting points can shed light on how protein flexibility and point 
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and the NA, because they facilitate binding or stabilize it. It is now known that many 
mutations prevent or weaken key interactions that allow the union or stabilization between 
oseltamivir and the NA enzyme (Fig. 5) (Itstein, 2007; Le et al., 2010; Eun-Sun et al., 2011). 

This finding opens up a whole new landscape for drug design. Chance and virological 
screening will continue to play a part in the discovery of new antivirals, but knowledge of 
viral gene structure and protein functioning is leading to a new generation of drugs (Collier 
et al., 2006). The insights gained so far should assist in the rational design of NAIs and other 
types of drugs, while avoiding drug resistance (Le et al., 2010). 

Given the results of simulations of the interaction between oseltamivir and the NA enzyme, 
the next generation of drugs for the treatment of influenza will probably consist of inhibitors 
with positively charged groups, because these compounds have potential as antiviral 
therapeutics, although the strain specificity of these inhibitors must be resolved (Eun-Sun et 
al., 2011). 

Alternative drug discovery targets, such as RNA polymerase, HA, or the M2 ion channel 
protein, which are essential components of the viral life cycle, are also under investigation. 
This research may lead to a combination therapy approach or the use of sialidase inhibitors 
alone, to provide new classes of anti-influenza drugs. Combination therapy might also 
reduce the potential of resistance development (Izstein, 2007). 

It is also very important to limit the prescription of antivirals in order to reduce the 
possibility of the emergence of drug-resistant strains and thus maintain the ability of 
antivirals to treat high-risk patients (Le et al., 2010). 

Finally, a precise diagnosis of influenza A is very important, including the identification of 
resistant strains and point-of-care pathogen genotyping, because this information can help 
to identify the appropriate antiviral in each situation. Some studies have indicated that 
genomics technology, bioinformatics, and geographical information systems can be 
immediately applicable to help in the treatment of infectious diseases. In addition to data 
collection, analyses are useful for turning raw data into prospective public health 
intelligence on drug resistance in a specific region, and into a form that provides easy 
visualization (Janies et al., 2010). 
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3. HIV drug-resistance related point mutations 
3.1 Introduction 

The advent of highly active antiretroviral therapy [HAART] has changed the natural history 
of human immunodeficiency virus infection [HIV], extending the survival of carrier subjects 
and reducing progression to human immunodeficiency syndrome. The success in the 
combination of antiretroviral treatments to suppress viral replication depends on several 
factors, including the host, the virus and medications. Nowadays, therapeutic options 
against HIV-1 include more than 20 drugs, classified according to their action mechanism 
and targeted to four different points of the viral replication cycle: the entry of the virus into 
the cell, inverse transcription, the integration of viral genetic material into the cell nucleus, 
and maturation of virions [Fig. 5] (Altman et al., 2007). Since its introduction, ARV therapy 
showed marginal and short-duration benefits when drug combinations did not achieve a 
satisfactory control of viral replication. This phenomenon has been associated with the high 
replicative capacity of the virus and the high error rate in the transcription of its genetic 
material, but also with a Darwinian phenomenon of quasispecies selection and 
accumulation exhibiting resistance due to the presence of specific mutations resulting from 
pharmacological pressure and suboptimal viral suppression under a treatment scheme 
(Johnson et al, 2010). That is to say, both the preexistence and selection of resistance 
mutations are important failure predictors for an ARV therapy (Hatano, 2006; Perno, 2002; 
Poveda, 2010; Shafer, 2006). 

 
Fig. 5. Antirretroviral drug classes 

Retroviruses use the reverse transcription of viral RNA into linear double-stranded DNA, 
with subsequent integration into the host genome. The characteristic enzyme used for this 
process is known as reverse transcriptase (Arnold & Sarafianos, 2008). This enzyme is error-
prone; with the massive turnover of virions in the infected host, these errors accumulate in 
the viral DNA, accounting for the relatively high mutability of HIV-1. Retroviruses have the 
survival advantage of great genetic diversity, and latency, because the DNA provirus is 
integrated into the chromosomal DNA of the infected cell (Reitz & Gallo, 2009). 
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3.2 HIV biology and resistance point mutations 

Pathogenic human retroviruses include lentiviruses [HIV-1 and -2] and oncoviruses [HTLV-I 
and –II]. Current knowledge places retroviral infection of humans as zoonoses that originated 
in primate-to-human species-jumping events. For HIV-1 and HIV-2, these events occurred in 
Central and West Africa. All retroviral genomes consist of at least 4 genes: gag, pro, pol and env. 
The gag gene encodes the major structural polyprotein Gag. The viral protease is encoded by 
the pro gene and is responsible for facilitating the maturation of viral particles. Products of the 
pol gene include reverse transcriptase, RNase H and integrase, while env is responsible for the 
viral surface glycoprotein and transmembrane proteins that mediate cellular receptor binding 
and membrane fusion. In addition, complex retroviruses such as HIV-1 encode accessory 
proteins that enhance replication and infectivity (Reitz & Gallo, 2009). 

Resistance to ARV therapy implies the selection and accumulation of mutations in one or 
more HIV genes [mainly gag and pol], which reduce the antiviral activity of one or more 
ARV drugs. It can be “primary” when occurring in individuals not previously and directly 
exposed to these drugs and whose transmission of resistant strains is presumed or 
“secondary” when there is history of previous exposure. Interestingly, the frequency in the 
selection and transmission of mutations conferring resistance can also vary according to the 
adaptive and reproductive capacity preserved by the mutant virus in a given environment 
[viral fitness], and to the greater or lower ability of the drug to retain its antiviral activity 
despite the presence of specific resistance mutations [genetic barrier] (De Luca, 2006).Table 1 
shows the mutations suggested for the monitoring of resistance transmitted to the HIV by 
the World Health Organization [WHO] for the three primary classes of antiretroviral 
treatment (Bennett et al, 2009). 
 

NRTI M41L, K65R, D67N/G/E, T69D/Ins, K70R/E, L74V/I, V75M/T/A/S, F77L, 
Y115F, F116Y, Q151M, M184V/I, L210W, T215Y/F/I/S/C/D/V/E, K219Q/E/N/R  

NNRTI L100I, K101E/P, K103N/S, V106M/A, V179F, Y181C/I/V, Y188L/H/C, 
G190A/S/E, P225H, M230L 

PI L23I, L24I, D30N, V32I, M46I/L, I47V/A, G48V/M, I50V/L, F53L/Y, 
I54V/L/M/A/T/S, G73S/T/C/A, L76V, V82A/T/F/S/C/M/L, N83D, 
I84V/A/C, I85V, N88D/S, L90M 

Table 1. List of mutations for surveillance of transmitted drug resistant HIV, World Health 
Organization 2009.NRTI: nucleotide reverse transcriptase inhibitors, NNRTI: non-nucleotide 
reverse transcriptase inhibitors, PI: protease inhibitors 

3.3 Impact of resistance on clinical response to antiretroviral treatment 

The main purpose of antiretroviral therapy is to achieve a sustained control of HIV 
replication. Virological failure is defined as the inability to achieve or maintain the viral 
replication suppression at levels below 200 copies/mL. 

An incomplete virological response refers to the presence of two consecutive readings of 
HIV RNA higher than 200 copies/mL in plasma, after 24 weeks on continuous ARV 
therapy; and viral rebound is a detectable viral load [VL] higher than 200 copies/mL after 
achieving viral suppression (Department of Health and Human Services [DHHS], 2011). 
Usually, once the ARV therapy is initiated and constantly administered, the HIV VL in 
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showed marginal and short-duration benefits when drug combinations did not achieve a 
satisfactory control of viral replication. This phenomenon has been associated with the high 
replicative capacity of the virus and the high error rate in the transcription of its genetic 
material, but also with a Darwinian phenomenon of quasispecies selection and 
accumulation exhibiting resistance due to the presence of specific mutations resulting from 
pharmacological pressure and suboptimal viral suppression under a treatment scheme 
(Johnson et al, 2010). That is to say, both the preexistence and selection of resistance 
mutations are important failure predictors for an ARV therapy (Hatano, 2006; Perno, 2002; 
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3.2 HIV biology and resistance point mutations 

Pathogenic human retroviruses include lentiviruses [HIV-1 and -2] and oncoviruses [HTLV-I 
and –II]. Current knowledge places retroviral infection of humans as zoonoses that originated 
in primate-to-human species-jumping events. For HIV-1 and HIV-2, these events occurred in 
Central and West Africa. All retroviral genomes consist of at least 4 genes: gag, pro, pol and env. 
The gag gene encodes the major structural polyprotein Gag. The viral protease is encoded by 
the pro gene and is responsible for facilitating the maturation of viral particles. Products of the 
pol gene include reverse transcriptase, RNase H and integrase, while env is responsible for the 
viral surface glycoprotein and transmembrane proteins that mediate cellular receptor binding 
and membrane fusion. In addition, complex retroviruses such as HIV-1 encode accessory 
proteins that enhance replication and infectivity (Reitz & Gallo, 2009). 

Resistance to ARV therapy implies the selection and accumulation of mutations in one or 
more HIV genes [mainly gag and pol], which reduce the antiviral activity of one or more 
ARV drugs. It can be “primary” when occurring in individuals not previously and directly 
exposed to these drugs and whose transmission of resistant strains is presumed or 
“secondary” when there is history of previous exposure. Interestingly, the frequency in the 
selection and transmission of mutations conferring resistance can also vary according to the 
adaptive and reproductive capacity preserved by the mutant virus in a given environment 
[viral fitness], and to the greater or lower ability of the drug to retain its antiviral activity 
despite the presence of specific resistance mutations [genetic barrier] (De Luca, 2006).Table 1 
shows the mutations suggested for the monitoring of resistance transmitted to the HIV by 
the World Health Organization [WHO] for the three primary classes of antiretroviral 
treatment (Bennett et al, 2009). 
 

NRTI M41L, K65R, D67N/G/E, T69D/Ins, K70R/E, L74V/I, V75M/T/A/S, F77L, 
Y115F, F116Y, Q151M, M184V/I, L210W, T215Y/F/I/S/C/D/V/E, K219Q/E/N/R  
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Table 1. List of mutations for surveillance of transmitted drug resistant HIV, World Health 
Organization 2009.NRTI: nucleotide reverse transcriptase inhibitors, NNRTI: non-nucleotide 
reverse transcriptase inhibitors, PI: protease inhibitors 

3.3 Impact of resistance on clinical response to antiretroviral treatment 

The main purpose of antiretroviral therapy is to achieve a sustained control of HIV 
replication. Virological failure is defined as the inability to achieve or maintain the viral 
replication suppression at levels below 200 copies/mL. 

An incomplete virological response refers to the presence of two consecutive readings of 
HIV RNA higher than 200 copies/mL in plasma, after 24 weeks on continuous ARV 
therapy; and viral rebound is a detectable viral load [VL] higher than 200 copies/mL after 
achieving viral suppression (Department of Health and Human Services [DHHS], 2011). 
Usually, once the ARV therapy is initiated and constantly administered, the HIV VL in 



 
Point Mutation 

 

56

plasma is quantitatively reduced in two phases, a fast initial phase during the first weeks, 
and a slower late phase that can extend up to 6 months. There are multiple factors involved 
in the viral response to the ARV therapy, such as evolutionary issues of the virus (Esté & 
Telenti, 2009; Parkin et al, 2005; Rivas et al, 2006), host immunology (Gragsted et al, 2004; 
Telenti & Goldstein, 2006), compliance of the individual with the treatment (Muller et al, 
2011; Protopopescu et al, 2009), pharmacogenetics (Clifford et al, 2009; Telenti et al, 2002), 
pharmacologic interactions (Zhu et al, 2001), and the occurrence of comorbidities. Table 2 
shows examples for the abovementioned issues.  
 
 

Item Example 
Virus - In some non-B strains, the accumulation of certain polymorphisms and 

secondary mutations in the enzyme protease has been associated with a 
reduction in susceptibility in vitro to protease inhibitors, even in 
absence of primary mutations. 

- Primary mutations associated with resistance are the same regardless 
the viral group and subtype. However, some clearly appear more 
frequently in some groups or subtypes than in others. 

Host immunity - The adequate response to antiretroviral treatment is inversely 
proportional to the number of basal CD4+ cells.  

Adherence to 
treatment 

- The satisfactory virological suppression depends on the adherence to 
the antiretroviral treatment. On the other hand, social factors such as 
stigmatization, the fear of knowing the diagnosis and the attitude of 
health providers to the patient can also affect response to treatment. 

Pharmacogenetics - Study ACTG 5097s found that clearance of efavirenz from the body 
was increased by 32% in non-hispanic whites compared to blacks and 
Hispanics. There was a slight association between higher blood levels 
of efavirenz and study discontinuations. In a subsequent study, the 
authors found that a single nucleotide polymorphism (SNP) that 
changed the DNA code from a “G” to a “T” at position 516 of the gene 
for the CYP2B6 metabolic enzyme was associated with slower 
clearance of efavirenz, higher blood levels of the drug and more CNS-
related side effects. 

Pharmacologic 
interactions 

- The pharmacologic interaction between antiretroviral drugs and other 
drugs can cause a reduction in the minimum and maximum levels, as 
well as the area under the curve of one or more antiretroviral agents. 
This can be associated with the exposure to suboptimal doses of these 
agents and treatment failures (atazanavir-omeprazole, protease 
inhibitors-rifamycins). 

- Additionally, the pharmacologic interaction between certain drugs can 
also increase the level of co-administered agents generating adverse 
effects to such drugs (protease inhibitors-phosphodiesterase inhibitors, 
protease inhibitors-statins). 

Comorbidity - The association between the HIV and other pathologies is capable to 
deteriorate the response to treatment (e.g. absorption issues at 
intestinal level), or to increase adverse effects of the antiretroviral 
agent. This is the case of co-infection with the Hepatitis B and C 
viruses. 

Table 2. Determinants of response to antiretroviral treatment. 
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Blips are transient episodes of low-level viremia [from 51 a 1,000 copies/mL]. Some of their 
causes are: sample processing artefacts due to the use of collection tubes with PPTTM versus 
ethylenediaminetetraacetic acid [EDTA], frequency of 70% and 5.4%, respectively (Lee et al, 
2006); immunizations, acute infections or viral release from cell compartments known as 
“reservoirs”. A recent report determined that annual frequency of a viral rebound was 85%, 
two events in 13% and three or more in 1.9%, defined as a VL detectable between 50 and 400 
copies/mL in previously undetectable in individuals. The persistent rebounds (identified in 
two or more readings) behaved as an independent risk factor increasing from 1.4 to 2.18 
times the relative risk of viral failure compared to individuals with transient viremia [blips] 
(Geretti et al, 2008). 

On the other hand, it has been found that the incidence of persistent low-level viremia is 
more frequent than high-level viremia when evaluating the virological response in subjects 
with HIV infection and HAART, reporting incidences of 29% and 6.7% for readings 
> 50 copies/mL and > 1,000 copies/mL, respectively (Van Sighem et al, 2008). Likewise, the 
UK-CHIC study reported that the cumulative risk for resistance mutation detection for two 
of the three primary classes of ARV therapy within a population increases in time, passing 
from 6% to 14% and 20% after a follow-up period of 2, 4, and 6 years for each period 
(Phillips et al, 2005). 

3.4 Resistance assessment 

There are, at least, four types of assays to identify the resistance or viral susceptibility to 
drugs available in clinical practice: genotype, actual phenotype, virtual phenotype, and viral 
tropism tests. 

3.4.1 Genotype 

Standard genotypic assays are primarily based on the amplification of the inverse 
transcriptase and protease genes in order to identify resistance mutations already known 
for their ability to reduce viral susceptibility to certain drugs. Generally, these studies 
only provide data on the substitutions associated with resistance to NRTI, NNRTI and 
protease inhibitors [PI]. Usually, these substitutions reduce the susceptibility to the drug 
compared with that of the wild-type viral strain through changes in the molecular target 
of the therapy or in other viral proteins that indirectly interfere with the drug activity. 
There are also resistance detection tests for fusion inhibitors [FI] and INI, but their access 
is more limited and they are not performed routinely (Fransenet al, 2009; Long et al, 2009; 
Perno & Mertoli, 2006). 

Genotype is indicated in the following situations: 

- Confirmed viral failure and VL > 1,000 copies/mL [considered in individuals with VL 
> 500 but < 1,000 copies/mL if there are available special techniques to easy 
ultrasensitive amplification]. 

- Suboptimal response to treatment [e.g. fall of HIV VL < 1 log10 during the first four 
weeks of therapy]. 

- ARV therapy naive subjects in whom transmitted resistance is suspected. 
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plasma is quantitatively reduced in two phases, a fast initial phase during the first weeks, 
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the viral group and subtype. However, some clearly appear more 
frequently in some groups or subtypes than in others. 

Host immunity - The adequate response to antiretroviral treatment is inversely 
proportional to the number of basal CD4+ cells.  
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treatment 

- The satisfactory virological suppression depends on the adherence to 
the antiretroviral treatment. On the other hand, social factors such as 
stigmatization, the fear of knowing the diagnosis and the attitude of 
health providers to the patient can also affect response to treatment. 

Pharmacogenetics - Study ACTG 5097s found that clearance of efavirenz from the body 
was increased by 32% in non-hispanic whites compared to blacks and 
Hispanics. There was a slight association between higher blood levels 
of efavirenz and study discontinuations. In a subsequent study, the 
authors found that a single nucleotide polymorphism (SNP) that 
changed the DNA code from a “G” to a “T” at position 516 of the gene 
for the CYP2B6 metabolic enzyme was associated with slower 
clearance of efavirenz, higher blood levels of the drug and more CNS-
related side effects. 
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interactions 

- The pharmacologic interaction between antiretroviral drugs and other 
drugs can cause a reduction in the minimum and maximum levels, as 
well as the area under the curve of one or more antiretroviral agents. 
This can be associated with the exposure to suboptimal doses of these 
agents and treatment failures (atazanavir-omeprazole, protease 
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- Additionally, the pharmacologic interaction between certain drugs can 
also increase the level of co-administered agents generating adverse 
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protease inhibitors-statins). 

Comorbidity - The association between the HIV and other pathologies is capable to 
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intestinal level), or to increase adverse effects of the antiretroviral 
agent. This is the case of co-infection with the Hepatitis B and C 
viruses. 

Table 2. Determinants of response to antiretroviral treatment. 
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Blips are transient episodes of low-level viremia [from 51 a 1,000 copies/mL]. Some of their 
causes are: sample processing artefacts due to the use of collection tubes with PPTTM versus 
ethylenediaminetetraacetic acid [EDTA], frequency of 70% and 5.4%, respectively (Lee et al, 
2006); immunizations, acute infections or viral release from cell compartments known as 
“reservoirs”. A recent report determined that annual frequency of a viral rebound was 85%, 
two events in 13% and three or more in 1.9%, defined as a VL detectable between 50 and 400 
copies/mL in previously undetectable in individuals. The persistent rebounds (identified in 
two or more readings) behaved as an independent risk factor increasing from 1.4 to 2.18 
times the relative risk of viral failure compared to individuals with transient viremia [blips] 
(Geretti et al, 2008). 

On the other hand, it has been found that the incidence of persistent low-level viremia is 
more frequent than high-level viremia when evaluating the virological response in subjects 
with HIV infection and HAART, reporting incidences of 29% and 6.7% for readings 
> 50 copies/mL and > 1,000 copies/mL, respectively (Van Sighem et al, 2008). Likewise, the 
UK-CHIC study reported that the cumulative risk for resistance mutation detection for two 
of the three primary classes of ARV therapy within a population increases in time, passing 
from 6% to 14% and 20% after a follow-up period of 2, 4, and 6 years for each period 
(Phillips et al, 2005). 

3.4 Resistance assessment 

There are, at least, four types of assays to identify the resistance or viral susceptibility to 
drugs available in clinical practice: genotype, actual phenotype, virtual phenotype, and viral 
tropism tests. 

3.4.1 Genotype 

Standard genotypic assays are primarily based on the amplification of the inverse 
transcriptase and protease genes in order to identify resistance mutations already known 
for their ability to reduce viral susceptibility to certain drugs. Generally, these studies 
only provide data on the substitutions associated with resistance to NRTI, NNRTI and 
protease inhibitors [PI]. Usually, these substitutions reduce the susceptibility to the drug 
compared with that of the wild-type viral strain through changes in the molecular target 
of the therapy or in other viral proteins that indirectly interfere with the drug activity. 
There are also resistance detection tests for fusion inhibitors [FI] and INI, but their access 
is more limited and they are not performed routinely (Fransenet al, 2009; Long et al, 2009; 
Perno & Mertoli, 2006). 

Genotype is indicated in the following situations: 

- Confirmed viral failure and VL > 1,000 copies/mL [considered in individuals with VL 
> 500 but < 1,000 copies/mL if there are available special techniques to easy 
ultrasensitive amplification]. 

- Suboptimal response to treatment [e.g. fall of HIV VL < 1 log10 during the first four 
weeks of therapy]. 

- ARV therapy naive subjects in whom transmitted resistance is suspected. 
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- In populations with prevalence of transmitted resistance > 5% in chronically ill 
individuals, its execution is recommended on all the cases at diagnosis, and its 
repetition before initiating the HAART when the decision is to change the treatment 
(Hirsch et al, 2003). 

The search of resistance mutations for FI and INI must be performed in subjects with 
virological failure to these drugs. However, in the absence of an adequate compliance, the 
lack of pharmacologic pressure reduces the possibility of identifying situations associated 
with resistance [due to the predominance of the wild-type strain]. This is more frequent in 
individuals with increased HIV VLs [more than 100,000 copies/mL], notwithstanding the 
type of ARV scheme administered (Geretti et al, 2008). 

On the other hand, ultrasensitive genotypic tests have a very high probability to identify 
resistance mutations [even in individuals with VL < 500 copies/mL], although their clinical 
utility has not been reliably demonstrated. This is explained because at present it is 
considered that the resistant mutant viral strain must represent at least 2-3% of the existing 
population in order to have an impact on the response to a given drug, and the diagnostic 
sensitivity of such tests is higher than this cut-off [up to 0.1%] (Mackie et al, 2004; 
Villahermosa et al, 2000). There are two commercial methods approved by the Food and 
Drug Administration [FDA] and the European CE Notified Bodies: the TruGene HIV-1 
genotypic assay and the ViroSeq assay. For both, the sequence is determined by amplifying 
the interest genes using the reverse transcriptase-polymerase chain reaction [RT-PCR] with 
primers in conserved regions capable to align most M strains of HIV-1. The mutations that 
have been associated with a reduction in the antiretroviral susceptibility as of today are 
included in Table 3. 

3.4.2 Phenotype 

This test measures the ability of the virus to multiply under different ARV concentrations in 
comparison with a wild-type reference strain. It is based in the HIV-1 isolation in plasma or 
serum mononuclear cells, and the measurement of its susceptibility to ARV drugs in vitro. 
This is performed through the insertion of genetic sequences of reverse transcriptase and 
protease obtained from the HIV under study [recently also from integrase and viral 
envelope], which are inserted into a laboratory viral clone. Thus, the recombinant HIV 
carries the genetic characteristics of the test virus, regarding the genes involved in resistance 
expression. The viral strain is effectively replicated in vitro and exposed to different ARV 
drug concentrations. That is how the mean inhibitory concentration [IC50] is calculated, 
which represents the drug concentration capable of limiting the viral replication by 50%. 
The ratio difference between IC50 of the HIV under study and the reference strain is 
reported as the change in the IC50 ratio [fold-change] and the significance is determined 
according to clinical or biological cut-off values (Perno & Mertoli, 2006). 

In a few words, the fold-change represents the similarity or loss of partial or total 
susceptibility of the test strain versus the reference strain. It is important, however, to point 
out that there are multiple technical difficulties for these procedures and that the integrated 
proviruses are not necessarily representative of the circulating virus, but they can constitute 
stored viruses or residual, free virions in plasma. 
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 Antiretroviral 
 

Mutations potentially 
associated with high-level 
resistance 

Other significant mutations 

Nucleotide 
reverse 
transcriptase 
inhibitors 

Abacavir K65R, L74V Y115F, M184V, TAMs, Q151M 
complex 

Didanosine K65R, L74V TAMs, Q151M complex 
Emtricitabine, 
Lamivudine 

M184V K65R, Q151M complex 

Stavudine M41L, K65R, D67N, 
L210W, T215 Y/F, K219Q/E

Q151M complex 

Tenofovir K65R K70E, TAMs 
Zidovudine M41L, D67N, K70R, 

L210W, T215Y/F, K219Q/E
Q151M complex 

Non-nucleotide 
reverse 
transcriptase 
inhibitors 

Efavirenz L100I, K103N/S/T, 
V106A/M, Y181C/I/V/S, 
Y188L, 
G190A/C/E/Q/S/V/T, 
P225H, M230L 

K103I/P, V108I, V179F, Y181S, 
Y188C/H, F227C 

Nevirapine L100I, K103N/S/T, 
V106A/M, V179F, 
Y181C/I/V/S, Y188C/L, 
G190A/C/E/Q/S/V/T, 
F227C, M230L, K238T/N, 
Y318F 

K101E/P, V108I, Y188H 

Etravirine Y181I/V, E138K V90I, A98G, L100I, 
K101E/H/P, V106I, E138A, 
V179D/F/T, Y181C/I/V, 
G190S/A, M230L 

Protease 
inhibitors 

Atazanavir I50L, G73S/T, I84A/C/V, 
N88S, L90M 

G48V/M, F53L, I54A/L/M/T/V, 
V82A/F/S/T, N88D 

Darunavir I50V/I V11I, V32I, L33F, I47A/V, 
I54L/M, G73S/T, L76V, 
V82A/F/S/T,I84A/C/V, L90M 

Fosamprenavir V32I, I47A/V, I50V, 
I54L/M, L76V, I84A/C/V, 
L90M 

L24I, L33F, M46I/L, I54L/T/V, 
G73ST, V82A/F/S/T 

Indinavir V82A/F/S/T, I84A/C/V L24I, V32I, M46I/L, I47V, 
F53L, I54A/L/M/T/V, G73S/T, 
L76V, N88S, L90M 

Lopinavir I47A L10F/I/R/V, K20M/N/R,L24I, 
V32I, L33F, M36I, M46I/L, 
I47V,G48M/V, I50V, 
I54A/L/M/T/V, L76V, 
V82A/F/S/T, I84A/C/V, L90M 

Nelfinavir L23I, D30N, M46I/L, 
G48M/V, I84A/C/V, 

L24I, L33F, I47/V, F53L, 
I54A/L/M/T/V, G73S/T, 



 
Point Mutation 

 

58

- In populations with prevalence of transmitted resistance > 5% in chronically ill 
individuals, its execution is recommended on all the cases at diagnosis, and its 
repetition before initiating the HAART when the decision is to change the treatment 
(Hirsch et al, 2003). 

The search of resistance mutations for FI and INI must be performed in subjects with 
virological failure to these drugs. However, in the absence of an adequate compliance, the 
lack of pharmacologic pressure reduces the possibility of identifying situations associated 
with resistance [due to the predominance of the wild-type strain]. This is more frequent in 
individuals with increased HIV VLs [more than 100,000 copies/mL], notwithstanding the 
type of ARV scheme administered (Geretti et al, 2008). 

On the other hand, ultrasensitive genotypic tests have a very high probability to identify 
resistance mutations [even in individuals with VL < 500 copies/mL], although their clinical 
utility has not been reliably demonstrated. This is explained because at present it is 
considered that the resistant mutant viral strain must represent at least 2-3% of the existing 
population in order to have an impact on the response to a given drug, and the diagnostic 
sensitivity of such tests is higher than this cut-off [up to 0.1%] (Mackie et al, 2004; 
Villahermosa et al, 2000). There are two commercial methods approved by the Food and 
Drug Administration [FDA] and the European CE Notified Bodies: the TruGene HIV-1 
genotypic assay and the ViroSeq assay. For both, the sequence is determined by amplifying 
the interest genes using the reverse transcriptase-polymerase chain reaction [RT-PCR] with 
primers in conserved regions capable to align most M strains of HIV-1. The mutations that 
have been associated with a reduction in the antiretroviral susceptibility as of today are 
included in Table 3. 

3.4.2 Phenotype 

This test measures the ability of the virus to multiply under different ARV concentrations in 
comparison with a wild-type reference strain. It is based in the HIV-1 isolation in plasma or 
serum mononuclear cells, and the measurement of its susceptibility to ARV drugs in vitro. 
This is performed through the insertion of genetic sequences of reverse transcriptase and 
protease obtained from the HIV under study [recently also from integrase and viral 
envelope], which are inserted into a laboratory viral clone. Thus, the recombinant HIV 
carries the genetic characteristics of the test virus, regarding the genes involved in resistance 
expression. The viral strain is effectively replicated in vitro and exposed to different ARV 
drug concentrations. That is how the mean inhibitory concentration [IC50] is calculated, 
which represents the drug concentration capable of limiting the viral replication by 50%. 
The ratio difference between IC50 of the HIV under study and the reference strain is 
reported as the change in the IC50 ratio [fold-change] and the significance is determined 
according to clinical or biological cut-off values (Perno & Mertoli, 2006). 

In a few words, the fold-change represents the similarity or loss of partial or total 
susceptibility of the test strain versus the reference strain. It is important, however, to point 
out that there are multiple technical difficulties for these procedures and that the integrated 
proviruses are not necessarily representative of the circulating virus, but they can constitute 
stored viruses or residual, free virions in plasma. 
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 Antiretroviral 
 

Mutations potentially 
associated with high-level 
resistance 

Other significant mutations 

Nucleotide 
reverse 
transcriptase 
inhibitors 

Abacavir K65R, L74V Y115F, M184V, TAMs, Q151M 
complex 

Didanosine K65R, L74V TAMs, Q151M complex 
Emtricitabine, 
Lamivudine 

M184V K65R, Q151M complex 

Stavudine M41L, K65R, D67N, 
L210W, T215 Y/F, K219Q/E

Q151M complex 

Tenofovir K65R K70E, TAMs 
Zidovudine M41L, D67N, K70R, 

L210W, T215Y/F, K219Q/E
Q151M complex 

Non-nucleotide 
reverse 
transcriptase 
inhibitors 

Efavirenz L100I, K103N/S/T, 
V106A/M, Y181C/I/V/S, 
Y188L, 
G190A/C/E/Q/S/V/T, 
P225H, M230L 

K103I/P, V108I, V179F, Y181S, 
Y188C/H, F227C 

Nevirapine L100I, K103N/S/T, 
V106A/M, V179F, 
Y181C/I/V/S, Y188C/L, 
G190A/C/E/Q/S/V/T, 
F227C, M230L, K238T/N, 
Y318F 

K101E/P, V108I, Y188H 

Etravirine Y181I/V, E138K V90I, A98G, L100I, 
K101E/H/P, V106I, E138A, 
V179D/F/T, Y181C/I/V, 
G190S/A, M230L 

Protease 
inhibitors 

Atazanavir I50L, G73S/T, I84A/C/V, 
N88S, L90M 

G48V/M, F53L, I54A/L/M/T/V, 
V82A/F/S/T, N88D 

Darunavir I50V/I V11I, V32I, L33F, I47A/V, 
I54L/M, G73S/T, L76V, 
V82A/F/S/T,I84A/C/V, L90M 

Fosamprenavir V32I, I47A/V, I50V, 
I54L/M, L76V, I84A/C/V, 
L90M 

L24I, L33F, M46I/L, I54L/T/V, 
G73ST, V82A/F/S/T 

Indinavir V82A/F/S/T, I84A/C/V L24I, V32I, M46I/L, I47V, 
F53L, I54A/L/M/T/V, G73S/T, 
L76V, N88S, L90M 

Lopinavir I47A L10F/I/R/V, K20M/N/R,L24I, 
V32I, L33F, M36I, M46I/L, 
I47V,G48M/V, I50V, 
I54A/L/M/T/V, L76V, 
V82A/F/S/T, I84A/C/V, L90M 

Nelfinavir L23I, D30N, M46I/L, 
G48M/V, I84A/C/V, 

L24I, L33F, I47/V, F53L, 
I54A/L/M/T/V, G73S/T, 
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 Antiretroviral 
 

Mutations potentially 
associated with high-level 
resistance 

Other significant mutations 

N88D/S, L90M V82A/F/S/T 
Saquinavir G48M/V, L90M L24I, F53L, I54A/L/M/T/V, 

G73S/T, V82A/T, I84A/C/V, 
N88S 

Tipranavir V82L/T, N83D L10V,V32I, L33F, 
M36I/L/V,K43T,M46I/L, I47V, 
I54A/M/V, Q58E, T74P, 
V82A/F/S, I84A/C/V, 
L89I/M/V, L90M 

 
Fusion inhibitors

Enfuvirtide G36D/S, I37V, V38A/M/E, 
Q39R, Q40H, N42T, N43D

 

Integrase 
inhibitors 

Raltegravir Q148R E92Q, 
E138A/K,G140A/S,Y143R/H/C, 
Q148H/K, N155H 

Table 3. Overview of drug resistance mutations in HIV-1. TAMs: Thymidine analog 
mutations (M41L, D67N, K70R, L210W, T215Y/F and K219Q/E). Q151M complex: A62V, 
V75I, F77L, F116Y and Q151M. 

Phenotype is considered as supplementary to genotype, and it is reserved for cases where a 
complex mutation pattern is suspected, in which resistance-associated mutations and 
hypersusceptibility have been selected, and that specially involves multiple PI o more than 
two classes of ARV drugs. Virco and Monogram laboratories currently offer the technology 
to develop commercial phenotypes. 

3.4.3 Virtual phenotype 

Virtual phenotype combines the knowledge generated by both resistance assays: genotype and 
phenotype. In the virtual phenotype, the investigational virus is sequenced and the identified 
changes are compared with the information of a great database that contains genotype-
phenotype paired data for viruses previously sequenced. That is how the fold-change of a HIV 
under study is inferred, calculated based on the mean of all the results of the actual phenotype 
obtained for virus existing in the database and with genotypic characteristics similar to those 
of the test virus. Generally, concordance of results obtained for NNRTIs and PIs is very good, 
although that observed with NRTIs is very lower. This is laid to a poor representation of 
certain genotypes in the system and it is expected that this issue be corrected (Mazzotta et al, 
2003; Torti et al, 2003; Loutfy et al, 2004). Virtual phenotype shares the same advantages and 
disadvantages as that the genotype. The indications, advantages and disadvantages of the 
viral genotype and phenotype are included in Table 4. 

3.4.4 Tropism test 

The assay for the identification of the type of tropism to co-receptors that the HIV exhibits 
[CCR5 or CXCR4] must be performed when considering the initiation of a co-receptor 
antagonist and there is viral replication. The purpose of these tests is to identify the receptor 
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molecules CCR5 and CXCR4 in the host cell membranes. Phenotypic and, to a lesser extent, 
genotypic studies have been developed to determine co-receptors of the dominant viral 
population in each case. 

Viruses can be monotropic [CCR5 or CXCR4], or can exhibit a mixed tropism or D/M dual 
tropism. Prevalence of tropic CCR5 viruses in heavily treated individuals or with CD4 
< 100 cells/mm3 has been reported of 50% (Hunt et al, 2006; Wilkin, 2007). Currently, Trofile 
[Monogram Biosciences, Inc.], Phenoscript assay, [VIRalliance], Xtrack C/Phen X-R 
[inPheno] and Virco, provide phenotypic tropism assays. 

This study is expensive and requires an average time of 3-4 weeks to have the results. 
Detection of minority variants is the primary limitation and varies from 1% to 10%, depending 
on the assay used. Likewise, it is difficult to establish the cut-off points for the minority species 
X4, and this is affected by multiple variables such as sample quality, collected volume, HIV-1 
VL, detection limits and and PCR variations (Braun & Wiesmann, 2007). 

3.4.5 Genotropism test 

Several bioinformatic tools have been proposed to predict co-receptor usage by interpretation 
of genotypic data—mainly through the use of V3 loop sequencing. Nevertheless, there are 
important differences between algorithms in detection sensitivity of X4 isolates. In one report, 
the most sensitive bioinformatic tools were PSSM and Geno2pheno, with sensitivities of about 
60%. Moreover, more studies will be needed to further the study on the prediction of co-
receptor use in HIV-1 non-B subtypes and throughout different stages of the HIV infection 
(Recordon-Pinson et al, 2010; Coakley et al, 2011). 

Changes on the treatment supported in resistance assays have a greater potential impact on 
the virological response, especially when an expert in the interpretation of the results is 
available (Palella et al, 2009; Sax et al, 2005; Tural et al, 2002). 

3.4.6 Integration of the rescue scheme 

There is a high risk that every new rescue may offer less possibilities to maintain a long-
term virological control as a result of stored mutations underestimated when implementing 
the rescue treatment. Currently, there are interpretation algorithms facilitating the physician 
to select the ARV therapy, to predict the activity of a drug or its potential virological 
response. There are computing platforms that function through different methodological 
rules and which are populated from the results of clinical studies or in vitro assays 
concentrated in big databases. Some of the best known are the ANRS HIV-1 genotypic drug 
resistance interpretation algorithms and the Stanford HIV Drug Resistance database [both 
with on-line free access]. 

The selection of point mutations in HIV infection is a complex event, frequency and causes 
of which vary notoriously depending on different factors. Some of such factors are 
associated to the socioeconomic characteristics of the studied population, the antiretroviral 
drugs used, prevalent viral groups and subtypes, etc. These mutations have a great 
relevance in HIV infection because of their negative impact on the response to antiretroviral 
treatment, which induces a suboptimal or transient viral suppression, immune deterioration 
and clinical progression to the acquired immune deficiency syndrome. 
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 Antiretroviral 
 

Mutations potentially 
associated with high-level 
resistance 

Other significant mutations 

N88D/S, L90M V82A/F/S/T 
Saquinavir G48M/V, L90M L24I, F53L, I54A/L/M/T/V, 

G73S/T, V82A/T, I84A/C/V, 
N88S 

Tipranavir V82L/T, N83D L10V,V32I, L33F, 
M36I/L/V,K43T,M46I/L, I47V, 
I54A/M/V, Q58E, T74P, 
V82A/F/S, I84A/C/V, 
L89I/M/V, L90M 

 
Fusion inhibitors

Enfuvirtide G36D/S, I37V, V38A/M/E, 
Q39R, Q40H, N42T, N43D

 

Integrase 
inhibitors 

Raltegravir Q148R E92Q, 
E138A/K,G140A/S,Y143R/H/C, 
Q148H/K, N155H 

Table 3. Overview of drug resistance mutations in HIV-1. TAMs: Thymidine analog 
mutations (M41L, D67N, K70R, L210W, T215Y/F and K219Q/E). Q151M complex: A62V, 
V75I, F77L, F116Y and Q151M. 

Phenotype is considered as supplementary to genotype, and it is reserved for cases where a 
complex mutation pattern is suspected, in which resistance-associated mutations and 
hypersusceptibility have been selected, and that specially involves multiple PI o more than 
two classes of ARV drugs. Virco and Monogram laboratories currently offer the technology 
to develop commercial phenotypes. 

3.4.3 Virtual phenotype 

Virtual phenotype combines the knowledge generated by both resistance assays: genotype and 
phenotype. In the virtual phenotype, the investigational virus is sequenced and the identified 
changes are compared with the information of a great database that contains genotype-
phenotype paired data for viruses previously sequenced. That is how the fold-change of a HIV 
under study is inferred, calculated based on the mean of all the results of the actual phenotype 
obtained for virus existing in the database and with genotypic characteristics similar to those 
of the test virus. Generally, concordance of results obtained for NNRTIs and PIs is very good, 
although that observed with NRTIs is very lower. This is laid to a poor representation of 
certain genotypes in the system and it is expected that this issue be corrected (Mazzotta et al, 
2003; Torti et al, 2003; Loutfy et al, 2004). Virtual phenotype shares the same advantages and 
disadvantages as that the genotype. The indications, advantages and disadvantages of the 
viral genotype and phenotype are included in Table 4. 

3.4.4 Tropism test 

The assay for the identification of the type of tropism to co-receptors that the HIV exhibits 
[CCR5 or CXCR4] must be performed when considering the initiation of a co-receptor 
antagonist and there is viral replication. The purpose of these tests is to identify the receptor 
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molecules CCR5 and CXCR4 in the host cell membranes. Phenotypic and, to a lesser extent, 
genotypic studies have been developed to determine co-receptors of the dominant viral 
population in each case. 

Viruses can be monotropic [CCR5 or CXCR4], or can exhibit a mixed tropism or D/M dual 
tropism. Prevalence of tropic CCR5 viruses in heavily treated individuals or with CD4 
< 100 cells/mm3 has been reported of 50% (Hunt et al, 2006; Wilkin, 2007). Currently, Trofile 
[Monogram Biosciences, Inc.], Phenoscript assay, [VIRalliance], Xtrack C/Phen X-R 
[inPheno] and Virco, provide phenotypic tropism assays. 

This study is expensive and requires an average time of 3-4 weeks to have the results. 
Detection of minority variants is the primary limitation and varies from 1% to 10%, depending 
on the assay used. Likewise, it is difficult to establish the cut-off points for the minority species 
X4, and this is affected by multiple variables such as sample quality, collected volume, HIV-1 
VL, detection limits and and PCR variations (Braun & Wiesmann, 2007). 

3.4.5 Genotropism test 

Several bioinformatic tools have been proposed to predict co-receptor usage by interpretation 
of genotypic data—mainly through the use of V3 loop sequencing. Nevertheless, there are 
important differences between algorithms in detection sensitivity of X4 isolates. In one report, 
the most sensitive bioinformatic tools were PSSM and Geno2pheno, with sensitivities of about 
60%. Moreover, more studies will be needed to further the study on the prediction of co-
receptor use in HIV-1 non-B subtypes and throughout different stages of the HIV infection 
(Recordon-Pinson et al, 2010; Coakley et al, 2011). 

Changes on the treatment supported in resistance assays have a greater potential impact on 
the virological response, especially when an expert in the interpretation of the results is 
available (Palella et al, 2009; Sax et al, 2005; Tural et al, 2002). 

3.4.6 Integration of the rescue scheme 

There is a high risk that every new rescue may offer less possibilities to maintain a long-
term virological control as a result of stored mutations underestimated when implementing 
the rescue treatment. Currently, there are interpretation algorithms facilitating the physician 
to select the ARV therapy, to predict the activity of a drug or its potential virological 
response. There are computing platforms that function through different methodological 
rules and which are populated from the results of clinical studies or in vitro assays 
concentrated in big databases. Some of the best known are the ANRS HIV-1 genotypic drug 
resistance interpretation algorithms and the Stanford HIV Drug Resistance database [both 
with on-line free access]. 

The selection of point mutations in HIV infection is a complex event, frequency and causes 
of which vary notoriously depending on different factors. Some of such factors are 
associated to the socioeconomic characteristics of the studied population, the antiretroviral 
drugs used, prevalent viral groups and subtypes, etc. These mutations have a great 
relevance in HIV infection because of their negative impact on the response to antiretroviral 
treatment, which induces a suboptimal or transient viral suppression, immune deterioration 
and clinical progression to the acquired immune deficiency syndrome. 
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 Genotype Phenotype 
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- It is the most inexpensive 
resistance assay. 

- Detects changes in the viral 
genome associated with resistance 
faster than the phenotypic assay. 

- Technically less complex. 
- Results are obtained in 1-2 weeks. 
- Preferred assay to guide rescue 

strategies in naïve individuals, 
with suboptimal response, or after 
the first and second HAART 
failure. 

- The occurrence of mutations may 
precede to the development of 
phenotypic resistance. 

- Higher sensitivity to identify viral 
susceptibility to PIs. 

- Direct and quantitative measurement of 
viral susceptibility.  

- It is capable to measure the accumulated 
impact of different viral mutations 
(resistance and hypersusceptibility 
mutations). 

D
is

ad
va

nt
ag

es
 

-  Qualitative result. 
- Low sensitivity to detect resistance 

mutations in patients with viral 
replication lower than 1000 
copies/mL. 

- Indirect measurement of 
resistance. 

- Incapable to quantify the 
interaction between mutations. 

- It cannot be used to detect the 
residual activity of some drugs. 

- Its capacity to detect resistance 
mutations falls drastically in 
absence of pharmacologic 
pressure; it has to be performed 
preferably before discontinuing the 
HAART and not beyond the firsts 
4 weeks after its discontinuation. 

- Low sensitivity to identify 
resistance in viral strains with 
representativeness lower than 20% 
of the circulating population 
(minorities). 

- Requires specific training for its 
interpretation. 

- It cannot be used to identify 
resistance mutations that have not 
been previously associated with 
loss of viral susceptibility. 

- Supplementary to genotype. 
- Very limited availability. 
- Expensive. 
- In vitro assay. 
- The results are available in 3-4 weeks 

when performed through automated 
assays. 

- Interpretation is complex and not 
completely standardized.  

- Lack of information clinically correlating 
to fold-change of some available ARV 
with suboptimal response or viral failure. 

- Its capacity to detect resistance mutations 
falls drastically in absence of 
pharmacologic pressure; it has to be 
performed preferably before 
discontinuing the HAART and not 
beyond the firsts 4 weeks after its 
discontinuation. 

- Low sensitivity to identify resistance in 
viral strains with representativeness lower 
than 10% or 20% of the circulating 
population (minorities). 

- Mutant viral strains with higher viral 
fitness may reduce the identification of 
strains with superior resistance profile but 
lower replicative capacity. 

- Requires specific training for its 
interpretation. 

 

Table 4. Resistance tests, genotype and phenotype: advantages and disadvantages. 
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The prescription of new agents with better pharmacologic profiles and a higher genetic 
barrier does not replace the need of a comprehensive approach, a narrow clinical follow-up 
and an appropriate diagnosis of the viral failure. There are still multiple subjects for basic 
and clinical investigation, such as to specify the role of minority populations who express 
resistance to antiretroviral drugs in the clinical settings, to evaluate the importance of 
resistance assays and genotropism tests in proviral DNA, to implement strategies 
optimizing the pharmacokinetics and pharmacodynamics of the current antiretroviral 
agents, to identify new agents with a higher genetic barrier and with different action 
mechanisms. All of the above with the main objective of extending the productive life of 
subjects infected with the HIV. 

4. Point mutations and herpes virus resistance to antivirals 
4.1 Introduction 

Herpesviruses comprise a large group of enveloped DNA-containing viruses infecting a wide 
range of vertebrate hosts, such as humans, horses, cattle, mice, pigs, chickens, turtles, lizards, 
fish, and even in some invertebrates, such as oyster. According to the International Committee 
on Taxonomy of Viruses, these viruses are classified in the Order Herpesvirales, with three 
families: Alloherpesviridae, Herpesviridae and Malacoherpesviridae. The human herpesviruses are 
included in the Herpesviridae family (Fauquet et al., 2005). All of them share four biological 
properties: 1) they express a large number of enzymes involved in metabolism of nucleic acid 
(e.g. thymidine kinase), DNA synthesis (e.g. DNA helicase/primase) and processing of 
proteins (e.g. protein kinase). 2) The synthesis of viral genomes and assembly of capsids occurs 
in the nucleus. 3) The success of herpes virus infection depends upon viral inhibition of several 
cell functions, such as turning off host protein synthesis, inhibition of mRNA splicing, blocking 
presentation of antigenic peptides on the cell surface and apoptosis. 4) They have the ability to 
hide their bare, circularized genome in the nucleus of lymphocytes and neuron cells and 
return to productive infection months, even years later. These latent herpes virus infections are 
often benign, but can be devastating especially to newborns and immuno-suppressed 
individuals (Roizman et al., 2007). 

Human herpeviruses infections are a leading cause of human viral disease, second only to 
influenza and cold viruses (Murray et al., 2009). There are eight known human 
herpesviruses (Table 5): herpes simplex virus 1 (HSV-1), herpes simplex virus 2 (HSV-2), 
varicella-zoster virus (VZV), Epstein-Barr virus (EBV), human cytomegalovirus (HCMV), 
human herpesvirus 6 (HHV-6), human herpesvirus 7 (HHV-7), and Kaposi’s sarcoma-
associated herpesvirus (KSHV) (Pellett & Roizman, 2007). Herpesvirus infections are 
endemic and sexual contact is a significant method of transmission for HSV-1, HSV-2, also 
HCMV and likely KSHV. The increasing prevalence of genital herpes and corresponding 
rise of neonatal infection and the implication of EBV and KSHV as cofactors in human 
cancers are of great public health concern (Anzivino et al, 2009, Shiley & Blumberg, 2011). 
But also, the association between herpes genital and susceptibility to HIV infection has 
clearly emerged in the last years (Van de Perre et al., 20008).  

Table 6 shows a summary of the most common anti-herpes drugs and their inhibition 
mechanism. It is important to mention that antiviral therapy is available for HSV, VZV and 
HMCV infections. Therefore the other herpesviruses infections will not be discussed further.  
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pressure; it has to be performed 
preferably before discontinuing the 
HAART and not beyond the firsts 
4 weeks after its discontinuation. 

- Low sensitivity to identify 
resistance in viral strains with 
representativeness lower than 20% 
of the circulating population 
(minorities). 

- Requires specific training for its 
interpretation. 

- It cannot be used to identify 
resistance mutations that have not 
been previously associated with 
loss of viral susceptibility. 
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discontinuation. 

- Low sensitivity to identify resistance in 
viral strains with representativeness lower 
than 10% or 20% of the circulating 
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strains with superior resistance profile but 
lower replicative capacity. 

- Requires specific training for its 
interpretation. 
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and an appropriate diagnosis of the viral failure. There are still multiple subjects for basic 
and clinical investigation, such as to specify the role of minority populations who express 
resistance to antiretroviral drugs in the clinical settings, to evaluate the importance of 
resistance assays and genotropism tests in proviral DNA, to implement strategies 
optimizing the pharmacokinetics and pharmacodynamics of the current antiretroviral 
agents, to identify new agents with a higher genetic barrier and with different action 
mechanisms. All of the above with the main objective of extending the productive life of 
subjects infected with the HIV. 

4. Point mutations and herpes virus resistance to antivirals 
4.1 Introduction 

Herpesviruses comprise a large group of enveloped DNA-containing viruses infecting a wide 
range of vertebrate hosts, such as humans, horses, cattle, mice, pigs, chickens, turtles, lizards, 
fish, and even in some invertebrates, such as oyster. According to the International Committee 
on Taxonomy of Viruses, these viruses are classified in the Order Herpesvirales, with three 
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included in the Herpesviridae family (Fauquet et al., 2005). All of them share four biological 
properties: 1) they express a large number of enzymes involved in metabolism of nucleic acid 
(e.g. thymidine kinase), DNA synthesis (e.g. DNA helicase/primase) and processing of 
proteins (e.g. protein kinase). 2) The synthesis of viral genomes and assembly of capsids occurs 
in the nucleus. 3) The success of herpes virus infection depends upon viral inhibition of several 
cell functions, such as turning off host protein synthesis, inhibition of mRNA splicing, blocking 
presentation of antigenic peptides on the cell surface and apoptosis. 4) They have the ability to 
hide their bare, circularized genome in the nucleus of lymphocytes and neuron cells and 
return to productive infection months, even years later. These latent herpes virus infections are 
often benign, but can be devastating especially to newborns and immuno-suppressed 
individuals (Roizman et al., 2007). 

Human herpeviruses infections are a leading cause of human viral disease, second only to 
influenza and cold viruses (Murray et al., 2009). There are eight known human 
herpesviruses (Table 5): herpes simplex virus 1 (HSV-1), herpes simplex virus 2 (HSV-2), 
varicella-zoster virus (VZV), Epstein-Barr virus (EBV), human cytomegalovirus (HCMV), 
human herpesvirus 6 (HHV-6), human herpesvirus 7 (HHV-7), and Kaposi’s sarcoma-
associated herpesvirus (KSHV) (Pellett & Roizman, 2007). Herpesvirus infections are 
endemic and sexual contact is a significant method of transmission for HSV-1, HSV-2, also 
HCMV and likely KSHV. The increasing prevalence of genital herpes and corresponding 
rise of neonatal infection and the implication of EBV and KSHV as cofactors in human 
cancers are of great public health concern (Anzivino et al, 2009, Shiley & Blumberg, 2011). 
But also, the association between herpes genital and susceptibility to HIV infection has 
clearly emerged in the last years (Van de Perre et al., 20008).  

Table 6 shows a summary of the most common anti-herpes drugs and their inhibition 
mechanism. It is important to mention that antiviral therapy is available for HSV, VZV and 
HMCV infections. Therefore the other herpesviruses infections will not be discussed further.  
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Virus Main disease(s) 
Herpes simplex virus type 1 
or human herpesvirus 1 
(HSV-1 or HHV-1) 
Herpes simplex virus type 2or 
human herpesvirus 2 
(HSV-2 or HHV-2) 

The causal agents of oral and genital herpes, respectively 
(Roizman et al., 2007). 

Varicella-zoster virus or 
human herpesvirus 3 
(VZV or HHV-3) 

The causal agent of chickenpox and shingles (Cohen et al., 
2007). 

Human cytomegalovirus or 
human herpesvirus 5 
(HCMV or HHV-5) 

The major cause of infectious morbidity and mortality in 
immunocompromised individuals and developing fetuses, 
and HCMV-caused disease is called cytomegalovirus 
inclusion disease (CID) (Mocarski et al., 2007). 

Human herpes virus 6A 
(HHV6A) 
Human herpesvirus 6B 
(HHV-6B) 

Associated with roseola (Yamanishi et al., 2007). 

Human herpesvirus 
(HHV-7) 

HHV-7 has not been definitively documented to cause a 
specific disease and has been associated to pityriasis rosea 
(Blauvelt, 2001) 

Epstein-Barr virus or human 
herpesvirus 4 
(EBV or HHV-4) 

Associated with several diseases, most notably infectious 
mononucleosis (colloquially known as mono or kissing 
disease) and Burkitt’s lymphoma (Rickinson & Kief, 2007). 

Kaposi's sarcoma herpesvirus 
or Human herpesvirus 8 
(KSHV or HHV-8) 

Associated with Kaposi’s sarcoma , but KSHV can also 
cause B-cell lymphoma (Ganem 2007) 

Table 5. Human herpesviruses and their main diseases 

EBV is a gammaherpes virus responsible for several clinical entities, is the causative agent of 
infectious mononucleosis, Burkitt lymphoma, and nasopharyngeal carcinoma, and accounts 
for 90% of the cases of posttransplant lymphoproliferative disorder (PTLD). The cornerstone 
of therapy is decreasing the level of immunosuppression whenever is possible. Some 
antiviral drugs as acyclovir and ganciclovir have been used as a prophylactic measure but 
their efficacy has not showed clear results. HHV-6, the causative agent of the common 
childhood disease roseola infantum (exanthema sabitum), has received attention in the past 
several years as an opportunistic infection in the posttransplant population.  

4.2 Antiviral agents for herpesvirus infections 

In vitro data has shown that HHV-6 is inhibited by ganciclovir, foscarnet, and cidofovir, but 
no prospective clinical trials have evaluated the use of antiviral-drugs in the treatment of 
HHV-6 associated disease. 

KSHV is responsible for the malignant entities of Kaposi sarcoma (KS) and primary effusion 
lymphoma (PEL), as well as some forms of multicentric Castleman disease (MCD). As the 
case with EBV-associated PTLD, reduction in immunosuppression is the first-line therapy 
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for KS and is often curative (Shiley & Blumberg, 2011). Herpesvirus primary infections are 
followed by latency and subsequent periodic reactivations in most patients. Both primary 
and recurrent infections may require therapeutic or prophylactic interventions. Individuals 
at particularly high risk of developing severe consequences from HSV infection include 
immunocompromised hosts, such as transplant recipients, patients who receive cytotoxic 
drugs, HIV-infected individuals, and pregnant women and their newborns.  

 
Drug Chemical formulaA NameA Antiviral 

mechanism
Active against Uses 

Idoxuridine 2'-Deoxy-5-
iodouridine 

CAS # 54-42-2

Thymidine 
analog 

HSV-1, HSV-2, 
VZV, and CMV

Limited to 
topical 
ophthalmic 
treatment of 
herpes simplex 
keratoco-
njunctivitis. 

Vidarabine 
(adenine 

arabinoside, 
ara-A) 

9-beta-D-
Arabinosyla-

denine 
CAS # 5536-17-4

Adenine 
arabinoside

HSV-1, HSV-2 Ophthalmic 
preparations: 
Effective for 
acute keratoco-
njunctivitis and 
recurrent 
superficial 
keratitis.  

Trifluridine 
(trifluorothym

idine) 

 

2'-Deoxy-5-
(trifluoromethy

l) 
uridine 

CAS # 70-00-8

Thymidine 
analog 

HSV-1, HSV-2 Topical: 
Ophthalmic 
treatment of 
primary 
keratoco-
njunctivitis and 
recurrent 
keratitis or 
ulceration caused 
by herpes 
simplex 1 and 2. 

Acyclovir 9-[(2-
Hydroxyethoxy
)methyl]guanin

e 
CAS # 59277-

89-3 

Guanosine 
analog 

HSV-1, HSV-2, 
VZV, and EBV 

Minimal activity 
against CMV 

Oral or IV (IV 
indicated when a 
higher serum 
drug level is 
required, as for 
herpes simplex 
encephalitis). 

Ganciclovir 2-Amino-1,9-
dihydro-9-[[2-

hydroxy-1-
(hydroxymethy
l)ethoxy]methy
l]-6H-purin-6-

one sodium salt
CAS #107910-

75-8 

Guanosine 
analog 

A homologue of 
acyclovir, 

Effective in the 
treatment of 
HCMV. 
It inhibits all the 
herpesviruses 
and 
transformation of 
normal cord-
blood 
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or human herpesvirus 1 
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Associated with several diseases, most notably infectious 
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Associated with Kaposi’s sarcoma , but KSHV can also 
cause B-cell lymphoma (Ganem 2007) 
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EBV is a gammaherpes virus responsible for several clinical entities, is the causative agent of 
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for 90% of the cases of posttransplant lymphoproliferative disorder (PTLD). The cornerstone 
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their efficacy has not showed clear results. HHV-6, the causative agent of the common 
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several years as an opportunistic infection in the posttransplant population.  
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no prospective clinical trials have evaluated the use of antiviral-drugs in the treatment of 
HHV-6 associated disease. 

KSHV is responsible for the malignant entities of Kaposi sarcoma (KS) and primary effusion 
lymphoma (PEL), as well as some forms of multicentric Castleman disease (MCD). As the 
case with EBV-associated PTLD, reduction in immunosuppression is the first-line therapy 
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for KS and is often curative (Shiley & Blumberg, 2011). Herpesvirus primary infections are 
followed by latency and subsequent periodic reactivations in most patients. Both primary 
and recurrent infections may require therapeutic or prophylactic interventions. Individuals 
at particularly high risk of developing severe consequences from HSV infection include 
immunocompromised hosts, such as transplant recipients, patients who receive cytotoxic 
drugs, HIV-infected individuals, and pregnant women and their newborns.  
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Active against Uses 

Idoxuridine 2'-Deoxy-5-
iodouridine 

CAS # 54-42-2
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analog 
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Limited to 
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ophthalmic 
treatment of 
herpes simplex 
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arabinoside, 
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Arabinosyla-

denine 
CAS # 5536-17-4

Adenine 
arabinoside

HSV-1, HSV-2 Ophthalmic 
preparations: 
Effective for 
acute keratoco-
njunctivitis and 
recurrent 
superficial 
keratitis.  
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(trifluorothym
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2'-Deoxy-5-
(trifluoromethy
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uridine 

CAS # 70-00-8
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HSV-1, HSV-2 Topical: 
Ophthalmic 
treatment of 
primary 
keratoco-
njunctivitis and 
recurrent 
keratitis or 
ulceration caused 
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Acyclovir 9-[(2-
Hydroxyethoxy
)methyl]guanin
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CAS # 59277-

89-3 

Guanosine 
analog 
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VZV, and EBV 

Minimal activity 
against CMV 

Oral or IV (IV 
indicated when a 
higher serum 
drug level is 
required, as for 
herpes simplex 
encephalitis). 

Ganciclovir 2-Amino-1,9-
dihydro-9-[[2-

hydroxy-1-
(hydroxymethy
l)ethoxy]methy
l]-6H-purin-6-

one sodium salt
CAS #107910-

75-8 

Guanosine 
analog 

A homologue of 
acyclovir, 

Effective in the 
treatment of 
HCMV. 
It inhibits all the 
herpesviruses 
and 
transformation of 
normal cord-
blood 



 
Point Mutation 

 

66

Drug Chemical formulaA NameA Antiviral 
mechanism

Active against Uses 

lymphocytes by 
EBV. 

Famciclovir 2-[(acetyloxy) 
methyl]-4-(2-
amino-9H-

purin-9-yl)butyl 
acetate 

CAS # 104227-
87-4 

Guanosine 
analog 

Antiviral 
spectrum similar 

to acyclovir 

As effective as 
acyclovir for 
genital herpes 
and herpes 
zoster and more 
bioavailable after 
oral 
administration. 

Penciclovir 
 

2-amino-9-[4-
hydroxy-3-

(hydroxymethy
l)butyl]-6,9-
dihydro-3H-
purin-6-one 

CAS # 39809-
25-1 

Guanosine 
analog 

Potent activity 
against CMV 
(inhibits CMV 

protein synthesis )

Intravitreal 
injection: For 
patients with 
HIV infection 
and CMV 
retinitis that is 
resistant to other 
therapies 

Valacyclovir L-Valine 2-
(guanin-9-

ylmethoxy)ethyl 
ester 

CAS # 124832-
26-4 

Guanosine 
analog 

HSV, VZV Management of 
herpes simplex 
and herpes 
zoster (shingles). 
It is a prodrug, 
being converted 
in vivo to 
acyclovir. 

Foscarnet Trisodium 
phosphonoform

ate 
CAS # 63585-09-

1 

Pyrophosp
hate analog

EBV, HHV-8, 
HHV-6, HSV and 

VZV, CMV 

Efficacy similar 
to that of 
ganciclovir  
for treating and 
delaying 
progression of 
CMV retinitis. 

Cidofovir [1-(4-Amino-2-
oxo-pyrimidin-
1-yl)-3-hydroxy-

propan-2-
yl]oxymethylph
osphonic acid 
CAS # 113852-

37-2 

Cytosine 
analog 

HSV-1, HSV-2, 
VZV, CMV, EBV, 

KSHV, 

Generally used 
for CMV, but use 
limited by renal 
toxicity. 

Fomivirsen 5'-GCG TTT GCT CTT 
CTT CTT GCG-3' 

Oligonucleotid
e with 

phosphorothio
ate linkages 

The first 
antisense 
antiviral 

approved 
by the FDA

CMV CMVretinitis in 
immunocompro
mised patients. 

 

*Adapted from Porter & Kaplan, 2004; Shors, 2009; AOnline Database of Chemicals from Around the 
World 

Table 6. FDA-Approved antiherpesvirus drugs*. 
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4.2.1 Acyclovir and analogs 

The first report detailing the selective antiviral activity of acyclovir against herpesviruses 
was published in 1977 (Elion et al., 1977). Penciclovir, a structurally related compound 
identified in the 1980s (Boyd et al., 1993), is also a potent and selective inhibitor of many 
human herpesviruses. Both compounds are analogues of the natural nucleoside 
deoxyguanosine. Oral prodrugs of penciclovir (famciclovir) and acyclovir (valaciclovir) 
were subsequently developed to improve their oral bioavailability (Beauchamp et al., 1992).  

Acyclovir (ACV), valacyclovir and famciclovir have a similar mechanism of antiviral action 
against HSV (Corey et al., 2004; Mertz et al., 1997; Sacks, 2004). Acyclovir is a purine 
nucleoside analogue with inhibitory activity against HSV-1, HSV-2 and VZV. It has a highly 
selective inhibitory activity due to its affinity for the thymidine kinase enzyme (TK) encoded 
by HSV and VZV. The TK converts ACV into ACV-monophasphate, a nucleotide analogue. 
This monophosphate is further converted into diphosphate by cellular guanylate kinase and 
into triphosphate by a number of cellular enzymes. The ACV-triphosphate stops viral 
replication by competitive inhibition of viral DNA polymerase, incorporation and 
termination of the growing viral DNA chain, and inactivation of the viral DNA polymerase 
(GlaxoSmithKline).  

4.2.2 Foscarnet 

Foscarnet is a pyrophosphate analogue with activity against herpesviruses, human 
immunodeficiency virus (HIV), and other RNA and DNA viruses. Foscarnet and its 
analogues achieve their antiviral effects via inhibition of viral polymerases. Current 
evidence indicates that foscarnet interferes with exchange of pyrophosphate from 
deoxynucleoside triphosphate during viral replication by binding to a site on the 
herpesvirus DNA polymerase or HIV reverse transcriptase (Crumpacker, 1992).  

4.2.3 Cidofovir 

Cidofovir is a monophosphate nucleotide analogue of deoxycytidine (dCTP), which does 
not require a viral activation. After undergoing cellular phosphorylation, it competitively 
inhibits the incorporation of dCTP into viral DNA by viral DNA polymerase, disrupting 
further chain elongation (Lea & Bryson, 1996, De Clercq, 2004). 

4.3 Herpesvirus-resistance to antiviral drugs 

Treatment of HSV-infections with nucleoside analogs has been used for more than 20 years, 
and the isolation of drug-resistant virus from immunocompetent patients has been an 
infrequent event, from 0.1 to 0.7% (James et al., 2009; Kriesel et al., 2005; Reyes et al., 2003; 
Shin et al., 2003; Bacon et al., 2002; Blower et al., 1998; Christophers et al., 1998; Crumpacker 
et al., 1982). However, herpes-resistance to antiviral drugs is well established (7–14%) in 
imunocompromised patients (Griffiths, 2009; Chen et al., 2000; Levin et al., 2004; Safrin et al., 
1994) and neonates (Levin et al., 2001; Nyquist et al., 1994; Oram et al., 2000). It has been 
found that the most significant risk factors to developing antiviral-resistance are the degree 
of immunosuppression and prolonged exposure to the antiviral agent (Levin et al., 2004). 
Nowadays, the drug-resistant viruses have become a very important issue, since the 
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Drug Chemical formulaA NameA Antiviral 
mechanism
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zoster and more 
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oral 
administration. 

Penciclovir 
 

2-amino-9-[4-
hydroxy-3-

(hydroxymethy
l)butyl]-6,9-
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purin-6-one 
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Guanosine 
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Potent activity 
against CMV 
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HIV infection 
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therapies 

Valacyclovir L-Valine 2-
(guanin-9-

ylmethoxy)ethyl 
ester 

CAS # 124832-
26-4 

Guanosine 
analog 

HSV, VZV Management of 
herpes simplex 
and herpes 
zoster (shingles). 
It is a prodrug, 
being converted 
in vivo to 
acyclovir. 

Foscarnet Trisodium 
phosphonoform

ate 
CAS # 63585-09-
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Pyrophosp
hate analog
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VZV, CMV 

Efficacy similar 
to that of 
ganciclovir  
for treating and 
delaying 
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Cidofovir [1-(4-Amino-2-
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1-yl)-3-hydroxy-

propan-2-
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Cytosine 
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KSHV, 
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for CMV, but use 
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toxicity. 
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CTT CTT GCG-3' 
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antiviral 
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immunocompro
mised patients. 

 

*Adapted from Porter & Kaplan, 2004; Shors, 2009; AOnline Database of Chemicals from Around the 
World 

Table 6. FDA-Approved antiherpesvirus drugs*. 
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4.2.1 Acyclovir and analogs 

The first report detailing the selective antiviral activity of acyclovir against herpesviruses 
was published in 1977 (Elion et al., 1977). Penciclovir, a structurally related compound 
identified in the 1980s (Boyd et al., 1993), is also a potent and selective inhibitor of many 
human herpesviruses. Both compounds are analogues of the natural nucleoside 
deoxyguanosine. Oral prodrugs of penciclovir (famciclovir) and acyclovir (valaciclovir) 
were subsequently developed to improve their oral bioavailability (Beauchamp et al., 1992).  

Acyclovir (ACV), valacyclovir and famciclovir have a similar mechanism of antiviral action 
against HSV (Corey et al., 2004; Mertz et al., 1997; Sacks, 2004). Acyclovir is a purine 
nucleoside analogue with inhibitory activity against HSV-1, HSV-2 and VZV. It has a highly 
selective inhibitory activity due to its affinity for the thymidine kinase enzyme (TK) encoded 
by HSV and VZV. The TK converts ACV into ACV-monophasphate, a nucleotide analogue. 
This monophosphate is further converted into diphosphate by cellular guanylate kinase and 
into triphosphate by a number of cellular enzymes. The ACV-triphosphate stops viral 
replication by competitive inhibition of viral DNA polymerase, incorporation and 
termination of the growing viral DNA chain, and inactivation of the viral DNA polymerase 
(GlaxoSmithKline).  

4.2.2 Foscarnet 

Foscarnet is a pyrophosphate analogue with activity against herpesviruses, human 
immunodeficiency virus (HIV), and other RNA and DNA viruses. Foscarnet and its 
analogues achieve their antiviral effects via inhibition of viral polymerases. Current 
evidence indicates that foscarnet interferes with exchange of pyrophosphate from 
deoxynucleoside triphosphate during viral replication by binding to a site on the 
herpesvirus DNA polymerase or HIV reverse transcriptase (Crumpacker, 1992).  

4.2.3 Cidofovir 

Cidofovir is a monophosphate nucleotide analogue of deoxycytidine (dCTP), which does 
not require a viral activation. After undergoing cellular phosphorylation, it competitively 
inhibits the incorporation of dCTP into viral DNA by viral DNA polymerase, disrupting 
further chain elongation (Lea & Bryson, 1996, De Clercq, 2004). 

4.3 Herpesvirus-resistance to antiviral drugs 

Treatment of HSV-infections with nucleoside analogs has been used for more than 20 years, 
and the isolation of drug-resistant virus from immunocompetent patients has been an 
infrequent event, from 0.1 to 0.7% (James et al., 2009; Kriesel et al., 2005; Reyes et al., 2003; 
Shin et al., 2003; Bacon et al., 2002; Blower et al., 1998; Christophers et al., 1998; Crumpacker 
et al., 1982). However, herpes-resistance to antiviral drugs is well established (7–14%) in 
imunocompromised patients (Griffiths, 2009; Chen et al., 2000; Levin et al., 2004; Safrin et al., 
1994) and neonates (Levin et al., 2001; Nyquist et al., 1994; Oram et al., 2000). It has been 
found that the most significant risk factors to developing antiviral-resistance are the degree 
of immunosuppression and prolonged exposure to the antiviral agent (Levin et al., 2004). 
Nowadays, the drug-resistant viruses have become a very important issue, since the 
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immunocompromissed population has been increasing around the world, either due to viral 
infections such as AIDS, or immunosuppression for cancer treatment, organ transplant, and 
chronic diseases treatment, among others. It's estimated that about 10 million people in the 
United States (3.6 percent of the population) are immunocompromised. But that's likely an 
underestimate because it only includes those with HIV/AIDS, organ transplant recipients, and 
cancer patients; but there's a sizable population that takes immunosuppressive drugs for other 
disorders such as rheumatoid arthritis and inflammatory bowel disease (Kahn, 2008). 

4.3.1 Resistance to acyclovir 

It is known that HSV has a low inherent propensity to develop mutations within its genome 
because its polymerase has a proof reading mechanism, therefore many replication cycles 
are required statistically to generate a virus that has resistance to ACV or similar drugs, and 
also due to the potency of these drugs to inhibit viral replication, the chance that this may 
occur in practice is decreased. Nevertheless, mutations of the viral Thymidine kinase (TK) 
and DNA polymerase (DNApol) can occur and both are intimately involved in mechanisms 
of resistance to acyclovir and penciclovir (Bacon et al., 2003; Boyd et al., 1993; Coen and 
Schaffer 1980; Schnipper & Crumpacker, 1980; Schmit & Boivin, 1999). Among ACV-
resistant HSV, 95% are due to mutations in the TK gene and 5% in the DNA pol gene 
(Frobert et al., 2008), and resistance mutations are located mainly in catalytic or conserved 
domains of TK and DNA polymerase (Chibo et al., 2002; Gibs et al., 1988; Schmit & Boivin, 
1999; Stránská et al., 2004; Sauerbrei et al., 2010). 

4.3.1.1 Mutations in the TK gene 

HSV TK is a 376-amino-acid protein, encoded by the UL23 gene. Known primarily as a TK, 
this enzyme is a wide spectrum nucleoside kinase capable of phosphorylating both purine 
and pyrimidine nucleosides and their analogues (Roizman et al., 2007). It contains an ATP 
binding site (codons 51 to 63), a nucleoside binding site (codons 168 to 176 for HSV-1 and 
169 to 177 for HSV-2), and a highly conserved cysteine residue at position 336 for HSV-1 and 
337 for HSV-2 (Balasubramaniam et al., 1990; Kit et al., 1983). TK utilizes ATP to 
phosphorylate deoxythymidine (dT) in the formation pathway of deoxythymidine 
triphosphate for DNA synthesis.  

Three distinct classes of acyclovir resistant TK mutants have been identified: 

1. TK-negative (TKN) mutants. They lack of TK activity. These phenotypes are the 
consequence of either single-base insertions/deletions occurring in guanosine (G) or 
cytidine (C) homopolymer repeats, leading to the shift of the translational reading 
frame of UL23 TK, or missense point mutations (Gaudreau et al., 1998; Morfin et al., 
2000; Sarisky et al., 2001). Therefore, a deletion, insertion or point mutation, often 
within a hotspot, of the viral UL23 gene, originates a premature stop codon at one of 
several different places within the gene (Sasadeusz et al., 1997), resulting in a truncated 
TK protein, which does not have enzymatic activity (Gilbert et al., 2002; Summers et al., 
1975). The TKN strains replicate very slowly because they lack the activity of the viral 
TK gene, which is required to synthetize deoxythymidine triphosphate for DNA 
synthesis, and these negative mutants have shown to be impaired in their 
pathogenicity, establishment of latency and low reactivation efficiency (Piret et al., 
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2011). In immunocompetent individuals the immune response can rapidly dealt with 
the viral mutants before they can become clinically apparent (Coen, 1994). However, it 
is not always the case, it has been published that acyclovir-resistant HSV-2 mutants can 
be developed rapidly in neonatal infection and cause clinically significant disease, in 
spite of the in vitro decreased replication and attenuated virulence in an animal model 
showed by the viral strain (Oram, 2000). 

2. TK-partial (TKP), express reduced levels of TK activity. Rare mutations can produce a 
virus which maintains the ability to reactivate as well as some virulence for an 
immunocompetent animal host, and some residual TK activity is present (Collins & 
Darby, 1991; Bacon et al., 2003; Coen, 1994). 

3. TK-altered (TKA) mutants are substrate specificity mutants, which phosphorylate 
thymidine but not acyclovir and/or penciclovir, due to a specific mutation in the TK 
gene such, that it recognizes acyclovir/penciclovir poorly, but can still phosphorylate 
the natural nucleosides required by the virus for replication (Darby et al., 1981). 

Approximately 95 to 96% of acyclovir-resistant HSV isolates are TK deficient (TKN or TKP), 
and the remaining isolates are usually TKA. It has been generally shown that acyclovir-
resistant mutants do not appear to be capable of initiating a latent infection that can 
subsequently be reactivated (Pottage & Kessler, 1995). Gaudreu et al., 1998 analyzed 30 
acyclovir-resistant HSV isolates from immunocopromissed patients, finding 17 TKN, 12TKP 
and 1TK undefined. Half of them had an insertion or deletion of one or two nucleotides, 
within homopolymers of G or C, which are considered resistance hot spots. The two longest 
homopolymers, one composed of 7 Gs and one of 6 Cs, are the sites of the most frequently 
reported mutations in ACV-resistant clinical isolates; other resistance cases are due to 
nucleotide substitutions usually in the conserved sites of the UL23 gene (Piret et al., 2011) 
(Figure 6) 
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2011). In immunocompetent individuals the immune response can rapidly dealt with 
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is not always the case, it has been published that acyclovir-resistant HSV-2 mutants can 
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Darby, 1991; Bacon et al., 2003; Coen, 1994). 
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thymidine but not acyclovir and/or penciclovir, due to a specific mutation in the TK 
gene such, that it recognizes acyclovir/penciclovir poorly, but can still phosphorylate 
the natural nucleosides required by the virus for replication (Darby et al., 1981). 

Approximately 95 to 96% of acyclovir-resistant HSV isolates are TK deficient (TKN or TKP), 
and the remaining isolates are usually TKA. It has been generally shown that acyclovir-
resistant mutants do not appear to be capable of initiating a latent infection that can 
subsequently be reactivated (Pottage & Kessler, 1995). Gaudreu et al., 1998 analyzed 30 
acyclovir-resistant HSV isolates from immunocopromissed patients, finding 17 TKN, 12TKP 
and 1TK undefined. Half of them had an insertion or deletion of one or two nucleotides, 
within homopolymers of G or C, which are considered resistance hot spots. The two longest 
homopolymers, one composed of 7 Gs and one of 6 Cs, are the sites of the most frequently 
reported mutations in ACV-resistant clinical isolates; other resistance cases are due to 
nucleotide substitutions usually in the conserved sites of the UL23 gene (Piret et al., 2011) 
(Figure 6) 
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Fig. 6. Mutations identified in the UL23 gene of HSV isolates resistant to ACV. A) and B) 
maps of mutations of HSV-1 and HSV-2 isolates resistant to ACV, respectively. The ATP-
binding site (ATP), the nucleoside-binding site (NBS), and the six regions of the UL23 gene 
that are conserved among Herpesviridae are shown by the color boxes. The six highly 
conserved regions are located at amino acids (AA) 56 to 62 (site 1), 83 to 88 (site 2), 162 to 
164 (site 3), 171 to 173 (site 4), 216 to 222 (site 5), and 284 to 289 (site 6) for HSV-1 and 56 to 
62, 83 to 88, 163 to 165, 172 to 174, 217 to 223, and 285 to 290 for HSV-2. The additions (a), 
deletions (d), or both additions and deletions (a/d) reported in homopolymer runs, as well 
as the nucleotides (Nt) involved, are indicated below vertical bars. Substitutions of amino 
acids reported in the UL23 gene that are included in the boxes correspond to those identified 
in conserved regions, and those outside the boxes are located in nonconserved regions. 
Underlined mutations correspond to the HSV-2 mutations (Adapted from Piret & Boivin, 
2011; reproduced with permission of the American Society for Microbiology). C) Two views 
of the 3D structure of the TK protein (PDB:1KI2) of HSV-1 in ribbon diagram. The TK 
protein is in white, the NH2 end in red, the carboxyl end in blue, and the HSV-1 mutations 
published by Piret & Boivin 2011 are shown in different colors: Site 1 mutations are in green 
(R51W, Y53Stop, G56S/V, P57H, H58R/L, G59R/V, G61V, K62N, T63A/I/S, T65N; Site 2 
mutations in pale blue (E83K, P84S, Q104H, H105P, Q125E/L, P131S, G144N, L158P); Site 3 
mutations in yellow (D162A, R163H, A167V); Site 4 mutations in magenta (A168T, P173L/R, 
A175V, R176Q, T245M, S182N, Q185R, V187M, A189V, G200C, T201P); Site 5 mutations in 
orange (R216H/C/S, R220C/H, R222C, R281STOP); Site 6 mutations in cyan (L297S); 
mutations in the carboxyl end are in pink (C336Y, C337Y, L364P). 

No consistent differences have been identified in the mutations associated to acyclovir-
resistant isolates from immunocompetent and immunocompromised patients (Levin et al., 
2004). Genotyping of the UL23 TK gene of HSV-1 has confirmed its uncommonly high 
polymorphism, in comparison to the TK gene of HSV-2 isolates, which was considerably less 
polymorphic. These findings are in agreement with the fact that the variability of the HSV-1 
genome is about fourfold higher than that of HSV-2 (Sauerbrei et al., 2010; Chiba et al., 1998). 

Recent work by Burrel et al., 2010 analyzing the natural polymorphism of UL23 TK and 
UL30 DNA pol among HSV-1 and HSV-2 strains to identify the amino acids changes 
potentially associated to antivirals HSV-resistance, identified 15 and 51 new natural 
polymorphisms within the TK and DNA pol, respectively (Fig. 7). Several amino acid 
changes among drug-resistant HSV were identified in the TK (S29A for HSV-2) or in the  
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Fig. 7. Natural polymorphism map (to scale) of thymidine kinase (TK) (A) and DNA 
polymerase (B) among HSV-1 and HSV-2 strains. For each viral enzyme, conserved regions 
and functional domains are indicated by the black boxes, and natural polymorphisms are 
represented separately for HSV-1 (top) and HSV-2 (bottom). Amino acid changes related to 
natural polymorphism are indicated by vertical bars: short vertical bars correspond to 
changes previously reported, long vertical bars labeled with amino acid change correspond 
to changes newly described in this study. Regarding HSV-2 DNA polymerase, hatched 
boxes indicate amino acid insertions or deletions related to natural polymorphism (Burrel 
and Boutolleau, 2010; reproduced with permission of the American Society for 
Microbiology). 

DNA pol (H98Y, V117L, L267M, A870G, L1188F, and R1229I for HSV-1; I291V, V544A, Y823C, 
and H837R for HSV-2) proteins. Moreover, the genotypic characterization of 25 drug-resistant 
HSV isolates revealed 8 new amino acid changes located in TK, potentially accounting for 
acyclovir-resistance (Y53D, I101S, L170P, and A207P for HSV-1; and S66P, A72S, R176W, and 
M183I for HSV-2). Wang et al., 2011 analyzed 68 ACV-resistant HSV-1 isolated from children, 
and identified 21 mutations in the TK gene, 11 of them have not been previously reported 
(D14H, Q15L, A28V, Q67R, .E95A, I203L, A207S, D215N, Q275P, A365T, Q342K). It is known 
that viruses with TK mutations are normally-resistant to other drugs which require the viral 
TK for activation, such as penciclovir; but generally remain susceptible to antiviral agents that 
act directly on DNA polymerase, such as foscarnet and cidofovir (Bacon et al., 2003). 

In summary there is not a unique mutation pattern to explain HSV ACV-resistance, and 
further work is necessary to construct a more complete mutations data base of the TK gene. 

4.3.1.2 Mutations in the DNA pol gene 

The herpes simplex virus-1 DNA polymerase is a heterodimer, which consists of the 
products of the UL30 (Pol) and UL42 genes. The UL30 gene encodes the catalytic subunit, 
while the UL42 gene encodes a phosphoprotein that possesses double-stranded DNA-
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and H837R for HSV-2) proteins. Moreover, the genotypic characterization of 25 drug-resistant 
HSV isolates revealed 8 new amino acid changes located in TK, potentially accounting for 
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M183I for HSV-2). Wang et al., 2011 analyzed 68 ACV-resistant HSV-1 isolated from children, 
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that viruses with TK mutations are normally-resistant to other drugs which require the viral 
TK for activation, such as penciclovir; but generally remain susceptible to antiviral agents that 
act directly on DNA polymerase, such as foscarnet and cidofovir (Bacon et al., 2003). 

In summary there is not a unique mutation pattern to explain HSV ACV-resistance, and 
further work is necessary to construct a more complete mutations data base of the TK gene. 

4.3.1.2 Mutations in the DNA pol gene 

The herpes simplex virus-1 DNA polymerase is a heterodimer, which consists of the 
products of the UL30 (Pol) and UL42 genes. The UL30 gene encodes the catalytic subunit, 
while the UL42 gene encodes a phosphoprotein that possesses double-stranded DNA-
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binding activity. DNA pol is a multifunctional enzyme which possesses a polymerase activity 
for the extension of DNA primer chains, an intrinsic 3-5´ exonuclease proofreading activity, 
and an RNase H activity that could be removed the RNA primers to initiate the synthesis of 
Okazaki fragments at a replication fork during herpes DNA replication (Crute & Lehman, 
1989). HSV DNA pol belongs to the family of α-like DNA polymerases. It is formed by 6 
structural domains; 1) A pre-NH2 domain, from NH2-terminal to aa 140; 2) An NH2-terminal 
domain, from aa 141–362 and 594–639; 3) A 3´-5´ exonuclease domain, from aa 363–593, 
contains three highly conserved sequence motifs: Exo I, Exo II, and Exo III; 4) polymerase palm 
domain (catalytic site), from aa 701–766 and 826–956, contains the conserved regions I, II, and 
VII; 5) Fingers domain, from aa 767–825, contains the conserved regions III and VI, and the 
base subdomain may play a role in positioning the template and primer strands ; 6)Thumb 
domain, from aa 957–1197, contains the conserved region V (Liu et al., 2006). In clinical 
isolates, mutants with altered DNA polymerase conferring resistance to nucleoside analogues 
are less frequent detected (Sacks et al., 1989). The mutations are single amino acid substitutions 
located in regions which are directly or indirectly involved in the recognition and binding of 
nucleotides or pyrophosphate, as well as in catalysis. Fig 8 shows several identified mutations 
in the UL30 gene of HSV-1 and HSV-2 (Piret, et al., 2011). 

4.3.2 Foscarnet-resistance  

Foscarnet (FOS) is a pyrophosphate analogue that inhibits the viral DNA pol by mimicking 
the structure of pyrophosphate produced during the elongation of DNA, and it acts as a 
noncompetitive inhibitor of DNA pol activity. FOS does not require phosphorylation by 
viral and cellular kinases and binds to the pyrophosphate binding site on the viral DNA pol 
and blocks the release of pyrophosphate. It is only available as an intravenous formulation, 
and is indicated as a second-line therapy for HSV infections. 
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Fig. 8. Mutations identified in the UL30 gene of HSV isolates resistant to ACV. A) and B) 
maps of mutations of HSV-1 and HSV-2 isolates resistant to ACV, respectively. Regions 
conserved among Herpesviridae genes are shown by the color boxes. The roman numbers (I 
to VII and δ-region C) corresponding to each of these regions are indicated above the boxes. 
Amino acid (AA) locations are noted below each of these regions for HSV-1 and HSV-2. 
Substitutions reported in the UL30 gene that are included in the boxes correspond to those 
identified in conserved regions, and those outside the boxes are located in nonconserved 
regions. Underlined mutations correspond to the HSV-2 mutations. Mutations E460D, 
G464V, K522E, and P561S in and outside Exo II are lethal to the virus; mutations Y577H and 
D581A in the Exo III motif in δ-region C are associated with hypersusceptibility to ACV; and 
none of the mutations in region I are spontaneously induced (Adapted from Piret & Boivin 
2011; reproduced with permission of the American Society for Microbiology). C) Two views 
of 3D structure of the DNA pol protein (PDB 2GV9) of HSV-1 in ribbon diagram. The DNA 
pol is in white, the NH2 end in red, the carboxyl end in blue, and the HSV-1 mutations from 
the conserved regions published by Piret & Boivin 2011 are shown in different color: in the 
region 1 are in pink (G885A/R, D886N, T887K, D888A, S889A, F891C/Y and V892M); in the 
region II in pale blue (R700G, V715G/M, A719T/V and S724N); in the region III in green 
(V813M, N815S, T821M, G841S and R842S); in the region V in purple (N961K); in the region 
VI in orange (L774F, L778M, D780N and L782I); in the region VII en cyan (Y941H); in the 
Exo I motif in dark red (D368A and E370A); in the Exo II in yellow (E460D, V462A and 
G464V); in the Exo III in salmon pink (Y577H and D581A); in the δ-region C, in magenta 
(E597K/D ad A605V) 

Most FOS-resistant clinical HSV isolates contain single base substitutions in conserved 
regions and in a non-conserved region of the DNA pol gene. Some of these isolates retained 
their susceptibility or, at the most, borderline levels of susceptibility to ACV and cidofovir. 
However, some mutations conferring resistant to both ACV and FOS have been found in 
clinical isolates: V715G, S724N/S729N and Y941H (HSV-1/HSV-2). Mutants with alterations 
in both HSV TK and DNA pol can also occur, resulting in double resistance to both ACV 
and FOS (Piret et al., 2011).  
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binding activity. DNA pol is a multifunctional enzyme which possesses a polymerase activity 
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in the UL30 gene of HSV-1 and HSV-2 (Piret, et al., 2011). 

4.3.2 Foscarnet-resistance  

Foscarnet (FOS) is a pyrophosphate analogue that inhibits the viral DNA pol by mimicking 
the structure of pyrophosphate produced during the elongation of DNA, and it acts as a 
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4.3.3 Cidofovir and adefovir  

These drugs are acyclic nucleoside phosphonates derivatives of cytosine (cidofovir) and 
adenine (adefovir), which are converted into active ANP-diphosphates by cellular kinases. 
Thus, do not require the activation by the viral TK enzyme, and act as competitive inhibitors 
of the viral DNA pol, and chain terminators. Cidofovir is indicated for HCMV infections, 
including ganciclovir-resistant strains, and also against HSV and VZV strains. Several 
mutations linked to cidofovir resistance have mapped in HSV DNA pol gene: R700M, 
G841C and G850I, L773M, Y941H and V573M, and in laboratory-derived HSV strains 
resistant to cidofovir, L1007M and I1028T (Piret et al., 2011). 

4.4 VZV-resistant to antiviral drugs 

The current drug of choice for the antiviral treatment of VZV infections in patients at risk is 
ACV (De Clercq, 2004). VZV-resistant to ACV or foscarnet has only been reported in rare cases 
of immunocompromised patients, and the resistance to ACV is associated to alterations in the 
TK activity as it happens with HSV. One of the problems to study the antiviral-resistance of 
VZV, is the low rate of VZV isolations in cell culture, usually between 20% and 43% from 
vesicle samples; and even more, there is a restricted spectrum of permissive cell cultures and a 
long time (up to a few weeks) is required to developing cytopathic effect (Cohen et al., 2007). 
On the other hand, there is not enough information about the natural polymorphism or 
resistance associated to the TK and DNA pol genes. Sauerbrei et al., 2011 analyzed 
genotypically 16 VZV strains with clinical diagnosis of ACV-resistance, finding seven strains 
with alterations in the TK gene: three were associated to amino acid substitutions (L73I, 
W225R, T256M), three with stop codon generation (A163-, Q303-, N334-) and one frameshift 
due to a deletion of nucleotides 19–223. All of them were not previously reported, except the 
Q303- mutation, which has been reported in two patients with AIDS treated with ACV to 
control persistent zoster (Fillet et al., 1998; Saint-Léger et al., 2001). 

Even though herpes viruses have a low rate of mutations, it is clear that apparition of viral 
strains resistant to the current antivirals drugs is a serious problem, especially for the 
immunocompromised patients. The resistance is associated with a wide range of mutations 
located mainly in catalytic or conserved domains of the viral TK and DNA pol enzymes, 
enzymes that play a critical role to achieve herpes viruses inhibition by the current antiviral 
drugs. Therefore it is necessary to monitor the efficacy of the antiviral therapy administered 
to the patients, but also to develop new antiviral drugs against different viral targets.  

5. Point mutations and antiviral resistance in cytomegalovirus: Molecular 
basis and clinical implications 
Despite progress in the diagnosis and management of cytomegalovirus (CMV) infections in 
different groups of immunosuppressed patients, this virus continues to be an important 
pathogen that can establish acute and chronic infections (Snydman et al., 2011) with high 
morbidity and mortality in immunosuppressed individuals and/or the immunologically 
immature. The main risk groups are: a) newborns; b) individuals receiving organ 
transplants; c) patients with cancer; and d) AIDS patients, although the incidence in this 
group has declined with the advent of HAART (Emery et al., 2001; Snydman et al., 2011). 
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Drugs approved by the Food Drug Administration FDA for treating CMV infection include 
ganciclovir (GCV), foscarnet (FOS), cidofovir (CDV), and valganciclovir (VGV). The 
characteristics of these drugs are described in Table 6 

5.1 Viral proteins targeted by the antivirals 

5.1.1 UL97 protein 

A protein encoded by the UL97 gene. The natural role of this protein in viral replication is 
not fully known, but recent studies suggest it is involved in the regulation of viral 
replication (Wolf et al., 2001) and other studies highlight the involvement of UL97 in viral 
envelope assembly (Goldberg et al., 2011). This protein has a kinase activity, so it may be 
involved in the monophosphorylation of GCV. This feature has been widely studied and is 
exploited in the pharmacokinetics of GCV. 

5.1.2 UL54 protein 

The viral polymerase UL54 is encoded by the UL54 gene. Several functional regions have 
enzyme activity. They are divided into I to VII with polymerization activity and EXO I to 
EXO III with exonuclease activity. The first function allows polymerization activity, while 
the second provides an editing function that significantly reduces the rate of mutation and 
leads to high fidelity (Picard-Jean, 2007). 

5.2 Drugs and their mechanism of action 

5.2.1 Ganciclovir 

This drug is an analogue of guanosine. It was the first drug approved by the FDA for the 
treatment of CMV infection. GCV is a pro-drug that is inactive until phosphorylated. This 
process is carried out by a viral protein kinase encoded by the UL97 gene, which 
phosphorylates GCV. The product from this biochemical reaction is ganciclovir 
monophosphate, which is further phosphorylated twice more by cellular kinases to produce 
ganciclovir triphosphate. This form is recognized by the polymerase and it competes with 
deoxyguanosine triphosphate (dGTP) to block chain elongation (Figure. 9) (Faulds et al., 
1990; Sullivan et al., 1992). 

5.2.2 Valganciclovir 

Although GCV has proved to be an efficient CMV induction therapy in various groups of 
patients, such patients also require maintenance therapy with oral GCV. This therapy is 
limited because oral GCV has low bioavailability (Markham et al., 1994; Anderson et al., 
1995). By contrast, the pro-drug VGV has the advantage of a high oral bioavailability. VGV 
is hydrolysed by esterases in the gut and liver in a first step; the product is GCV, which can 
be phosphorylated to block viral replication (Sugawara et al., 2000). 

5.2.3 Foscarnet 

This drug is a conjugate base of phosphonoformic acid that has the advantage that it does 
not need to be phosphorylated. It is capable of inhibiting the activity of the viral polymerase, 
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Q303- mutation, which has been reported in two patients with AIDS treated with ACV to 
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strains resistant to the current antivirals drugs is a serious problem, especially for the 
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located mainly in catalytic or conserved domains of the viral TK and DNA pol enzymes, 
enzymes that play a critical role to achieve herpes viruses inhibition by the current antiviral 
drugs. Therefore it is necessary to monitor the efficacy of the antiviral therapy administered 
to the patients, but also to develop new antiviral drugs against different viral targets.  
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basis and clinical implications 
Despite progress in the diagnosis and management of cytomegalovirus (CMV) infections in 
different groups of immunosuppressed patients, this virus continues to be an important 
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morbidity and mortality in immunosuppressed individuals and/or the immunologically 
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group has declined with the advent of HAART (Emery et al., 2001; Snydman et al., 2011). 

 
Point Mutations and Antiviral Drug Resistance 

 

75 

Drugs approved by the Food Drug Administration FDA for treating CMV infection include 
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the second provides an editing function that significantly reduces the rate of mutation and 
leads to high fidelity (Picard-Jean, 2007). 
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1990; Sullivan et al., 1992). 
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Although GCV has proved to be an efficient CMV induction therapy in various groups of 
patients, such patients also require maintenance therapy with oral GCV. This therapy is 
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This drug is a conjugate base of phosphonoformic acid that has the advantage that it does 
not need to be phosphorylated. It is capable of inhibiting the activity of the viral polymerase, 
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because it binds to a site that recognizes pyrophosphates on bases. It interferes with the 
exchange of pyrophosphates and phosphates by dideoxynucleosides and inhibits viral 
replication (Crumpacker et al., 1992) (Fig. 9). 

 
Fig. 9. Mechanism of action to ganciclovir, valganciclovir and foscarnet. GCV and 
valganciclovir, need phosphorilation while foscarnet recognize the UL54 without previous 
phosphorilation. Ganciclovir is initially phoshorilated by a viral protein kinase UL97. 
Mutations on UL97 confer them ganciclovir resistance, valganciclovir can induce ganciclovir 
resistance. Mutations on UL54 gene can confer ganciclovir and/or foscarnet resistance.  

5.2.4 Cidofovir 

This drug is the acyclic nucleotide analogue 1-(3-hydroxy-2-phosphonomethoxyethyl) 
cytosine and it competes with cytosine. Several cellular enzymes are involved in the 
phosphorylation of this compound. These include pyrimidine nucleoside monophosphate 
kinase, pyruvate kinase, creatine kinase, and nucleoside diphosphate kinase (Cihlar et al., 
1996). This antiviral is not dependent on UL97 phosphorylation and it inhibits viral 
polymerase activity through a similar mechanism to GCV (Fig. 9) (De Clercq, 2003). 

5.2.5 Fomivirsen 

This drug is an antisense nucleotide phosphorothioate that contains 21 nucleotides. It is 
resistant to cellular nucleases and binds to transcripts of the immediate early viral proteins 
(6) (Azad et al., 1993). Studies show that this oligonucleotide can specifically block viral 
genes without interfering with cellular translation. 

5.3 Point mutations and antiviral drug resistance 

Strains resistant to antivirals emerged following the treatment of active infections, with this 
emergence linked to the prolonged and intermittent administration of drugs to 
immunocompromised patients. The most studied drug in this context is GCV. Several point 
mutations in viral phosphotransferase sequences (UL97) or DNA polymerase sequences 
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(UL54) are involved. The role of UL97 in the CMV life cycle is not clear, but its participation 
in the phosphorylation of GCV is well known. The mechanism occurs as follows. The GCV 
domain is recognized by the UL97 protein kinase. The deoxyguanosine analogue (9-[1,3-
dyhydroxy-2-propoxymethyl]guanine) or monophosphate deoxyguanosine are the products 
of GCV phosphorylation. Two subsequent phosphorylations are mediated by cellular 
phosphate kinases. Triphosphorylated GCV is the active molecule for the inhibition of viral 
replication, because it competes with the natural substrate deoxyguanosine triphosphate for 
the viral DNA polymerase. 

5.3.1 Resistance to ganciclovir 

GCV resistance is most frequently a result of amino acid substitutions due to mutations in 
the codons 460, 594, and 595, which are in the coding sequence of the protein UL97. These 
mutational changes reduce the affinity for GCV without affecting polymerase activity 
(Chou et al., 1995). GCV resistance was first reported in isolates obtained from blood 
samples of immunosuppressed hospitalized patients. Two had been diagnosed with 
AIDS, while another had lymphoblastic leukaemia. These strains showed poor response 
to GCV with in vitro cell cultures (Erice et al., 1989). Resistance to GCV was previously 
obtained in vitro by the selective pressure of low doses of GCV on the strain AD169 (Biron 
et al., 1986). Subsequently, Lurain et al. reported the isolation of three mutants resistant to 
GCV with a reduced ability to phosphorylate GCV. Resistance was associated with the 
emergence of a mutation in the exonuclease function of polymerase (Lurain et al., 1992). 
The same authors later reported isolates with a point mutation at position 460 in region IV 
of the UL97 gene, where a change of methionine for isoleucine (M460I) was involved 
(Lurain et al., 1994). 

Several mutations that are known to change the active site of UL97 and prevent the 
phosphorylation of GCV have been described and characterized. More than 25 mutations 
are associated with this process. The most common are at codons 460 (methionine to valine), 
594 (methionine to isoleucine), and 595 (aspartic acid to serine). In some cases, there is more 
than one mutation. 

UL54 mutations are also involved with resistance to GCV. These mutations produce changes 
in the amino acid sequence of the viral polymerase, which affects the affinity for a guanosine 
triphosphate analogue (GCV triphosphate). More than 20 mutations have been described, 
and combinations of mutations are also found in UL97 and UL54. Strains with mutations in 
UL97 alone are resistant to GCV but susceptible to FOS and CDV, strains with mutations in 
UL54 show a pattern of resistance to GCV and CDV, and strains with double mutations in 
UL97 and UL54 are highly resistant to GCV. 

5.3.2 Induction of resistance with valganciclovir 

This antiviral is a GCV pro-drug, so its prolonged administration may be a factor in 
developing resistance to GCV. This effect has a low incidence, but greater use of this 
antiviral is now encouraged. Reports have described mutations in UL97 as V466G, V466M, 
and V466G, and these were obtained after treatment with VGV (Boivin et al., 2001; 
Foulongne et al., 2004; Martin et al., 2010). 
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the codons 460, 594, and 595, which are in the coding sequence of the protein UL97. These 
mutational changes reduce the affinity for GCV without affecting polymerase activity 
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UL97 alone are resistant to GCV but susceptible to FOS and CDV, strains with mutations in 
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5.3.3 Foscarnet 

Mutations involved with FOS resistance are located on the UL54 gene. A great diversity of 
point mutations can change the amino acid sequence of the viral polymerase and lead to 
FOS resistance. These mutations are located in regions II and III (codons 696–845). The 
presence of these mutations changes the reading frame of the sequence leading to blocking 
of antiviral recognition by the polymerase (Lurain et al., 2010). 

5.3.4 Cidofovir 

As with GCV, most mutations that confer resistance to CDV are concentrated in the 
exonuclease domain of the polymerase (codons 301, 408–413, and 501–545) and region V 
(codons 981–987) (Bowen et al., 1999). 

5.3.5 Fomivirsen 

An antisense nucleotide inhibits viral replication by two different mechanisms that are either 
dependent on or independent of the sequence. The antiviral mechanism was analysed in vitro 
using fibroblasts, and it was shown that the oligonucleotide recognizes the mRNA sequence of 
the viral Immediate Early Protein IE2 following internalization. This results in reduced 
expression levels of the IE proteins. Mulabampa et al. obtained an in vitro mutant with 
fomivirsen resistance. It was expected that the mutation leading to resistance would be located 
on the complementary region to fomivirsen. However, no mutation was found when the 
region was sequenced. Despite this result,  the induction of fomivirsen resistance induced 
antiviral and the clinical impact is not clear.(Mulamba et al., 1998, Anderson et al., 2004). 

5.4 Multidrug resistance 

Mutations can provide different levels of resistance or cross-resistance to antivirals. 
Occasionally, mutations in both UL97 and UL54 occur, resulting in multidrug resistance. For 
example, Eckle et al. reported a paediatric patient undergoing bone marrow transplantation 
with a disseminated infection during the conditioning procedure and encephalitis on day 
+100. FOS was started, which was followed by combination therapy and subsequently GCV, 
FOS, and CDV on day +167. Multidrug resistance with multiple mutations was observed 
seven months later (Eckle et al., 2000). Rodriguez et al. reported on a 58-year-old patient 
undergoing a liver transplant. On day +86, they isolated a possible mutation at A594V in 
UL97 and six point mutations that potentially affected the amino acid sequence of the UL54 
protein. The resistance to GCV and FOS in this patient was apparently associated with 
multiple factors, but prolonged therapy with GCV and co-infection may have produced at 
least two strains (Rodríguez et al., 2007). 

5.5 Laboratory methods for the detection of antiviral drugs 

Based on in vitro analysis, antiviral resistance can be classified as phenotypic or genotypic. 

Phenotypic resistance is tested using a cell culture assay to determine an antiviral’s ability to 
reduce viral replication. This technique is considered the gold standard. The AD169 strain is 
used as a reference where the profile drug susceptibility is already known. The reference 
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values for the drugs are 6 M for GCV, 2 M for CDV, and 400 M for FOS. The in vitro 
assay determines the antiviral’s ability to reduce the number of lytic plaques, which 
quantifies the cytopathic effect induced by the virus. This can be determined as a 50% 
inhibitory concentration (IC50) (Chou et al., 1999; Landry et al., 2000). This is a difficult 
method that requires trained personnel and standard antiviral concentrations. Simplified 
techniques have been developed that can be applied to a large number of samples, which 
significantly reduces the workload (Prix et al., 1998). However, this is still a laborious 
technique and it is difficult to apply it routinely. Nevertheless, these are necessary tests that 
are required to confirm potential drug resistance to a new drug or new mutations found by 
genotypic assays (Lurain et al., 2010). 

Phenotypic resistance tests are perhaps the most widely used, because a number of 
mutations associated with resistance are already known. Thus, the presence of a mutation 
can be inferred if the strain is resistant. Several molecular methods have been proposed for 
the detection of mutations that are known to be associated with resistance to antiviral drugs. 
These methods are described below. 

5.5.1 Polymerase chain reaction coupled to restriction fragment length polymorphism 
(PCR–RFLP) 

This method has been used for several years, because it is easy to perform and it requires no 
sophisticated equipment. However, it cannot identify new mutations associated with 
resistance. This method is more applicable to routine detection of the most common 
mutations, particularly those in codons 520, 460, 594, 595, 591, and 592 that confer GCV 
resistance (Hanson et al., 1995; Prix, 1999). 

5.5.2 Real-time PCR 

Several studies report the use of real-time PCR as a tool for the detection of mutations 
associated with resistance. Yeo et al. (2005) used a strategy of molecular beacons for the 
detection of mutations in codon 460 in UL97. Liu et al. developed a method based on SYBR 
green for the detection of mutations at position 460 in UL97. Liu et al. (2008) and Göhring et 
al. (2008) developed a method based on real-time PCR for the detection of mutations in 
codons 594, 595, 603, and 607. 

5.5.3 PCR sequencing 

This is the gold standard method for detecting the presence of mutations known to be 
involved in resistance. It also allows the genotypic detection of new mutations that are 
correlated with phenotypic tests to determine whether they are associated with resistance. 

5.6 Clinical impact of cytomegalovirus drug resistance 

Published evidence indicates the emergence of resistance and severe complications in 
patients. For example, Jabs et al. (2010) observed that the emergence of resistance associated 
with mutations was closely linked to high mortality in a study of 266 patients with AIDS 
who were treated with GCV or FOS for CMV retinitis. We observed a fatal outcome with 
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viral pneumonitis and graft rejection in a paediatric patient undergoing bone marrow 
transplant, where two resistance mutations (M460V and M460I) appeared following non-
response to treatment with GCV. We attributed these complications to the lack of response 
to the treatment, which apparently allowed high viral replication coupled with strong 
resistance while toxic damage induced by the antiviral therapy led to rejection of the graft. 
(Arellano-Galindo et al., 2011). 

6. Conclusions 
At present, it is clear that mutations conferring resistance to the currently approved antiviral 
drugs is a growing problem , so it is very important to continue research in various areas 
that would allow better resolution of  the problem: 

First, the knowledge of mutation’s type that allows virus avoid the action of drugs, will 
allow an understanding as to how these mutations arise and how we must avoid them. 
Also, this knowledge, will allow a better design of new drugs. 

It is also, very important to establish definitive criteria for the diagnosis of resistance and 
specific treatment, mainly in immunocompromised population, where several factors are 
involved. 

Also, there are still multiple subjects for basic and clinical investigation, such as specify the 
role of minority populations who express resistance to the antiviral drugs in the clinical 
settings, implement strategies optimizing the pharmacokinetics and pharmacodynamics 
either of the current or of the new antiviral agents. All with the main objective to improve 
the action of drugs, reduce the likelihood of emergence of resistant strains and have under 
control those which are already presented. 

On the other hand, we must not forget the monitoring of the efficacy of the antiviral therapy 
which is administered to the patients, to avoid the appearance of point mutations conferring 
drug resistance. Finally, it is also important to bear in mind that clinical centres attending 
immunosuppressed patients should implement special techniques for the detection of 
genotypic viral resistance. 
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1. Introduction 
Point mutations within the human immunodeficiency virus-type 1 (HIV-1) genome confer 
resistance to antiretroviral drugs. The mutations also help the virus to evade the immune 
system response and influence transmission and progression of the disease, collectively 
called acquired immune deficiency syndrome (AIDS) pathogenesis. This chapter presents an 
up-to-date critical review of the literature and provides a synthesis of the current 
understanding of HIV-1 point mutations in relation to drug resistance, evasion of the 
immune system and AIDS pathogenesis. First, to prime the reader, the chapter briefly 
describes organization and function of the HIV-1 genes. It then pinpoints salient point 
mutations within specific HIV-1 genes associated with resistance to current antiretroviral 
drugs. In particular, it pays attention to the env gene and its product, the surface envelope 
(Env) glycoprotein because the Env protein mediates viral entry, tropism and disease 
progression. Thus the role and frequencies of point mutations within the env gene is related 
to HIV-1 transmission dynamics and progression to AIDS. The env gene and Env protein are 
further unpacked to provide a better understanding of the role point mutations within this 
gene play in helping the virus to evade antibody mediated immune response. Finally, 
drawing mainly from our recent research work, the chapter proposes an aptamer-based 
strategy for the design of desirable approaches that can help circumvent HIV-1 point 
mutations and delay or diminish drug resistance.  

2. Organization and function of the HIV-1 genes  
The genome of HIV-1, unlike other retroviruses is made up of a single coding RNA strand of 
9.2 kb in length and is far more complex than those of other retroviruses. The genome of 
most retroviruses is diploid. It is made up of two identical RNA strands with a plus (+) 
polarity. All retroviruses have the env, gag and pol genes, but HIV-1 has 6 additional 
regulatory and accessory genes (Figure 1), which produces 14 proteins (Table 1). The env 
gene encodes the envelope (Env) protein. The Env protein is made up of two polypeptides 
derived from a gp160 single precursor; the transmembrane (TM) gp41 and the outer surface  
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Fig. 1. Organization and function of the HIV-1 genome in relation to the proteins coded. (a) 
Protein coding region are shown as grey boxes. (b) Comparison of the pairing probability of 
nucleotides in the overall HIV-1 structure using 2-hydroxyl acylation analysed by primer 
extension (SHAPE) reactivity. (c) Inter-protein linkers and unstructured peptide loops that 
link protein domains. (d) Three-dimensional structures of large and key HIV-1 proteins 
encoded by env and pol genes, respectively. Reproduced from (Watts et al., 2009) with 
permission from Nature Publishing Group (Copyright Clearance Centre License Number: 
2754150202433)    
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(SU) gp120 (Figure 1). For a mature virion, on the inner leaflet of the envelope there are 
proteolytically processed gag gene products: a p17 matrix (MA) protein and a p24 capsid 
(CA) protein that form the core of the particle and an RNA-binding p7 nucleocapsid (NC) 
protein (Figure 1 and Table 1). Other proteins present in the core of the virion particle are 
derived from the pol gene and perform enzymatic functions. HIV-1 gp120 and gp41 (env 
gene products) and pol gene products, reverse transcriptase (RT) and integrase (IN) are 
involved in early stages of the HIV life cycle and are primary targets of therapeutic drugs. 
Env, RT and IN are targets of antiretroviral drugs called entry inhibitors (EI), reverse 
transcriptase inhibitors (RTI) and integrase inhibitors (INI), respectively. Another pol gene 
product called protease (PR) is involved in later stages of the HIV life cycle and it is also a 
target of a class of antiretroviral drugs called protease inhibitors. Other HIV-1 genes encode 
auxiliary proteins (Figure 1). 
 

Gene Protein encoded Function 
gag Gag MA Membrane anchoring; env interaction; nuclear 

transport of viral core 
gag Gag CA Core capsid 
gag Gag NC Binds RNA and Vpr, respectively 
pol Protease (PR) gag/pol cleavage 
pol Reverse Transcriptase (RT) Reverse transcription 
pol RNase H RNase H activity 
pol Integrase (IN) DNA provirus integration 
env Env (gp120 and gp41) gp120 binds CD4 receptor and  CXCR4/CCR5 

co-receptors , gp41 mediates fusion 
tat Tat Viral transcription activator 
rev Rev RNA transport, stability and utilization factor 

(phosphoprotein) 
vif Vif Promotes virion maturation and infectivity 
vpr Vpr Promotes nuclear localization of 

preintegration complex, inhibits cell division, 
arrest infected cells at G2/M 

vpu Vpu Promotes extracellular release of viral 
particles. Important for viral assembly and 
budding 

nef Nef CD4 and class I downregulation 

Table 1. HIV-1 genes, proteins coded by the respective genes and their functions 

3. Point mutations and HIV-1 drug resistance  
Antiretroviral drugs are currently the cornerstone of controlling HIV-1 in infected 
individuals. To date, 24 antiretroviral drugs have been approved and licensed for the 
treatment of HIV-1 infection. Thirteen of these drugs are reverse transcriptase inhibitors 
(nine nucleoside and four non-nucleoside RT inhibitors); nine are protease inhibitors; a 
fusion inhibitor; a CCR5 inhibitor and an integrase inhibitor. However, despite the use of 
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Antiretroviral drugs are currently the cornerstone of controlling HIV-1 in infected 
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current antiretroviral drugs, HIV-1 can still persists in infected individuals by accumulating 
mutations, which make it resistant to one or more drugs. The antiretroviral drug resistant 
mutations can be identified by one or more of the following: (a) in vitro passage experiments or 
site directed mutagenesis studies (Clark et al., 2006); (b) mutagenically separated PCR (Frater 
et al., 2001); (c) drug susceptibility testing (Petropoulos et al., 2000; Svicher et al., 2011); (d) 
nucleotide sequencing of viruses from patients failing a specific drug (McNicholas et al., 2011; 
Shulman et al., 2004); (e) correlation studies between genotype at baseline and virologic 
response in patients exposed to a specific antiretroviral drug (Demeter et al., 2008). Currently, 
more than 200 mutations in the HIV-1 pol and env genes associated with resistance to current 
antiretroviral drugs, which include reverse transcriptase inhibitors (RTIs), protease inhibitors 
(PIs), integrase inhibitors (INI), fusion inhibitors and attachment inhibitors respectively, have 
been identified (V. A. Johnson et al., 2010; Shafer & Schapiro, 2008). 

3.1 Point mutations associated with resistance to NRTIs 

HIV-1 RT is a heterodimer made up of two subunits, p66 and p51 (di Marzo Veronese et al., 
1986) and its crystal structure has been solved (Arnold et al., 1992; Kohlstaedt et al., 1992b). 
RT is important in the HIV-1 life cycle because it orchestrates synthesis of a linear double-
stranded DNA copy of a viral single-stranded RNA genome. The knowledge that HIV-1 is a 
retrovirus immediately pinpointed RT synthesis of proviral DNA as a target for a class of 
antiretroviral drugs called RTIs. Indeed, RTIs including the prototype azidothymidine 
(AZT) also known as zidovudine (ZDV), were the first to be approved for clinical use (Fischl 
et al., 1987), and remains the mainstay of HIV-1 therapy. Nearly half of current antiretroviral 
drugs target the polymerase activity of RT. RTIs belong to one of the two broad categories: 
nucleoside RT inhibitors (NRTIs) and non-nucleoside RT inhibitors (NNRTIs).  

NRTIs are structural analogues of natural substrate of DNA synthesis. They lack the 3-
hydroxyl group (3-OH) and hence they block HIV-1 replication by acting as chain 
terminators when incorporated into a viral DNA by RT. Two basic NRTI resistance 
mechanisms are exclusion and excision. The exclusion mechanism involves enhanced 
discrimination at the time the NRTI tri-phosphate is incorporated in the nascent DNA 
strand. The M184V/I point mutation (Figure 2 and  Table 2), which selectively reduces 
incorporation of abacavir (ABC); emtricitabine (FTC) and lamivudine (3TC) NRTIs into a 
nascent DNA chain by steric hindrance (Gao et al., 2000; Sarafianos et al., 1999) is a common 
example of the exclusion mechanism. M184V point mutation causes a median 1.5-fold and 
3.0-fold reduction in susceptibility to didanosine (ddI) and ABC, respectively in the 
PhenoSenseGT assay (Petropoulos et al., 2000; Rhee et al., 2004). However several clinical 
trials have shown that ABC and ddI retain clinical activity in the presence of M184V point 
mutation (Brun-Vezinet et al., 2003; J. J. Eron, Jr. et al., 2007; Lanier et al., 2004a; Marcelin et 
al., 2005; Molina et al., 2005; M. A. Winters et al., 2003). The phenotypic and clinical 
significance of M184V is influenced by the presence or absence of other NRTI resistance 
mutations (Shafer & Schapiro, 2008). For instance, the presence of K65R or L74V (J. Eron, Jr. 
et al., 2006; Gallant et al., 2006; Moyle et al., 2005) point mutations (Figure 2 and Table 2) in 
addition to the M184V is sufficient for high level resistance to ddI and ABC (Rhee et al., 
2004), particularly in patients with non-subtype B clades (Harrigan et al., 2000; Lanier et al., 
2004a; Svarovskaia et al., 2007; M. A. Winters et al., 1997). K65R has emerged more rapidly 
during the in vitro passage of subtype C compared with subtype B isolates in the presence of 
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increasing concentrations of TDF (Brenner et al., 2006). The emergence of K65R mutation is 
suppressed maximally in regimens containing AZT compared with d4T (Roge et al., 2003). 
Thus, the K65R point mutation commonly causes intermediate resistance to tenofovir (TDF), 
ABC, ddI, 3TC and FTC (Table 2), low level resistance to d4T, and increased susceptibility to 
AZT (Antinori et al., 2007; Lanier et al., 2004b). There is a body of evidence suggesting that 
K65R mutation occurs more commonly in low-income countries when patients with non-
subtype B HIV-1 strains are treated with d4T/ddI and d4T/3TC (Doualla-Bell et al., 2006; 
Hawkins et al., 2009) or TDF/3TC (Rey et al., 2009). In comparison to K65R, L74V point 
mutation causes intermediate resistance to ddI and ABC, and a slight increase in 
susceptibility to AZT and TDF (Rhee et al., 2006b). L74V and K65R mutations rarely occur in 
the same viruses (Shafer & Schapiro, 2008). However, several patients harbouring HIV-1 
species containing the L74V point mutation while receiving a regimen containing ABC or 
ddI have been found to have minor variants containing K65R (Descamps et al., 2006; 
Svarovskaia et al., 2007). On the other hand, K65R and M184V mutations are primarily 
found in patients receiving the NRTI backbone TDF/3TC (Gallant et al., 2004; Margot et al., 
2006) and less commonly ABC/3TC (Moyle et al., 2005) or TDF/FTC (Gallant et al., 2006; 
Smith et al., 2008). L74V and M184V mutations primarily occur in patients receiving 
ABC/3TC or ddI/3TC/FTC NRTI backbones (Descamps et al., 2006; Moyle et al., 2005; Sosa 
et al., 2005). In addition to the M184V, K65R and L74V mutations, which between them 
cause resistance to ABC, 3TC, FTC, TDF and ddI by the exclusion mechanism; there is a 
complex set of several mutations that involves Q151M causing multi-NRTI resistant (Figure 
2 and Table 2). All of the amino acids involved in the NRTIs resistance by the exclusion 
mechanism are in the fingers or the palm of RT (Figure 2) and could potentially affect the 
binding of an incoming deoxy-nucleotide triphosphate (dNTP).  

 
Fig. 2. Ribbon representation of the NRTI-binding site (palm and fingers of RT) showing 
residues that confer resistant when mutated as illustrated in Table 2. Red show amino acid 
residues that confer multi-NRTI resistance (all the FDA approved drugs). Green show 
residues that affect all the FDA approved NRTIs except for TDF. Mutations of blue residues 
are associated with TAMs. Yellow shows residues that confer resistance to certain NRTIs 
(Table 2) by the exclusion mechanism. 
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NRTI TAMs (excision) Non-TAMs (exclusion) Multi-NRTI resistance mutations 

* M41 D67 K70a I210 T215 K219 K65 K70a L74 V75b Y115 M184 T69 Q151 A62 V75b F77 F116 
3TC - - - - - - RN EG - - - VI Ins M V - - - 
ABC L N - W FY - RN EG VI TM F VI Ins M V I L Y 
D4T L N R W FY QE RN - - TM - - Ins M V I L Y 
ddI L N - W FY - RN EG - TM - VI Ins M V I L Y 
FTC - - - - - - RN EG - - - VI Ins M V - - - 
TDF L N  W FY - RN EG - M F - Ins M V - - - 
ZDV L N R W FY QE - - - - - - Ins M V I L Y 

*Denotes position of consensus amino acids that confer resistance to NRTIs when mutated. Dashes (-) 
indicate that the respective NNRTIs are not affected by the mutation(s). All amino acids are denoted by 
the single letter annotation, except for “Ins”, which stands for one or more amino acid insertions. 
Mutations in bold are associated with high levels of phenotypic resistance or reduced virologic 
response. aK70R occur in HIV-1 isolates from patients receiving thymidine analogs. bV75I occurs in 
combination with Q151M. Modified from (Shafer & Schapiro, 2008). 

Table 2. Mutations in the RT gene associated with resistance to NRTIs 

In contrast to the exclusion mechanism discussed above; the excision mechanism involves 
selective removal of the NRTI from the end of the viral DNA after it has been incorporated 
by RT (Arion et al., 1998; Boyer et al., 2001; Meyer et al., 1999; Meyer et al., 1998). This is ATP-
dependent excision and polymerization run in reverse, where an AZT resistant RT 
efficiently incorporates AZT triphosphate but has the enhanced ability to remove the 
incorporated AZT-monophosphate from the 5-end of the template strand  (Arion et al., 
1998; Meyer et al., 1998). The first and well studied example of excision mechanism involves 
a set of AZT resistant mutations such as M41L, D67N, K70R, L210W, T215F/Y and K219E 
(Figure 1 and Table 1). These AZT resistant mutations are also called thymidine-analog 
mutations (TAMs) or excision-enhancing mutations (EEMs). In addition to AZT, the TAMs 
decrease susceptibility to d4T and to a lesser extent ABC, ddI and TDF (Whitcomb et al., 
2003). TAMs are common in low income countries in which the fixed-dose combinations 
containing thymidine analogues are the mainstay of therapy (Ross et al., 2001). TAMs are 
also common in HIV-1 isolates from patients who began therapy in the pre-highly active 
antiretroviral therapy  (HAART) era (De Luca et al., 2006; Rhee et al., 2005). The mutations 
accumulate in two distinct but overlapping patterns (De Luca et al., 2006; Gonzales et al., 
2003; Marcelin et al., 2004b; Yahi et al., 1999). The type I pattern includes the M41L, L210W 
and T15Y mutations, respectively (De Luca et al., 2006; Miller et al., 2004). Type II patterns 
includes D67N, K70R, T215F and K219Q/E (Figure 2). D67N point mutation also occurs 
commonly with type I TAMs (Cozzi-Lepri et al., 2005; Rhee et al., 2007). However, K70R and 
L210W rarely occur together (Yahi et al., 2000). Type I TAMs cause higher levels of 
phenotypic and clinical resistance to the thymidine analogs and cross resistance to ABC, ddI 
and TDF than do the type II TAMs (Cozzi-Lepri et al., 2005; De Luca et al., 2007; Lanier et al., 
2004a; Miller et al., 2004). The clinical significance of the type II TAMs is not well 
understood. 

3.2 Point mutations associated with resistance to NNRTIs 

The NNRTIs block RT activity allosterically by binding to a hydrophobic pocket close to but 
not contiguous with the polymerase active site (Figure 3). The NNRTI-binding pocket 
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(NNIBP), which exists only in bound RT (Kohlstaedt et al., 1992a; Ren et al., 1995a), consists 
of the following amino acid residues: L100; K101; K013; V106; T107; V108; V179, Y181; Y188; 
V189; G190; F227; W229; L234; Y318 and E138 (Figure 3). Nearly all the of the NNRTI 
resistance mutations are within the NNIBP or adjacent to residues in the pocket (Ren et al., 
2008; Ren & Stammers, 2008; Sarafianos et al., 2004). The NNRTI resistant mutations are 
broadly classified as: (a) primary mutations that cause high-level resistance to one or more 
NNRTIs and are the first to develop during the therapy; (b) secondary mutations that 
usually occur in combination with primary NNRTI resistance mutations (c) minor non-
polymorphic mutations that may occur alone or in combination with other NNRTI 
resistance mutations and (d) polymorphic accessory mutations that modulate the effects of 
other NNRTI resistance mutations (Shafer & Schapiro, 2008). There is low genetic barrier to 
NNRTI resistance. Only one or two mutations are required for high level resistance.  

 
Fig. 3. Ribbon representation of the NNIBP showing the residues where NNRTI-resistance 
mutations occur. Red shows residues where primary point mutations which cause resistance 
to nearly all the current NNRTIs occur. Green shows a residue where a major secondary 
mutation which causes resistance to EFV occurs. Blue shows unique residues which confers 
resistance to ETR when mutated. Yellow shows residues where miscellaneous mutations 
that cause resistance to at least one of the NNRTI may occur.  

The most frequently observed primary point mutations in patients treated with approved 
NNRTIs are K103N and Y181C (Table 3). Each of the primary NNRTI resistance mutations, 
namely, K103N/S; V106A/M; Y181C/I/V, Y188L/C/H and G190A/S/E (Figure 3 and 
Table 3) cause high level resistance to nevirapine (NVP) and variable resistance to efavirenz 
(EFV), ranging from about 2-fold for V106A and Y181C; 6-fold for G190A; 20-fold for 
K103N; and more than 50-fold for Y188L and G190S (Bacheler et al., 2001; Rhee et al., 2006b). 
Transient virologic responses to EFV-based salvage therapy regimen occur in some NNRTI–
experienced patients but a sustained response is not common (Antinori et al., 2002; 
Delaugerre et al., 2001; Shulman et al., 2000; Walmsley et al., 2001). On the other hand, 
patients with any of the NNRTI resistance primary point mutations (Figure 3 and Table 3) 
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includes D67N, K70R, T215F and K219Q/E (Figure 2). D67N point mutation also occurs 
commonly with type I TAMs (Cozzi-Lepri et al., 2005; Rhee et al., 2007). However, K70R and 
L210W rarely occur together (Yahi et al., 2000). Type I TAMs cause higher levels of 
phenotypic and clinical resistance to the thymidine analogs and cross resistance to ABC, ddI 
and TDF than do the type II TAMs (Cozzi-Lepri et al., 2005; De Luca et al., 2007; Lanier et al., 
2004a; Miller et al., 2004). The clinical significance of the type II TAMs is not well 
understood. 

3.2 Point mutations associated with resistance to NNRTIs 

The NNRTIs block RT activity allosterically by binding to a hydrophobic pocket close to but 
not contiguous with the polymerase active site (Figure 3). The NNRTI-binding pocket 
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(NNIBP), which exists only in bound RT (Kohlstaedt et al., 1992a; Ren et al., 1995a), consists 
of the following amino acid residues: L100; K101; K013; V106; T107; V108; V179, Y181; Y188; 
V189; G190; F227; W229; L234; Y318 and E138 (Figure 3). Nearly all the of the NNRTI 
resistance mutations are within the NNIBP or adjacent to residues in the pocket (Ren et al., 
2008; Ren & Stammers, 2008; Sarafianos et al., 2004). The NNRTI resistant mutations are 
broadly classified as: (a) primary mutations that cause high-level resistance to one or more 
NNRTIs and are the first to develop during the therapy; (b) secondary mutations that 
usually occur in combination with primary NNRTI resistance mutations (c) minor non-
polymorphic mutations that may occur alone or in combination with other NNRTI 
resistance mutations and (d) polymorphic accessory mutations that modulate the effects of 
other NNRTI resistance mutations (Shafer & Schapiro, 2008). There is low genetic barrier to 
NNRTI resistance. Only one or two mutations are required for high level resistance.  

 
Fig. 3. Ribbon representation of the NNIBP showing the residues where NNRTI-resistance 
mutations occur. Red shows residues where primary point mutations which cause resistance 
to nearly all the current NNRTIs occur. Green shows a residue where a major secondary 
mutation which causes resistance to EFV occurs. Blue shows unique residues which confers 
resistance to ETR when mutated. Yellow shows residues where miscellaneous mutations 
that cause resistance to at least one of the NNRTI may occur.  

The most frequently observed primary point mutations in patients treated with approved 
NNRTIs are K103N and Y181C (Table 3). Each of the primary NNRTI resistance mutations, 
namely, K103N/S; V106A/M; Y181C/I/V, Y188L/C/H and G190A/S/E (Figure 3 and 
Table 3) cause high level resistance to nevirapine (NVP) and variable resistance to efavirenz 
(EFV), ranging from about 2-fold for V106A and Y181C; 6-fold for G190A; 20-fold for 
K103N; and more than 50-fold for Y188L and G190S (Bacheler et al., 2001; Rhee et al., 2006b). 
Transient virologic responses to EFV-based salvage therapy regimen occur in some NNRTI–
experienced patients but a sustained response is not common (Antinori et al., 2002; 
Delaugerre et al., 2001; Shulman et al., 2000; Walmsley et al., 2001). On the other hand, 
patients with any of the NNRTI resistance primary point mutations (Figure 3 and Table 3) 
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may benefit from etravirine (ETR) salvage therapy (Lazzarin et al., 2007; Madruga et al., 
2007). However, point mutations at Y181 and to a lesser extent G190 compromise ETR 
response and may provide the foundation for the development of high-level ETR resistance 
(Lazzarin et al., 2007; Madruga et al., 2007). Major secondary and minor/miscellaneous 
mutations that usually occur in combination with one of the primary NNRTI resistance 
point mutations are depicted in Figure 3 and their respective effects on NNRTIs is 
summarized in Table 3.  

Current understanding suggests that there are at least three classes of NNRTI-resistance 
mechanisms (Sarafianos et al., 2009). The first mechanism involves loss or change of key 
hydrophobic amino acid residues in the NNIBP such as Y181, Y188 and F227 (Figure 3). 
Specific point mutations in one of these hydrophobic residues cause significant resistance 
through the loss of the aromatic ring interactions with NNRTIs (Das et al., 1996; Kohlstaedt 
et al., 1992a; Ren et al., 1995b; Ren et al., 2001; Ren et al., 2004). This causes high levels of 
resistance to the first generation NNRTIs, which are relatively rigid (Sarafianos et al., 2009). 
Second generation and more advanced NNRTI are designed with an inherent flexibility. 
This intrinsic flexibility called the wiggling and jiggling makes the second and subsequent 
generation NNRTIs to have compensatory interactions with RT that has mutations causing 
resistance to first generation NNRTIs (Das et al., 2008; Das et al., 2004). The second 
mechanism of NNRTI-resistance point mutations involves steric hindrance by amino acid 
residues in the central region of the NNIBP such as L100 and G190 (Figure 3). The L100I 
point mutation confers high-level resistance to all the current NNRTIs (Table 3) by changing 
the shape of the pocket (Ren et al., 2004). In contrast G190A point mutation, which also 
confers high-level resistance to almost all the current NNRTIs (Table 3), causes a bulge 
(Sarafianos et al., 2004). The third and last mechanism of NNRTI-resistance point mutation 
involves pocket entrance mutations at the rim of the NNIBP such as K103N and K101E 
(Figure 3). These point mutations cause resistance to first generation NNRTIs by interfering 
with the entry of NNRTIs into the NNIBP pocket (Hsiou et al., 2001; Ren et al., 2007). Second 
generation NNRTIs were designed to circumvent this problem. For instance, 
diarylpyrimidine NNRTIs such as ETR are able to inhibit HIV-1 isolates with K103N point 
mutation because they interact with the side chain of the mutated N103 residue (Das et al., 
2004; Janssen et al., 2005).  
 

NRTI Primary mutations Major secondary 
mutations 

Minor and miscellaneous 
mutations 

* K103 V106 Y181 Y188 G190 L100 K101 P225 F227 M230 A98 V108 V179 P236 K238 
DLV NS AM CIV LHC E I EP - C L G I DEF L NT 
EFV NS AM CIV LHC ASE I EP H C L G I DEF - NT 
ETR - - CIV LHC ASE I EP - C L G - DEF - - 
NVP NS AM CIV LHC ASE I EP - LC L G I DEF - NT 

*Denotes position of consensus amino acids that confer resistance to NNRTIs when mutated. Dashes (-) 
indicate that the respective NNRTIs are not affected by the mutation(s). All amino acids are denoted by 
the single letter annotation. Mutations in bold are associated with high levels of phenotypic resistance 
or reduced virologic response. Modified from (Shafer & Schapiro, 2008). 

Table 3. Mutations in the RT gene associated with resistance to NNRTIs 
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3.3 Point mutations associated with resistance to protease inhibitors 

Resistance mutations in the protease genes are classified as major or minor (V. A. Johnson et 
al., 2010). Major mutations are defined as those selected first in the presence of the protease 
inhibitor (PI) antiretroviral drug or those substantially reducing drug susceptibility. These 
mutations tend to be the primary contact residues for drug binding (Figure 4). Major PI 
resistance mutations that are of the most clinical significance occur at 17 largely non-
polymorphic positions (Figure 4). Mutations at 13 of these 17 positions, including mutations 
at the substrate cleft positions L23, D30, V32, I47, G48, I50, V82 and I84; the flap positions 
M46 and I54; and the interior enzyme positions L76, N88 and L90 (Figure 4), reduce 
susceptibility to at least one PI (Table 4). Mutations at the other 4 positions (L24, L33, F53 
and G73) are also important because they are common, non-polymorphic and cause 
resistance to several PI (Rhee et al., 2006b).  

Many major mutations reduce susceptibility to nelfinavir. In particular, L31I, D30N, 
M46I/L, G48V/M, I84V, N88D/S and L90M mutations are associated with high levels of 
phenotypic resistance to nelfinavir because they cause inferior virologic response to therapy 
relative to that obtainable with most other PI (Johnston et al., 2004; Patick et al., 1996; Vray et 
al., 2003; B. Winters et al., 2008). Similarly; I50L, I84 and N88S mutations are associated with 
high levels of phenotypic resistance to atazanavir/r (Colonno et al., 2004; Pellegrin et al., 
2006; Rhee et al., 2006b; Vermeiren et al., 2007; Vora et al., 2006; B. Winters et al., 2008). 
G48V/M, 184V and L90M mutations are relative contraindications to the use of 
saquinavir/r (Marcelin et al., 2004a; Marcelin et al., 2007; Zolopa et al., 1999). V32I, I47V/A, 
I54L/M and I84V mutations are relative contraindications to the use of fosamprenavir/r 
(Dandache et al., 2007; Masquelier et al., 2008; Pellegrin et al., 2007; B. Winters et al., 2008). 
V82A/F/T and I84V mutations are relative contraindications to the use of indinavir/r 
(Table 4). V47A and V82L/T major mutations are relative contraindications to the use of 
lopinavir/r (Dandache et al., 2007; Friend et al., 2004; Kagan et al., 2005) and tipranavir/r 
(Baxter et al., 2006). Table 4 lists the 17 major PI resistance mutations that are of clinical 
significance. 

 
Fig. 4. Bound crystal structure of HIV-1 protease showing the residues where major PI-
resistance mutations occur. (A) Mesh illustration of HIV-1 protease in bound state with 
saquinavir. (B) Illustration of amino acid residues (colour coded red) where PI-resistance 
point mutations occurs. (C) Zoomed-in illustration showing in detail residues (colour coded 
blue) where major PI-resistance mutations occur.  
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may benefit from etravirine (ETR) salvage therapy (Lazzarin et al., 2007; Madruga et al., 
2007). However, point mutations at Y181 and to a lesser extent G190 compromise ETR 
response and may provide the foundation for the development of high-level ETR resistance 
(Lazzarin et al., 2007; Madruga et al., 2007). Major secondary and minor/miscellaneous 
mutations that usually occur in combination with one of the primary NNRTI resistance 
point mutations are depicted in Figure 3 and their respective effects on NNRTIs is 
summarized in Table 3.  

Current understanding suggests that there are at least three classes of NNRTI-resistance 
mechanisms (Sarafianos et al., 2009). The first mechanism involves loss or change of key 
hydrophobic amino acid residues in the NNIBP such as Y181, Y188 and F227 (Figure 3). 
Specific point mutations in one of these hydrophobic residues cause significant resistance 
through the loss of the aromatic ring interactions with NNRTIs (Das et al., 1996; Kohlstaedt 
et al., 1992a; Ren et al., 1995b; Ren et al., 2001; Ren et al., 2004). This causes high levels of 
resistance to the first generation NNRTIs, which are relatively rigid (Sarafianos et al., 2009). 
Second generation and more advanced NNRTI are designed with an inherent flexibility. 
This intrinsic flexibility called the wiggling and jiggling makes the second and subsequent 
generation NNRTIs to have compensatory interactions with RT that has mutations causing 
resistance to first generation NNRTIs (Das et al., 2008; Das et al., 2004). The second 
mechanism of NNRTI-resistance point mutations involves steric hindrance by amino acid 
residues in the central region of the NNIBP such as L100 and G190 (Figure 3). The L100I 
point mutation confers high-level resistance to all the current NNRTIs (Table 3) by changing 
the shape of the pocket (Ren et al., 2004). In contrast G190A point mutation, which also 
confers high-level resistance to almost all the current NNRTIs (Table 3), causes a bulge 
(Sarafianos et al., 2004). The third and last mechanism of NNRTI-resistance point mutation 
involves pocket entrance mutations at the rim of the NNIBP such as K103N and K101E 
(Figure 3). These point mutations cause resistance to first generation NNRTIs by interfering 
with the entry of NNRTIs into the NNIBP pocket (Hsiou et al., 2001; Ren et al., 2007). Second 
generation NNRTIs were designed to circumvent this problem. For instance, 
diarylpyrimidine NNRTIs such as ETR are able to inhibit HIV-1 isolates with K103N point 
mutation because they interact with the side chain of the mutated N103 residue (Das et al., 
2004; Janssen et al., 2005).  
 

NRTI Primary mutations Major secondary 
mutations 

Minor and miscellaneous 
mutations 

* K103 V106 Y181 Y188 G190 L100 K101 P225 F227 M230 A98 V108 V179 P236 K238 
DLV NS AM CIV LHC E I EP - C L G I DEF L NT 
EFV NS AM CIV LHC ASE I EP H C L G I DEF - NT 
ETR - - CIV LHC ASE I EP - C L G - DEF - - 
NVP NS AM CIV LHC ASE I EP - LC L G I DEF - NT 

*Denotes position of consensus amino acids that confer resistance to NNRTIs when mutated. Dashes (-) 
indicate that the respective NNRTIs are not affected by the mutation(s). All amino acids are denoted by 
the single letter annotation. Mutations in bold are associated with high levels of phenotypic resistance 
or reduced virologic response. Modified from (Shafer & Schapiro, 2008). 

Table 3. Mutations in the RT gene associated with resistance to NNRTIs 
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3.3 Point mutations associated with resistance to protease inhibitors 

Resistance mutations in the protease genes are classified as major or minor (V. A. Johnson et 
al., 2010). Major mutations are defined as those selected first in the presence of the protease 
inhibitor (PI) antiretroviral drug or those substantially reducing drug susceptibility. These 
mutations tend to be the primary contact residues for drug binding (Figure 4). Major PI 
resistance mutations that are of the most clinical significance occur at 17 largely non-
polymorphic positions (Figure 4). Mutations at 13 of these 17 positions, including mutations 
at the substrate cleft positions L23, D30, V32, I47, G48, I50, V82 and I84; the flap positions 
M46 and I54; and the interior enzyme positions L76, N88 and L90 (Figure 4), reduce 
susceptibility to at least one PI (Table 4). Mutations at the other 4 positions (L24, L33, F53 
and G73) are also important because they are common, non-polymorphic and cause 
resistance to several PI (Rhee et al., 2006b).  

Many major mutations reduce susceptibility to nelfinavir. In particular, L31I, D30N, 
M46I/L, G48V/M, I84V, N88D/S and L90M mutations are associated with high levels of 
phenotypic resistance to nelfinavir because they cause inferior virologic response to therapy 
relative to that obtainable with most other PI (Johnston et al., 2004; Patick et al., 1996; Vray et 
al., 2003; B. Winters et al., 2008). Similarly; I50L, I84 and N88S mutations are associated with 
high levels of phenotypic resistance to atazanavir/r (Colonno et al., 2004; Pellegrin et al., 
2006; Rhee et al., 2006b; Vermeiren et al., 2007; Vora et al., 2006; B. Winters et al., 2008). 
G48V/M, 184V and L90M mutations are relative contraindications to the use of 
saquinavir/r (Marcelin et al., 2004a; Marcelin et al., 2007; Zolopa et al., 1999). V32I, I47V/A, 
I54L/M and I84V mutations are relative contraindications to the use of fosamprenavir/r 
(Dandache et al., 2007; Masquelier et al., 2008; Pellegrin et al., 2007; B. Winters et al., 2008). 
V82A/F/T and I84V mutations are relative contraindications to the use of indinavir/r 
(Table 4). V47A and V82L/T major mutations are relative contraindications to the use of 
lopinavir/r (Dandache et al., 2007; Friend et al., 2004; Kagan et al., 2005) and tipranavir/r 
(Baxter et al., 2006). Table 4 lists the 17 major PI resistance mutations that are of clinical 
significance. 

 
Fig. 4. Bound crystal structure of HIV-1 protease showing the residues where major PI-
resistance mutations occur. (A) Mesh illustration of HIV-1 protease in bound state with 
saquinavir. (B) Illustration of amino acid residues (colour coded red) where PI-resistance 
point mutations occurs. (C) Zoomed-in illustration showing in detail residues (colour coded 
blue) where major PI-resistance mutations occur.  
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In contrast to the major PI resistance mutation discussed above; minor PI resistance 
mutations generally emerge later than major mutations and they do not have substantial 
effect on drug resistance phenotype by themselves. Instead, they improve replication of 
viruses containing major mutations (V. A. Johnson et al., 2010). For instance, minor 
mutations at amino acid residues L10, K20, M36, L63 and A71 up-regulates protease 
processivity to compensate for the decreased fitness associated with the major PI resistance 
mutations (Hoffman et al., 2003; Mammano et al., 1998; Martinez-Picado et al., 1999; Nijhuis 
et al., 1999; van Maarseveen et al., 2006). Residues L10, M36 and L63 are highly polymorphic. 
Baseline mutations at residues L10 and M36 are associated with an increased risk of 
virologic failure in patients receiving first generation PI such as nelfinavir (Perno et al., 2001; 
Perno et al., 2004). L10V and A71V/T minor mutations respectively occur in 5% and 10% of 
PI-naïve patients, and in much higher proportion of PI-experienced patients (Rhee et al., 
2003). In comparison, L10F/R and A711/L minor mutations do not occur in the absence of 
PI therapy (Rhee et al., 2003). Additional PI-selected mutations include the highly 
polymorphic mutations I13V, D60E, I62V, V77I and I93L as well as several uncommon 
mutations including V11I, E34Q, E35G, K43T, K45I, K55R, Q58E, T74P/A/S, V75I, N83D, 
P79A/S, I85V, L89V, T91S, Q92K and C95F (Ceccherini-Silberstein et al., 2004; Parkin et al., 
2003; Rhee et al., 2005; Svicher et al., 2005; Vermeiren et al., 2007; T. D. Wu et al., 2003).  

The mechanism of some PI resistance mutations seems subtype-specific. For example, the 
accessory PI resistance mutations I13V, K20I, M36I and I93L represent the consensus variant 
in one or more non-subtype B isolates (Rhee et al., 2006a). Furthermore, although both D30N 
and L90M mutations occur in non-subtype B viruses during nelfinavir therapy, D30N point 
mutation occurs more commonly in subtype B viruses; while L90M occurs more commonly 
in subtypes C, F, G and circulating recombinant form-AE (CRF-AE) viruses (Abecasis et al., 
2005; Calazans et al., 2005; Cane et al., 2001; Grossman et al., 2004; Sugiura et al., 2002). The 
increased predilection for a certain subtype to develop L90M may relate to the presence of 
variants other than L, which is subtype B consensus, at position 89 (Abecasis et al., 2005; 
Calazans et al., 2005; Gonzalez et al., 2004). Similarly, T74S, which is a polymorphism that 
occurs in 8% of subtype C sequences, but rarely in other subtypes, is associated with 
reduced susceptibility to nelfinavir (Deforche et al., 2007; Deforche et al., 2006; Rhee et al., 
2006b). Notwithstanding, with notable aforementioned exceptions, the genetic mechanisms 
of PI resistance are highly similar among different subtypes (Kantor et al., 2005).  

3.4 Point mutations associated with resistance to integrase inhibitors 

The HIV-1 integrase catalyses the ligation of the viral 3-OH end to the 5-DNA of host 
chromosomal DNA through a process called the strand transfer (A. A. Johnson et al., 2006; 
Pommier et al., 2005). The current generation of clinically relevant INI drugs such as the 
recently USA Food and Drug Administration (FDA) approved raltegravir (FDA, 2007) and 
elvitegravir, currently undergoing phase III clinical trials (Gilead Sciences, 2008), 
preferentially inhibit strand transfer by binding to the target DNA site of the enzyme. Most 
INI resistance mutations are in the vicinity of the putative INI binding pocket (Figure 5). 
Some of the INI resistance mutations decrease susceptibility by themselves, whereas others 
compensate for the decrease fitness associated with other INI resistance mutations 
(Lataillade et al., 2007). There is a high level of cross-resistance between raltegravir and 
elvitegravir, as well as between these INI and the first generation of strand-transfer 
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inhibitors, suggesting that the development of non cross-resistant INI will be challenging 
(Hombrouck et al., 2008; Shimura et al., 2008).  

Common INI resistance point mutations are N155H and Q148H/R/K  (Table 5), each of which 
can reduce raltegravir susceptibility by up to 25-fold (Cooper et al., 2008). Higher levels of 
raltegravir resistance occur with accumulation of additional mutations. E92Q mutation and the 
two polymorphic mutations L74M and G163R generally occur with N155H, while G140A/S 
generally occurs with Q148H/R/K (Cooper et al., 2008). Additional mutations (listed in Table 
4) have been reported as being selected either in vitro or in vivo by raltegravir and include the 
non-polymorphic L74R, E138A/K, Y143R/C/H, N155S, H183P, Y226D/F/H, S230R, and 
D232N and the polymorphic mutations T97A and V151I (Delelis et al., 2011; Malet et al., 2008; 
Mouscadet et al., 2009). For both raltegravir and elvitegravir, virologic failure has generally 
been accompanied by 100-fold or greater decreases in susceptibility and the development of 
two or more INI resistance mutations. Mutations at amino acid residues E92, F121, G140, Q148 
and N155 are associated with more than 10-fold decrease in susceptibility to both INI, whereas 
mutations at amino acid residues T66 and S147 are associated with marked decreases in 
susceptibility only to elvitegravir (Figure 5 and Table 5). 
 

PI Major mutations 

* L23 L2
4 D30 V3

2 L33 M46 I47 G48 I50 F5
3 I54 G7

3
L7
6 V82 I84 N88 L90 

ATVr - I - - F IL V VM L L VTALM ST - ATFS VAC DS M 
DRVr - - - I F - VA - V - LM ST V - VAC - M 
FPVr - - - I F IL VA - V - VTALM ST V ATFS VAC - M 

INDVr - I - V - IL V - - L VTALM ST V AFTS VAC S M 
LPVr - I - I F IL VA VM V - VTALM - V AFTS VAC - M 
NFV I I N - F IL V VM - L VTALM ST - AFTS VAC DS M 
SQVr - I - - - - - VM - L VTALM ST - AT VAC S M 
TPVr - - - I F IL V - - - VAM - - ATFSL VAC - M 

*Denotes position of consensus amino acids that confer resistance to PI when mutated. Dashes (-) 
indicate that the respective PI are not affected by the mutation(s). All amino acids are denoted by the 
single letter annotation. Mutations in bold are associated with high levels of phenotypic resistance or 
reduced virologic response. Mutations in bold underline are relative contraindications to the use of 
specific PI. ATVr (atazanavir/r); DRVr (darunavir/r); FPVr (fosamprevanir); IDVr (indinavir/r); NFV 
(nelfinavir); SQVr (saquinavir/r); TPVr (tipranavir/r). Modified from (Shafer & Schapiro, 2008). 

Table 4. Mutations in the protease gene associated with major resistance to PI 
 

INI Mutations 
* T66 E92 F121 E138 G140 Y143 S147 Q148 S153 N155 E157 R263 

Raltegravir - Q Y AK AS CHR G HRK - HS Q - 
Elvitegravir I Q Y AK AS - G HRK Y HS Q K 

*Denotes position of consensus amino acids that confer resistance to INI when mutated. Dashes (-) 
indicate that the respective INI are not affected by the mutation(s). All amino acids are denoted by the 
single letter annotation. Mutations in bold are associated with more than 5-10 fold phenotypic 
resistance or reduced virologic response. Modified from (Shafer & Schapiro, 2008). 

Table 5. Mutations in the integrase gene associated with resistance to INI 
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In contrast to the major PI resistance mutation discussed above; minor PI resistance 
mutations generally emerge later than major mutations and they do not have substantial 
effect on drug resistance phenotype by themselves. Instead, they improve replication of 
viruses containing major mutations (V. A. Johnson et al., 2010). For instance, minor 
mutations at amino acid residues L10, K20, M36, L63 and A71 up-regulates protease 
processivity to compensate for the decreased fitness associated with the major PI resistance 
mutations (Hoffman et al., 2003; Mammano et al., 1998; Martinez-Picado et al., 1999; Nijhuis 
et al., 1999; van Maarseveen et al., 2006). Residues L10, M36 and L63 are highly polymorphic. 
Baseline mutations at residues L10 and M36 are associated with an increased risk of 
virologic failure in patients receiving first generation PI such as nelfinavir (Perno et al., 2001; 
Perno et al., 2004). L10V and A71V/T minor mutations respectively occur in 5% and 10% of 
PI-naïve patients, and in much higher proportion of PI-experienced patients (Rhee et al., 
2003). In comparison, L10F/R and A711/L minor mutations do not occur in the absence of 
PI therapy (Rhee et al., 2003). Additional PI-selected mutations include the highly 
polymorphic mutations I13V, D60E, I62V, V77I and I93L as well as several uncommon 
mutations including V11I, E34Q, E35G, K43T, K45I, K55R, Q58E, T74P/A/S, V75I, N83D, 
P79A/S, I85V, L89V, T91S, Q92K and C95F (Ceccherini-Silberstein et al., 2004; Parkin et al., 
2003; Rhee et al., 2005; Svicher et al., 2005; Vermeiren et al., 2007; T. D. Wu et al., 2003).  

The mechanism of some PI resistance mutations seems subtype-specific. For example, the 
accessory PI resistance mutations I13V, K20I, M36I and I93L represent the consensus variant 
in one or more non-subtype B isolates (Rhee et al., 2006a). Furthermore, although both D30N 
and L90M mutations occur in non-subtype B viruses during nelfinavir therapy, D30N point 
mutation occurs more commonly in subtype B viruses; while L90M occurs more commonly 
in subtypes C, F, G and circulating recombinant form-AE (CRF-AE) viruses (Abecasis et al., 
2005; Calazans et al., 2005; Cane et al., 2001; Grossman et al., 2004; Sugiura et al., 2002). The 
increased predilection for a certain subtype to develop L90M may relate to the presence of 
variants other than L, which is subtype B consensus, at position 89 (Abecasis et al., 2005; 
Calazans et al., 2005; Gonzalez et al., 2004). Similarly, T74S, which is a polymorphism that 
occurs in 8% of subtype C sequences, but rarely in other subtypes, is associated with 
reduced susceptibility to nelfinavir (Deforche et al., 2007; Deforche et al., 2006; Rhee et al., 
2006b). Notwithstanding, with notable aforementioned exceptions, the genetic mechanisms 
of PI resistance are highly similar among different subtypes (Kantor et al., 2005).  

3.4 Point mutations associated with resistance to integrase inhibitors 

The HIV-1 integrase catalyses the ligation of the viral 3-OH end to the 5-DNA of host 
chromosomal DNA through a process called the strand transfer (A. A. Johnson et al., 2006; 
Pommier et al., 2005). The current generation of clinically relevant INI drugs such as the 
recently USA Food and Drug Administration (FDA) approved raltegravir (FDA, 2007) and 
elvitegravir, currently undergoing phase III clinical trials (Gilead Sciences, 2008), 
preferentially inhibit strand transfer by binding to the target DNA site of the enzyme. Most 
INI resistance mutations are in the vicinity of the putative INI binding pocket (Figure 5). 
Some of the INI resistance mutations decrease susceptibility by themselves, whereas others 
compensate for the decrease fitness associated with other INI resistance mutations 
(Lataillade et al., 2007). There is a high level of cross-resistance between raltegravir and 
elvitegravir, as well as between these INI and the first generation of strand-transfer 
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inhibitors, suggesting that the development of non cross-resistant INI will be challenging 
(Hombrouck et al., 2008; Shimura et al., 2008).  

Common INI resistance point mutations are N155H and Q148H/R/K  (Table 5), each of which 
can reduce raltegravir susceptibility by up to 25-fold (Cooper et al., 2008). Higher levels of 
raltegravir resistance occur with accumulation of additional mutations. E92Q mutation and the 
two polymorphic mutations L74M and G163R generally occur with N155H, while G140A/S 
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Mouscadet et al., 2009). For both raltegravir and elvitegravir, virologic failure has generally 
been accompanied by 100-fold or greater decreases in susceptibility and the development of 
two or more INI resistance mutations. Mutations at amino acid residues E92, F121, G140, Q148 
and N155 are associated with more than 10-fold decrease in susceptibility to both INI, whereas 
mutations at amino acid residues T66 and S147 are associated with marked decreases in 
susceptibility only to elvitegravir (Figure 5 and Table 5). 
 

PI Major mutations 

* L23 L2
4 D30 V3

2 L33 M46 I47 G48 I50 F5
3 I54 G7

3
L7
6 V82 I84 N88 L90 

ATVr - I - - F IL V VM L L VTALM ST - ATFS VAC DS M 
DRVr - - - I F - VA - V - LM ST V - VAC - M 
FPVr - - - I F IL VA - V - VTALM ST V ATFS VAC - M 

INDVr - I - V - IL V - - L VTALM ST V AFTS VAC S M 
LPVr - I - I F IL VA VM V - VTALM - V AFTS VAC - M 
NFV I I N - F IL V VM - L VTALM ST - AFTS VAC DS M 
SQVr - I - - - - - VM - L VTALM ST - AT VAC S M 
TPVr - - - I F IL V - - - VAM - - ATFSL VAC - M 

*Denotes position of consensus amino acids that confer resistance to PI when mutated. Dashes (-) 
indicate that the respective PI are not affected by the mutation(s). All amino acids are denoted by the 
single letter annotation. Mutations in bold are associated with high levels of phenotypic resistance or 
reduced virologic response. Mutations in bold underline are relative contraindications to the use of 
specific PI. ATVr (atazanavir/r); DRVr (darunavir/r); FPVr (fosamprevanir); IDVr (indinavir/r); NFV 
(nelfinavir); SQVr (saquinavir/r); TPVr (tipranavir/r). Modified from (Shafer & Schapiro, 2008). 

Table 4. Mutations in the protease gene associated with major resistance to PI 
 

INI Mutations 
* T66 E92 F121 E138 G140 Y143 S147 Q148 S153 N155 E157 R263 

Raltegravir - Q Y AK AS CHR G HRK - HS Q - 
Elvitegravir I Q Y AK AS - G HRK Y HS Q K 

*Denotes position of consensus amino acids that confer resistance to INI when mutated. Dashes (-) 
indicate that the respective INI are not affected by the mutation(s). All amino acids are denoted by the 
single letter annotation. Mutations in bold are associated with more than 5-10 fold phenotypic 
resistance or reduced virologic response. Modified from (Shafer & Schapiro, 2008). 

Table 5. Mutations in the integrase gene associated with resistance to INI 
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Fig. 5. Crystal structure of HIV-1 integrase showing the residues where major INI-resistance 
mutations occur. (A) Mesh illustration of bound HIV-1 integrase. (B) Illustration of amino 
acid residues where INI-resistance point mutations occurs. 

3.5 Point mutations associated with resistance to fusion inhibitors 

The HIV-1 gp41 mediates the fusion between the virus and host cell membrane. Fusion 
inhibitors act by a dominant negative mechanism of action, preventing formation of the six-
helix bundle that is the driving force for the fusion process. Enfurvirtide, also known as T20 
(Kilby et al., 1998; Wild et al., 1994),  is the only FDA approved fusion inhibitor to date. 
Enfurvirtide has antiviral activity similar to most other classes of antiretroviral drugs 
discussed above; however resistance develop rapidly in patients receiving the drug for 
salvage therapy who do not receive a sufficient number of RTI, PI and INI drugs such as 
efavirenz, lopinanir/r and raltegravir, respectively. The emergence of enfurvirtide resistant 
strains followed by virologic rebound has been observed in some patients within two to four 
weeks (Cabrera et al., 2006; Lu et al., 2006). 

Mutations in gp41 codons 36 to 45 (Figure  6), the region to which enfurvirtide binds, are 
primarily responsible for resistance to the drug (Marcelin et al., 2004c; Melby et al., 2006; 
Menzo et al., 2004; Mink et al., 2005; Sista et al., 2004; Su et al., 2006). The most common and 
potent T20-resistance mutations in this region are G36D/E, V38E/A, Q40H and N43D/K/S 
(Table 6). A single point mutation is generally associated with about 10-fold decreased 
susceptibility; whereas double point mutations can decrease susceptibility by more than 
100-fold  (Charpentier et al., 2011; Su et al., 2006; Xu et al., 2005). The replication fitness of 
recombinant viruses carrying the enfurvirtide-resistant mutations is relatively poor (Lu et 
al., 2004) and the mutant viruses rapidly revert to wild type phenotype in patients who 
discontinue the drug (Deeks et al., 2007). Some enfurvirtide-resistant mutations, particularly 
V38A/E mutations, are associated with significant CD4 count increases (Aquaro et al., 2006), 
presumably because mutations at residue V38 decrease HIV-1 replication or render the virus 
more susceptibility to a subset of neutralizing antibodies that target fusion intermediates 
(Reeves et al., 2005). 
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Fig. 6. Ribbon representation of HIV-1 heptad repeat fusogenic domain showing point 
mutations (colour coded blue) that cause resistance to fusion inhibitors. 
 

Fusion 
inhibitor Mutations 

* G36 I37 V38 Q39 Q40 N42 N43 L44 L45 
Enfuvirtide DEVS V EAMG R H T DKS M M 

*Denotes position of consensus amino acids that confer resistance to enfuvirtide when mutated. All 
amino acids are denoted by the single letter annotation. Mutations in bold are associated with more 10-
fold phenotypic resistance or reduced virologic response in most clinical isolates. Modified from (Shafer 
& Schapiro, 2008). 

Table 6. Mutations in the gp41 env gene associated with resistance to fusion inhibitors 

3.6 Point mutations associated with resistance to attachment inhibitors 

Despite the important role gp120 plays in attachment of HIV-1 to the CD4 receptor and 
CCR5/CXCR4; maraviroc, which is a CCR5 antagonist, is the only FDA approved 
attachment inhibitor in clinical use to date. While gp120 binds to the N-terminus and the 
second extracellular loop region of CCR5 (Hartley et al., 2005), site-directed mutagenesis 
study suggests that small molecule attachment inhibitors such as maraviroc bind to a CCR5 
pocket formed by the transmembrane helices (Dragic et al., 2000). Thus, although gp120 and 
maraviroc do not bind to the same site of the CCR5 coreceptor, maraviroc allosterically 
inhibit gp120 binding to the CCR5 coreceptor. Point mutations in gp120 that allow the virus 
to bind to the maraviroc-bound form of CCR5 in the drug insensitive manner have been 
described (Westby et al., 2007). Most of these mutations are found in the V3 loop of gp120 
(Figure 7A), which determines HIV-1 tropism (discussed in the next section). One study 
showed that reverse mutations at positions 316 and 323 in the V3 loop of maraviroc-resistant 
HIV-1 variants to their original sequence restored wild-type susceptibility to maraviroc, 
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while reversion of either mutation resulted in a partially sensitive virus with reduced 
maximal inhibition (Westby et al., 2007). In another recent study  maraviroc-resistant 
variants were isolated from the V3 loop library virus (HIV-1(V3lib)) containing the T199K 
and T275M plus 5 mutations in the V3 loop, namely I304V; F312W; T314A; E317D; I318V 
(Yuan et al., 2011). Furthermore, the same study showed that the profile of HIV-1(JR-FL) 
pseudotype containing I304V/F312W/T314A/E317D/I318V (Figure 7A) in the V3 loop  
alone revealed a typical non-competitive resistance to maraviroc (Yuan et al., 2011). 
Generally, amino acids mutations in the V3 loop may include known polymorphism as well  
as novel substitutions, insertions, and deletions. Further complicating the genetic basis of 
maraviroc or CCR5 inhibitor resistance is the observation that the same inhibitor may select 
for different mutations in different HIV-1 isolates (Westby et al., 2007). The mutations 
observed in maraviroc–resistant strains isolated from patients are variable and differed for 
each HIV-1 isolate (Seclen et al., 2011; Tilton et al., 2011). 

 
Fig. 7. Illustration of amino acid residues in the V3 loop important for HIV-1 tropism and 
resistance to maraviroc. (A) The sequence of the V3 variable loop indicating the sites of 
unique X4 substitution sites when compared to R5 clones (underlined). The red residues 
indicate the positions where maraviroc resistance mutations occur. Together with T199K 
and T275M, these mutations confer complete resistance to maraviroc. (B) Ribbon diagram of 
gp120 V3 variable loop highlighting amino acid residues essential for co-receptor usage. X4 
tropism is determined by positively charged residues at position 11, 24 and 25 (colour coded 
blue, green and magenta respectively). R5 tropism is determined by a negative or neutral 
residue at any of the three positions. 

4. Point mutations associated with HIV-1 tropism, transmission dynamics 
and AIDS pathogenesis  
The identification of CCR5 and CXCR4 chemokine receptors as having critical roles in the 
cellular entry of HIV-1 allowed development of a more precise system for defining the viral 
tropism. Prototype T-cell tropic strains use CXCR4, macrophage-tropic strains use CCR5, 
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and dual-tropic strains use both CXCR4 and CCR5 chemokine receptors, culminating in the 
currently used nomenclature X4, R5 and R5X4 strains, respectively (Berger et al., 1998). The 
phenotype of HIV-1 that is transmitted in vivo is R5 even when the contaminating virus is a 
mixture of R5, R5X4 and X4. The reason for this selection of viral phenotype during 
transmission is not well understood. The viraemia present during primary infection consists 
of oligoclonal R5 virus, and this virus type generally persists during the asymptomatic 
phase of the infection until the onset of AIDS. Viral transmission and disease progression, 
collectively called AIDS pathogenesis, corresponds to evolution of coreceptor phenotype. In 
about half of all HIV-1 infections there is viral evolution towards dual (R5X4) tropism and 
CXCR4 usage that is prognostic for accelerated progression to AIDS (Collman et al., 1992; 
Doranz et al., 1996). Thus when the phenotype switch occurs, there is an initial evolution 
from CCR5 using viruses to those that can use both CCR5 and CXCR4 (Connor et al., 1997). 
While evolution towards usage of the CXCR4 coreceptor and emergence of X4 viruses 
coincides with a decline in CD4+ T cells and the onset of AIDS, the dominant theory is that 
X4 viruses are opportunistic infections that can only appear once the CD4+ T cells have 
dropped below a certain threshold level. Notwithstanding, in another 50% of individuals 
infected with HIV-1 there is no viral evolution towards CXCR4 usage or emergence of X4 
viruses; R5 viruses persists from primary infection until one succumbs to AIDS. This 
suggests that R5 viruses are necessary and sufficient to cause AIDS. 

The main determinants for coreceptor tropism resides in the V3 loop (Figure 7), although 
mutations outside of the V3 loop may also influence tropism, either in combination or 
independently of the V3 mutations (Hartley et al., 2005; W. Huang et al., 2008; Pastore et al., 
2007; Pastore et al., 2006). Very few mutations in the V3 loop are sufficient for switching 
coreceptor use from CCR5 to CXCR4 in most HIV-1 isolates, but in some isolates additional 
mutations in V1/V2 (Pastore et al., 2006) and gp41 (W. Huang et al., 2008) are observed 
during coreceptor switching. The presence of positively charged amino acids at positions 11, 
24 and 25 in the V3 loop, combined with other V3 sequence characteristics (Figure 7), have 
specificity of about 90% and sensitivity of 70- 80% for predicting X4 tropism (Hartley et al., 
2005; Jensen & van 't Wout, 2003; Sing et al., 2007). However, the number and type of 
mutations by which an R5 virus switches to X4 is complex and depends on the sequence of 
the baseline R5 virus (Low et al., 2007; Moncunill et al., 2008; Pastore et al., 2007; Pastore et al., 
2006). The frequency and genetic basis for tropism switch is different for different HIV-1 
subtypes (Hartley et al., 2005; W. Huang et al., 2007). While differential use of CXCR4 or 
CCR5 by HIV-1 strains has been observed, the striking differences seen appear to be in 
how R5 and R5X4 viruses utilize the CCR5 coreceptor. Generally, R5-tropic viruses are 
particularly well adapted for CCR5 use (Choe et al., 1996; Deng et al., 1996; Dragic et al., 
1996), and can tolerate deletion or substitution of the CCR5 amino-terminal domain 
(Howard et al., 1999; Z. Wang et al., 1999). R5X4 viruses, however, are much more 
sensitive to mutations in CCR5, particularly in the amino terminal domain (Doranz et al., 
1997). Thus, there is a cost associated with the benefit to use dual chemokine receptors as 
exhibited by R5X4 tropic strains that have more stringent requirements for CCR5 usage 
(Rana et al., 1997).  

Host genetic factors can also influence HIV-1 tropism and transmission. Cohorts of HIV-1 
infected individuals have been established based on specific clinical, virological and 
immunological criteria. One type of cohort contains individuals selected after frequent 
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while reversion of either mutation resulted in a partially sensitive virus with reduced 
maximal inhibition (Westby et al., 2007). In another recent study  maraviroc-resistant 
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as novel substitutions, insertions, and deletions. Further complicating the genetic basis of 
maraviroc or CCR5 inhibitor resistance is the observation that the same inhibitor may select 
for different mutations in different HIV-1 isolates (Westby et al., 2007). The mutations 
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tropism. Prototype T-cell tropic strains use CXCR4, macrophage-tropic strains use CCR5, 
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and dual-tropic strains use both CXCR4 and CCR5 chemokine receptors, culminating in the 
currently used nomenclature X4, R5 and R5X4 strains, respectively (Berger et al., 1998). The 
phenotype of HIV-1 that is transmitted in vivo is R5 even when the contaminating virus is a 
mixture of R5, R5X4 and X4. The reason for this selection of viral phenotype during 
transmission is not well understood. The viraemia present during primary infection consists 
of oligoclonal R5 virus, and this virus type generally persists during the asymptomatic 
phase of the infection until the onset of AIDS. Viral transmission and disease progression, 
collectively called AIDS pathogenesis, corresponds to evolution of coreceptor phenotype. In 
about half of all HIV-1 infections there is viral evolution towards dual (R5X4) tropism and 
CXCR4 usage that is prognostic for accelerated progression to AIDS (Collman et al., 1992; 
Doranz et al., 1996). Thus when the phenotype switch occurs, there is an initial evolution 
from CCR5 using viruses to those that can use both CCR5 and CXCR4 (Connor et al., 1997). 
While evolution towards usage of the CXCR4 coreceptor and emergence of X4 viruses 
coincides with a decline in CD4+ T cells and the onset of AIDS, the dominant theory is that 
X4 viruses are opportunistic infections that can only appear once the CD4+ T cells have 
dropped below a certain threshold level. Notwithstanding, in another 50% of individuals 
infected with HIV-1 there is no viral evolution towards CXCR4 usage or emergence of X4 
viruses; R5 viruses persists from primary infection until one succumbs to AIDS. This 
suggests that R5 viruses are necessary and sufficient to cause AIDS. 

The main determinants for coreceptor tropism resides in the V3 loop (Figure 7), although 
mutations outside of the V3 loop may also influence tropism, either in combination or 
independently of the V3 mutations (Hartley et al., 2005; W. Huang et al., 2008; Pastore et al., 
2007; Pastore et al., 2006). Very few mutations in the V3 loop are sufficient for switching 
coreceptor use from CCR5 to CXCR4 in most HIV-1 isolates, but in some isolates additional 
mutations in V1/V2 (Pastore et al., 2006) and gp41 (W. Huang et al., 2008) are observed 
during coreceptor switching. The presence of positively charged amino acids at positions 11, 
24 and 25 in the V3 loop, combined with other V3 sequence characteristics (Figure 7), have 
specificity of about 90% and sensitivity of 70- 80% for predicting X4 tropism (Hartley et al., 
2005; Jensen & van 't Wout, 2003; Sing et al., 2007). However, the number and type of 
mutations by which an R5 virus switches to X4 is complex and depends on the sequence of 
the baseline R5 virus (Low et al., 2007; Moncunill et al., 2008; Pastore et al., 2007; Pastore et al., 
2006). The frequency and genetic basis for tropism switch is different for different HIV-1 
subtypes (Hartley et al., 2005; W. Huang et al., 2007). While differential use of CXCR4 or 
CCR5 by HIV-1 strains has been observed, the striking differences seen appear to be in 
how R5 and R5X4 viruses utilize the CCR5 coreceptor. Generally, R5-tropic viruses are 
particularly well adapted for CCR5 use (Choe et al., 1996; Deng et al., 1996; Dragic et al., 
1996), and can tolerate deletion or substitution of the CCR5 amino-terminal domain 
(Howard et al., 1999; Z. Wang et al., 1999). R5X4 viruses, however, are much more 
sensitive to mutations in CCR5, particularly in the amino terminal domain (Doranz et al., 
1997). Thus, there is a cost associated with the benefit to use dual chemokine receptors as 
exhibited by R5X4 tropic strains that have more stringent requirements for CCR5 usage 
(Rana et al., 1997).  

Host genetic factors can also influence HIV-1 tropism and transmission. Cohorts of HIV-1 
infected individuals have been established based on specific clinical, virological and 
immunological criteria. One type of cohort contains individuals selected after frequent 
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exposure to HIV-1 without seroconversion. A mutation in the CCR5 gene has been 
frequently found in this type of cohort (Zimmerman et al., 1997). This mutation is a 
deletion of 32 base pairs (Δ32), resulting in a defective CCR5 receptor. CD4+ T cells and 
macrophages carrying the Δ32 mutation are resistant to infection with R5 viruses. 
Homozygous individuals carrying the mutation on both alleles (1% of Caucasians) are 
almost completely refractory to infection with R5 HIV-1 strains (Samson et al., 1996; 
Zimmerman et al., 1997). Very rare examples of infection of these individuals have been 
reported (O'Brien et al., 1997; Theodorou et al., 1997). In these cases the transmitted R5 
viruses appear to use CXCR4. Individuals heterozygous for the Δ32 mutation are not 
protected from HIV-1 infection, but have slower rate of progression to AIDS. This is 
because the mutated form of the protein acts as a dominant negative mutant and prevents 
most of the wild-type CCR5 protein from reaching the cell surface. However, HIV-1 can 
evolve adaptive mutations on the V3 loop of gp120 that allows it to use defective or 
mutant CCR5 co-receptor. For instance, it has been shown that a N300Y adaptive point 
mutation on the V3 loop of gp120 enhances binding of HIV-1 to the mutant CCR5  co-
receptor  (Platt et al., 2001). A follow-up study from the same group has shown that in 
addition to the adaptive mutation on the V3 loop of gp120, an S193N point mutation on 
the V2 stem and loss of N-linked oligosaccharide from position N403 of gp120 help HIV-1 
to efficiently use defective CCR5 co-receptor that has a badly damaged amino terminus  
(Platt et al., 2005). Taken together, these studies have important implications for 
understanding HIV-1 transmission dynamics and AIDS pathogenesis. 

AIDS pathogenesis is multifactorial; it is a mixture of host and pathogen genetics 
combined with factors such as the immune response and viral adaptation. Viral 
adaptation include reverting and compensatory mutations such as the recently described 
T242N point mutation on the gag gene associated with progression to AIDS in South 
African patients (K. H. Huang et al., 2011). However in general, progression from acute 
infection is often accompanied by depletion of the CD4+ lymphocytes and this depletion is 
a major component of the eventual failure of the immune system and hence AIDS 
pathogenesis. Apoptosis is one mechanism that contributes to depletion of HIV-1 infected 
and uninfected cells, deterioration  of the immune system and progression to AIDS, 
respectively (Cotton et al., 1997; Gougeon & Montagnier, 1993; Herbein et al., 1998; Joshi et 
al., 2011; C. J. Li et al., 1995; Zhu et al., 2011). HIV-induced apoptosis is triggered by a 
number of HIV-1 proteins, notably the envelope protein (Herbein et al., 1998; Ishikawa et 
al., 1998; Joshi et al., 2011; Micoli et al., 2006; Micoli et al., 2000). Four point mutations 
(A835W, A838W, A838I, and I842R) in the cytoplasm domain of the gp41 subunit of the 
envelope protein reduces HIV-induced apoptosis of target cells (Micoli et al., 2006). A 
recent study has shown that induction of bystander apoptosis in CCR5 expressing cells 
requires the fusogenic activity of gp41; and that V2E and V38A/E point mutation in the 
second amino acid and the heptad repeat 1 region of gp41 respectively, abrogated fusion 
activity and hence apoptosis induced by an R5 virus (Joshi et al., 2011). In an earlier study, 
the same group showed that a V513E point mutation in the fusion domain of gp41 
resulted in a fusion-defective envelope protein that failed to induce apoptosis and that a 
G547D mutation in the gp41 N-terminal helix also reduced cell fusion capacity and 
apoptosis induced by an X4 virus (Garg et al., 2007).  
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5. Point mutations associated with evasion of antibody mediated immune 
response 
Point mutations on HIV-1 envelope protein do not only influence HIV-1 tropism and disease 
progression, but they also help the virus to evade the antibody mediated immune response. 
The HIV-1 surface gp120 and the trans-membrane gp41 can elicit both virus-neutralizing and 
non-neutralizing antibodies during natural infection. Antibodies that lack neutralizing activity 
are often directed against the gp120 regions that are occluded on the assembled trimer, and 
which are exposed only upon shedding (Moore & Sodroski, 1996). Neutralizing antibodies, by 
contrast must access the functional envelope glycoprotein complex and typically recognize 
conserved or variable epitopes near the receptor binding sites (Posner et al., 1991; Sattentau & 
Moore, 1995; Trkola et al., 1996a; L. Wu et al., 1996). Neutralising antibodies are also elicited by 
the membrane proximal external region (MPER) of gp41 (Frey et al., 2008; J. Wang et al., 2011; 
Zwick et al., 2001). The production and characterization of monoclonal antibodies of human 
and rodent origin have allowed a precise determination of the neutralization epitopes present 
on the HIV-1 gp120 (Moore & Ho, 1995; Poignard et al., 1996). 

Using epitope maps in conjunction with the X-ray crystal structure of gp120 complexed with 
CD4 and a neutralizing monoclonal antibody (Kwong et al., 1998b), spatial organization of 
conserved neutralization epitopes on gp120 was determined (Wyatt et al., 1998). More 
broadly neutralizing antibodies recognize discontinuous, conserved epitopes in three 
regions of the gp120 (Figure 8). In HIV-1 infected individuals, the most abundant of these 
are directed against the CD4 binding site (CD4bs), and block gp120-CD4 interaction (Euler et 
al., 2011; Ho et al., 1991; Y. Li et al., 2011; Posner et al., 1991; Walker et al., 2009; X. Wu et al., 
2010; Zhou et al., 2011). Less common are antibodies against epitopes induced or exposed 
upon CD4 binding (CD4i) (Thali et al., 1993). Both CD4i and V3 antibodies disrupt the 
binding of gp120-CD4 complexes to chemokine receptors (Trkola et al., 1996a; L. Wu et al., 
1996). Notwithstanding, none of the CD4i antibodies discovered to date such as 17b, 48d or 
X5 are broadly neutralizing. A third gp120 neutralization epitope is defined by a unique 
monoclonal antibody, 2G12 (Trkola et al., 1996b), which does not efficiently block receptor 
binding (Trkola et al., 1996a). Table 6 lists broadly neutralising monoclonal antibodies 
elicited by the HIV-1 gp120 and gp41 envelope proteins. Although high-titer antibodies are 
sustained in infected individuals throughout the course of infection, these antibodies have 
very poor neutralizing activity against autologous as well as representative primary HIV-1 
isolates (Montefiori et al., 1996; Moog et al., 1997). This observation suggests that 
neutralizing antibodies that arise in response to HIV-1 infection may not be critical in 
limiting viral replication.  

The escape of HIV-1 from effects of neutralizing antibodies includes mutations in gp120 
and/or gp41. One of the seminal studies showed that A582T point mutation in the HIV-1 
envelope gene made a laboratory adapted HIV-1 strain called HXB2 to be resistant to HIV-1 
neutralizing human serum (Reitz et al., 1988). Another study published ten years later, showed 
that HIV-1 MN molecular clones which had 294N/K mutation before the V3 loop, 307N/I 
mutation proximal to the V3 loop, 327I/K mutation within V3 and 336N/I mutation after the 
V3 loop were resistant to human serum containing neutralizing antibodies directed at the 
immunodominant V3 loop of gp120 (Park et al., 1998). Point mutations in a highly conserved 
structural motif within the intracytoplasmic tail of gp41 rendered HIV-1 molecular clones 
resistant to broadly neutralizing polyclonal human serum antibodies (Kalia et al., 2005).  
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exposure to HIV-1 without seroconversion. A mutation in the CCR5 gene has been 
frequently found in this type of cohort (Zimmerman et al., 1997). This mutation is a 
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protected from HIV-1 infection, but have slower rate of progression to AIDS. This is 
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5. Point mutations associated with evasion of antibody mediated immune 
response 
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elicited by the HIV-1 gp120 and gp41 envelope proteins. Although high-titer antibodies are 
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very poor neutralizing activity against autologous as well as representative primary HIV-1 
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structural motif within the intracytoplasmic tail of gp41 rendered HIV-1 molecular clones 
resistant to broadly neutralizing polyclonal human serum antibodies (Kalia et al., 2005).  



 
Point Mutation 

 

110 

 
Fig. 8. Ribbon diagram illustrating epitopes of the gp120 core, highlighting some amino acid 
residues that interact with broadly neutralizing antibodies. The CD4bs (red) and the CD4i 
co-receptor-binding surface (green) as well as residues implicated in 2G12 binding (blue) are 
depicted. 

In a clinically relevant study, paediatric HIV-1 subtype C clinical isolates with K665S/R/N 
point mutation were found to be resistant to a 2F5 broadly neutralizing monoclonal 
antibody (Gray et al., 2006). This study confirmed earlier findings that the amino acid 
residue K665 is crucial for neutralization by 2F5 (Binley et al., 2004). In the same study, the 
Lynn Morris’ group found out that all the paediatric HIV-1 subtype C clinical isolates 
analysed had a conserved 4E10 epitope  (W672, F673, W680) consistent with their 
phenotypic sensitivity to the 4E10 monoclonal antibody (Gray et al., 2006). 4E10 recognizes 
an epitope containing the sequence NWF(D/N)IT (Zwick et al., 2001). Mutagenesis studies 
have shown that the amino acid residues W672, F673 and W680 are indispensable for 
recognition by 4E10 (Zwick et al., 2005). Indeed, a recently published study describing four 
subjects infected with viruses carrying rare MPER polymorphisms associated with 
resistance to 4E10 neutralization has shown that three subjects had W680 polymorphism, 
including a W680G point mutation (Nakamura et al., 2011). The study demonstrated that 
W680G point mutation was necessary to confer 4E10 resistant phenotype (Nakamura et al., 
2011). In another subject a W680R point mutation caused variable resistant to 4E10 
(Nakamura et al., 2011). A fourth subject possessed a F673L point mutation also associated 
with 4E10 resistance (Nakamura et al., 2011). Earlier, an independent study conducted in 
South Africa also showed that an HIV-1 subtype C virus isolated from a 7-year-old 
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perinatally infected child with F673L point mutation was resistant to 4E10 (Gray et al., 2008). 
These case studies are examples of the challenges presented by point mutations in 
controlling HIV-1 infection by antibodies. Notwithstanding, recent discovery of additional 
and more potent broadly neutralizing antibodies such as VRC01 (X. Wu et al., 2010), PG9 
and PG16 (Walker et al., 2009) is encouraging and boosts the impetus for HIV-1 vaccine 
design that may elicit broadly neutralizing antibodies (Burton & Weiss, 2010).  
 

Epitopes Example 
of mAb

Mechanism of 
neutralization Properties Selected references 

CD4 
binding 

site(CD4bs) 

IgGb12, 
VRC01, 
HJ16, 

PG9 and 
PG16 

 

Interfere with 
gp120-CD4 

binding 

CD4bs antibodies compete 
with CD4 and with 

antibodies against CD4i 
epitope. 

PG9 and PG16 bind to 
trimer specific 

glycosylated epitope on 
the V1/V2 and V3 region.

(Corti et al., 2010; Euler 
et al., 2011; Ho et al., 

1991; Y. Li et al., 2011; 
Pancera et al., 2010; 
Posner et al., 1991; 

Walker et al., 2009; X. 
Wu et al., 2010; Zhou et 

al., 2011) 

Glycans 2G12 

Interfere with 
binding of gp120 

to CCR5 
chemokine 

receptor and 
DC-SIGN. Also 
prevent loss of 
CD4+ T cells. 

Antibody binding is 
dependent upon proper 
N-linked glycosylation. 

Recognize a mannose rich 
epitope on the “silent” face 

of gp120 

(Binley et al., 2006; 
Calarese et al., 2003; 

Luo et al., 2011; Scanlan 
et al., 2003; Trkola et al., 

1996b) 

MPER of 
gp41 

4E10, 
2F5 

Interfere with 
HIV-1 fusion 
and induces 
shedding of 

gp120. 

Both antibodies bind few 
crucial residues in the 

MPER of gp41. HIV-1 2F5 
binds both native and 
fusion-intermediate 

conformations while 4E10 
recognize a predominantly 

linear and relatively 
conserved epitope. 

(Muster et al., 1994; 
Muster et al., 1993; 

Ruprecht et al., 2011; 
Zwick et al., 2005; 
Zwick et al., 2001) 

Table 8. Broadly neutralizing antibodies that bind gp120 and gp41 HIV-1 envelope proteins 

7. Point mutations and anti-gp120 aptamers   
Aptamers are synthetic oligonucleotide ligands that can be isolated in vitro against diverse 
targets including HIV-1 gp120 (Khati et al., 2003). Aptamers assume a defined three-
dimensional structure and generally bind functional sites on their respective targets. They 
possess the molecular recognition properties of monoclonal antibodies in terms of their high 
affinity and specificity (Khati, 2010). Unlike antibodies, aptamers can fold properly and 
retain activity in the intracellular environment. However, the majority of aptamers with 
potential therapeutic utility selected to date target extracellular proteins (Chen et al., 2003; 
Eyetech Study Group, 2002, 2003; Green et al., 1995; Kim et al., 2003; Liu et al., 2009; Lupold et  
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perinatally infected child with F673L point mutation was resistant to 4E10 (Gray et al., 2008). 
These case studies are examples of the challenges presented by point mutations in 
controlling HIV-1 infection by antibodies. Notwithstanding, recent discovery of additional 
and more potent broadly neutralizing antibodies such as VRC01 (X. Wu et al., 2010), PG9 
and PG16 (Walker et al., 2009) is encouraging and boosts the impetus for HIV-1 vaccine 
design that may elicit broadly neutralizing antibodies (Burton & Weiss, 2010).  
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Aptamers are synthetic oligonucleotide ligands that can be isolated in vitro against diverse 
targets including HIV-1 gp120 (Khati et al., 2003). Aptamers assume a defined three-
dimensional structure and generally bind functional sites on their respective targets. They 
possess the molecular recognition properties of monoclonal antibodies in terms of their high 
affinity and specificity (Khati, 2010). Unlike antibodies, aptamers can fold properly and 
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potential therapeutic utility selected to date target extracellular proteins (Chen et al., 2003; 
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Fig. 9. A ribbon diagram of gp120 highlighting amino acid residues that interact with B40 
aptamer. Residues in bold and single asterix are highly conserved among all HIV-1 isolates 
and significantly reduced binding of the aptamer by more than 10-fold when experimentally 
mutated to alanine, respectively (Joubert et al., 2010). Those residues with double or tripple 
asterix are moderately and significantly varaiable, respectively, in all HIV isolates and while 
they make contact with the aptamer they did not significantly affect binding of the aptamer 
when experimentally mutated to alanine, respectively.  

al., 2002; Mi et al., 2009; Nobile et al., 1998; Ruckman et al., 1998; Rusconi et al., 2004; Rusconi 
et al., 2002; Vinores, 2003; White et al., 2003).  

Extracellular therapeutic targets such as HIV-1 gp120 have the advantage of ready access to 
aptamer intervention without the need for enabling access to cells. The aptamers against 
HIV-1 gp120 bound the protein with high affinity, high specificity and neutralized a broad 
range of R5 HIV-1 clinical isolates (Khati et al., 2003). In a recent review, these RNA 
aptamers were reported to have the most potent in vitro antiviral efficacy of all HIV-1 entry 
inhibitors described to date (Held et al., 2006), including antibodies. These aptamers 
prevented entry and suppressed viral replication in cultured human peripheral blood 
mononuclear cells (PBMC) by up to 10,000-fold (Khati et al., 2003). While the emergence of 
HIV-1 escape mutants and drug resistance variants appears to be inevitable, our goup and 
collaborators have recently shown that one extensively studied aptamer called B40 penetrate 
the highly variable exterior surfaces of gp120 and bind the conserved core at the heart of the 
CCR5-binding site (Cohen et al., 2008; Dey et al., 2005; Joubert et al., 2010), which the virus 
may be unable to mutate without compromising its fitness. Four amino acids (Q114, K117, 
K207, and I439) of gp120 (Figure 9) that weakened binding of gp120 to B40 aptamer by at 
least 10-fold when experimentally mutated to alanine (Joubert et al., 2010) are naturally 
conserved among all HIV-1 isolates (Kwong et al., 1998a). This suggests that B40 makes 
direct contact with at least four conserved core residues on gp120 within the CCR5-binding 
site, which the virus cannot afford to mutate without losing selective advantage. These data 
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bode well for the future development of aptamers such as B40 as an entry inhibitor drug, 
which will hopefully help circumvent HIV-1 point mutations and delay or diminish drug 
resistance. In order to maximally suppress or eradicate the virus; the aptamer or any other 
anti-HIV molecule in development should be used in combination with current 
antiretroviral drugs and the envisaged vaccines currently developed to elicit broadly 
neutralising antibodies.  
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1. Introduction 
Active immunity refers to the process of exposing the body to an antigen to generate an 
adaptive immune response: the response takes days/weeks to develop but may be long 
lasting—even lifelong. Wild infection with pathogenic agents (eg. Hepatitis A Virus) and 
subsequent recovery gives rise to a natural active immune response usually leading to 
lifelong protection. In addition, some infections can be prevented by immunization with 
vaccines.  

The term “vaccine” is derived from the Latin word “vaccinus” which means “pertaining to 
cows” – a reection on Jenner’s pioneering studies using cowpox vaccinia virus to prevent 
human smallpox (variola) as discussed previously (Stefan, 2005; Dunn, 1996). Vaccines take 
advantage of using relatively harmless foreign agents to evoke protective immunity for 
protection against several important pathogens. Vaccine development has its early roots in 
the work of Edward Jenner and Louis Pasteur, who discovered how to protect people from 
smallpox and developed a vaccine to protect from rabies, respectively.  

All vaccines contain other substances (termed excipients) that are present because they 
improve the immune response (an adjuvant), are necessary for ensuring stability of the 
product (stabilizers and preservatives), are the vehicle for delivering vaccine (carrier) or are 
a residual of the manufacturing process (for example antibiotics or cell culture components). 

Nowadays, many types of vaccines have been proposed and used in vaccine development: 
Live whole virus vaccines, Killed whole virus vaccines, Subunit vaccines (purified or 
recombinant viral antigen), Toxoid vaccines, Synthetic vaccines, and DNA vaccines. We will 
discuss these vaccine types one-by-one. 
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1. Introduction 
Active immunity refers to the process of exposing the body to an antigen to generate an 
adaptive immune response: the response takes days/weeks to develop but may be long 
lasting—even lifelong. Wild infection with pathogenic agents (eg. Hepatitis A Virus) and 
subsequent recovery gives rise to a natural active immune response usually leading to 
lifelong protection. In addition, some infections can be prevented by immunization with 
vaccines.  

The term “vaccine” is derived from the Latin word “vaccinus” which means “pertaining to 
cows” – a reection on Jenner’s pioneering studies using cowpox vaccinia virus to prevent 
human smallpox (variola) as discussed previously (Stefan, 2005; Dunn, 1996). Vaccines take 
advantage of using relatively harmless foreign agents to evoke protective immunity for 
protection against several important pathogens. Vaccine development has its early roots in 
the work of Edward Jenner and Louis Pasteur, who discovered how to protect people from 
smallpox and developed a vaccine to protect from rabies, respectively.  

All vaccines contain other substances (termed excipients) that are present because they 
improve the immune response (an adjuvant), are necessary for ensuring stability of the 
product (stabilizers and preservatives), are the vehicle for delivering vaccine (carrier) or are 
a residual of the manufacturing process (for example antibiotics or cell culture components). 

Nowadays, many types of vaccines have been proposed and used in vaccine development: 
Live whole virus vaccines, Killed whole virus vaccines, Subunit vaccines (purified or 
recombinant viral antigen), Toxoid vaccines, Synthetic vaccines, and DNA vaccines. We will 
discuss these vaccine types one-by-one. 
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1.1 Live, attenuated virus vaccines 

They are prepared from attenuated strains that are almost or completely devoid of 
pathogenicity but are capable of inducing a protective immune response. They multiply in 
the human host and provide continuous antigenic stimulation over a period of time. 
Primary vaccine failures are uncommon and are usually the result of inadequate storage or 
administration. Another possibility is interference by related viruses as is suspected in the 
case of oral polio vaccine in developing countries (Giammanco et al., 1988; Drozdov & 
Shirman, 1961; Katz & Plotkin, 1968). Several methods have been used to attenuate viruses 
for vaccine production such as the use of a related virus from another animal (cowpox to 
prevent smallpox), the administration of pathogenic or partially attenuated virus by an 
unnatural route, passage of the virus in an "unnatural host" or host cell (e.g. the 17D strain 
of yellow fever was developed by passage in mice and then in chick embryos (Norrby, 2007) 
and Polioviruses were passaged in monkey kidney cells (Chezzi et al., 1998) and measles in 
chick embryo fibroblasts (Katz, 1958), and the development of temperature sensitive 
mutants (Pringle, 1996). 

1.2 Killed/Inactivated vaccines 

The term killed generally refers to bacterial vaccines, whereas inactivated relates to viral 
vaccines (Levine et al., 1997). They were the easiest preparations to use. The preparation was 
simply inactivated. For viruses, the outer virion coat should be left intact but the replicative 
function should be destroyed. To be effective, non-replicating virus vaccines must contain 
much more antigen than live vaccines that are able to replicate in the host. Preparation of 
killed vaccines may take the route of heat or chemicals (Turner et al., 1970). The chemicals 
used include formaldehyde or beta-propiolactone (Lo Grippo, 1960; Gard, 1960). The 
traditional agent for inactivation of the virus is formalin (Weil & Gall, 1940; Kim & Sharp, 
1967). Excessive treatment with this detergent can destroy immunogenicity whereas 
insufficient treatment can leave infectious virus capable of causing disease. Soon after the 
introduction of inactivated polio vaccine, there was an outbreak of paralytic poliomyelitis in 
the USA due to the distribution of inadequately inactivated polio vaccine (Prevots et al., 
1996). This incident led to a review of the formalin inactivation procedure and other 
inactivating agents are available, such as beta-propiolactone. Another problem was that 
SV40 was occasionally found as a contaminant and there were fears of the potential 
oncogenic nature of the virus (Tam et al., 2004). 

1.3 Subunit vaccines 

Originally, non-replicating vaccines were derived from crude preparations of virus from 
animal tissues. As the technology for growing viruses to high titres in cell cultures 
advanced, it became practical to purify virus and viral antigens. It is now possible to 
identify the peptide sites encompassing the major antigenic sites of viral antigens, from 
which highly purified subunit vaccines can be produced. Increasing purification may lead to 
loss of immunogenicity, and this may necessitate coupling to an immunogenic carrier 
protein or adjuvant, such as an aluminum salt. Examples of purified subunit vaccines 
include the HA vaccines for influenza A and B (Bachmayer et al., 1976), and HBsAg derived 
from the plasma of carriers (Vyas et al., 1984). Subunit vaccines can be further subdivided 
into those where the antigen is produced using recombinant DNA technology and those 
based on normal bacteriological growth processes. 
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Virus proteins have been expressed in bacteria, yeast, mammalian cells, and viruses. E. Coli 
cells were first to be used for this purpose but the expressed proteins were not glycosylated, 
which was a major drawback since many of the immunogenic proteins of viruses such as the 
envelope glycoproteins, were glycosylated. Nevertheless, in many instances, it was 
demonstrated that the non-glycosylated protein backbone was just as immunogenic. 
Recombinant hepatitis B vaccine is the only recombinant vaccine licensed at present (Yap et al., 
1992). An alternative application of recombinant DNA technology is the production of hybrid 
virus vaccines. The best known example is vaccinia (Smith et al., 1983). The recombinant virus 
vaccine can then multiply in infected cells and produce the antigens of a wide range of viruses. 
The genes of several viruses can be inserted, so the potential exists for producing polyvalent 
live vaccines (Hauser et al., 1988; Hilleman, 1987). HBsAg, rabies, HSV and other viruses have 
been expressed in vaccinia (Mackett et al., 1985; Panicali et al., 1983; Paoletti et al., 1984; Perkus 
et al., 1985; Rice et al., 1985; Smith et al., 1983; Kieny et al., 1984; Wiktor et al., 1984). 

1.4 Toxoid vaccines 

Certain pathogens cause disease by secreting an exotoxin: these include tetanus, diphtheria, 
botulism and cholera. For these bacteria that secrete toxins, or harmful chemicals, a toxoid 
vaccine might be the answer. These vaccines are used when a bacterial toxin is the main 
cause of illness. Scientists have found that they can inactivate toxins by treating them with 
formalin, a solution of formaldehyde and sterilized water. Such “detoxified” toxins, called 
toxoids, are safe for use in vaccines. When the immune system receives a vaccine containing 
a harmless toxoid, it learns how to fight off the natural toxin. The immune system produces 
antibodies that lock onto and block the toxin. Vaccines against diphtheria and tetanus are 
examples of toxoid vaccines (Bizzini et al., 1970; Alouf, 1987). These vaccines are: safe 
because they cannot cause the disease they prevent as there is no possibility of reversion to 
virulence; the vaccine antigens are not actively multiplying, they cannot spread to 
unimmunized individuals; they are usually stable and long lasting as they are less 
susceptible to changes in temperature, humidity and light which can result when vaccines 
are used out in the community. 

1.5 Synthetic peptides 

The development of synthetic peptides that might be useful as vaccines depends on the 
identification of immunogenic sites (Milich, 1990; Hans et al., 2006; Dorothea, 1993; 
Jonathan, 1987). Synthetic peptide vaccines have been successfully developed for the 
immunoprophylaxis of infection with foot-and-mouth disease virus (Bittle et al., 1982; 
Brown, 1990), type A influenza virus (Muller et al., 1982), and poliovirus (Emini et al., 1983). 
Synthetic peptide vaccines would have many advantages. Their antigens are precisely 
defined and free from unnecessary components which may be associated with side effects. 
They are stable and relatively cheap to manufacture. Changes due to natural variation of the 
virus can be readily accommodated, which would be a great advantage for unstable viruses.  

1.6 DNA vaccines 

The demonstration by Wolff and colleagues in 1990 (Wolff et al., 1990) that protein could be 
expressed following direct inoculation of plasmid DNA into muscle tissue unveiled an 
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1.1 Live, attenuated virus vaccines 

They are prepared from attenuated strains that are almost or completely devoid of 
pathogenicity but are capable of inducing a protective immune response. They multiply in 
the human host and provide continuous antigenic stimulation over a period of time. 
Primary vaccine failures are uncommon and are usually the result of inadequate storage or 
administration. Another possibility is interference by related viruses as is suspected in the 
case of oral polio vaccine in developing countries (Giammanco et al., 1988; Drozdov & 
Shirman, 1961; Katz & Plotkin, 1968). Several methods have been used to attenuate viruses 
for vaccine production such as the use of a related virus from another animal (cowpox to 
prevent smallpox), the administration of pathogenic or partially attenuated virus by an 
unnatural route, passage of the virus in an "unnatural host" or host cell (e.g. the 17D strain 
of yellow fever was developed by passage in mice and then in chick embryos (Norrby, 2007) 
and Polioviruses were passaged in monkey kidney cells (Chezzi et al., 1998) and measles in 
chick embryo fibroblasts (Katz, 1958), and the development of temperature sensitive 
mutants (Pringle, 1996). 

1.2 Killed/Inactivated vaccines 

The term killed generally refers to bacterial vaccines, whereas inactivated relates to viral 
vaccines (Levine et al., 1997). They were the easiest preparations to use. The preparation was 
simply inactivated. For viruses, the outer virion coat should be left intact but the replicative 
function should be destroyed. To be effective, non-replicating virus vaccines must contain 
much more antigen than live vaccines that are able to replicate in the host. Preparation of 
killed vaccines may take the route of heat or chemicals (Turner et al., 1970). The chemicals 
used include formaldehyde or beta-propiolactone (Lo Grippo, 1960; Gard, 1960). The 
traditional agent for inactivation of the virus is formalin (Weil & Gall, 1940; Kim & Sharp, 
1967). Excessive treatment with this detergent can destroy immunogenicity whereas 
insufficient treatment can leave infectious virus capable of causing disease. Soon after the 
introduction of inactivated polio vaccine, there was an outbreak of paralytic poliomyelitis in 
the USA due to the distribution of inadequately inactivated polio vaccine (Prevots et al., 
1996). This incident led to a review of the formalin inactivation procedure and other 
inactivating agents are available, such as beta-propiolactone. Another problem was that 
SV40 was occasionally found as a contaminant and there were fears of the potential 
oncogenic nature of the virus (Tam et al., 2004). 

1.3 Subunit vaccines 

Originally, non-replicating vaccines were derived from crude preparations of virus from 
animal tissues. As the technology for growing viruses to high titres in cell cultures 
advanced, it became practical to purify virus and viral antigens. It is now possible to 
identify the peptide sites encompassing the major antigenic sites of viral antigens, from 
which highly purified subunit vaccines can be produced. Increasing purification may lead to 
loss of immunogenicity, and this may necessitate coupling to an immunogenic carrier 
protein or adjuvant, such as an aluminum salt. Examples of purified subunit vaccines 
include the HA vaccines for influenza A and B (Bachmayer et al., 1976), and HBsAg derived 
from the plasma of carriers (Vyas et al., 1984). Subunit vaccines can be further subdivided 
into those where the antigen is produced using recombinant DNA technology and those 
based on normal bacteriological growth processes. 
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Virus proteins have been expressed in bacteria, yeast, mammalian cells, and viruses. E. Coli 
cells were first to be used for this purpose but the expressed proteins were not glycosylated, 
which was a major drawback since many of the immunogenic proteins of viruses such as the 
envelope glycoproteins, were glycosylated. Nevertheless, in many instances, it was 
demonstrated that the non-glycosylated protein backbone was just as immunogenic. 
Recombinant hepatitis B vaccine is the only recombinant vaccine licensed at present (Yap et al., 
1992). An alternative application of recombinant DNA technology is the production of hybrid 
virus vaccines. The best known example is vaccinia (Smith et al., 1983). The recombinant virus 
vaccine can then multiply in infected cells and produce the antigens of a wide range of viruses. 
The genes of several viruses can be inserted, so the potential exists for producing polyvalent 
live vaccines (Hauser et al., 1988; Hilleman, 1987). HBsAg, rabies, HSV and other viruses have 
been expressed in vaccinia (Mackett et al., 1985; Panicali et al., 1983; Paoletti et al., 1984; Perkus 
et al., 1985; Rice et al., 1985; Smith et al., 1983; Kieny et al., 1984; Wiktor et al., 1984). 

1.4 Toxoid vaccines 

Certain pathogens cause disease by secreting an exotoxin: these include tetanus, diphtheria, 
botulism and cholera. For these bacteria that secrete toxins, or harmful chemicals, a toxoid 
vaccine might be the answer. These vaccines are used when a bacterial toxin is the main 
cause of illness. Scientists have found that they can inactivate toxins by treating them with 
formalin, a solution of formaldehyde and sterilized water. Such “detoxified” toxins, called 
toxoids, are safe for use in vaccines. When the immune system receives a vaccine containing 
a harmless toxoid, it learns how to fight off the natural toxin. The immune system produces 
antibodies that lock onto and block the toxin. Vaccines against diphtheria and tetanus are 
examples of toxoid vaccines (Bizzini et al., 1970; Alouf, 1987). These vaccines are: safe 
because they cannot cause the disease they prevent as there is no possibility of reversion to 
virulence; the vaccine antigens are not actively multiplying, they cannot spread to 
unimmunized individuals; they are usually stable and long lasting as they are less 
susceptible to changes in temperature, humidity and light which can result when vaccines 
are used out in the community. 

1.5 Synthetic peptides 

The development of synthetic peptides that might be useful as vaccines depends on the 
identification of immunogenic sites (Milich, 1990; Hans et al., 2006; Dorothea, 1993; 
Jonathan, 1987). Synthetic peptide vaccines have been successfully developed for the 
immunoprophylaxis of infection with foot-and-mouth disease virus (Bittle et al., 1982; 
Brown, 1990), type A influenza virus (Muller et al., 1982), and poliovirus (Emini et al., 1983). 
Synthetic peptide vaccines would have many advantages. Their antigens are precisely 
defined and free from unnecessary components which may be associated with side effects. 
They are stable and relatively cheap to manufacture. Changes due to natural variation of the 
virus can be readily accommodated, which would be a great advantage for unstable viruses.  

1.6 DNA vaccines 

The demonstration by Wolff and colleagues in 1990 (Wolff et al., 1990) that protein could be 
expressed following direct inoculation of plasmid DNA into muscle tissue unveiled an 
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exciting, new era in vaccinology and gene therapy. DNA-based vaccination offers a number 
of advantages over other methods of immunization. It is particularly attractive compared to 
conventional administration of a preformed protein antigen (Ag) because the immunogen is 
actively synthesized de novo in cells transfected with DNA. The principle of DNA 
vaccination has been demonstrated for a variety of bacterial, viral and parasitic diseases 
(Ulmer et al., 1993). Immune responses have been generated by DNA vaccination against a 
very wide variety of viral, bacterial and protozoal pathogens and toxins (Donnelly et al., 
1994; King et al., 1998). Immune responses against influenza viruses have been 
demonstrated in chickens, mice, ferrets and non-human primates. For humans, the major 
concern about DNA vaccines is whether the plasmid DNA integrates into the genome 
randomly, potentially leading to insertional mutagenesis. In addition, the formal acceptance 
of this novel technology as a new modality of human vaccines depends on the successful 
demonstration of its safety and efficacy in advanced clinical trials. Several trials evaluated 
the efficacy of a DNA vaccine targeting human immunodeficiency virus type 1 (HIV-1) for 
therapeutic and prophylactic applications (MacGregor et al. 1998). However, the results of 
these early clinical trials were disappointing. The DNA vaccines were safe and well 
tolerated, but they proved to be poorly immunogenic.   

Vaccines may be monovalent (also called univalent) or multivalent (also called polyvalent). 
A monovalent vaccine is designed to immunize against a single antigen or single 
microorganism. A multivalent or polyvalent vaccine is designed to immunize against two or 
more strains of the same microorganism, or against two or more microorganisms. In certain 
cases a monovalent vaccine may be preferable for rapidly developing a strong immune 
response.  

2. Rotavirus infection and common associated-genotypes 
Infectious acute diarrhea is a significant cause of morbidity and mortality of infants in 
developing and developed countries and constitutes a major public health problem 
worldwide. It is estimated that in developing countries (in Africa, Asia and Latin America) 
744 million to 1 billion cases of diarrhea and 2.4 to 3.3 million deaths occur annually among 
children less than 5 years of age, corresponding to 6600 to 9000 deaths per day (Linhares & 
Bresee, 2000). The viruses are the most common aetiology of these diseases, especially in 
developed countries, where they cause more than 80% of the cases of acute diarrhea. The 
most common viral causes of gastroenteritis are rotaviruses and calicivirus (norovirus). 

Rotavirus, a member of the Reoviridae family, is a highly contagious virus that causes severe 
and acute dehydrating diarrhea in infants and young children as well as other young 
animals worldwide (Dhama et al., 2009; Kapikian et al., 2001). Mature rotavirus, non-
enveloped virions, contains an 11-segmented, double-stranded RNA (dsRNA) genome 
enclosed in a triple-layered protein capsid (Hoshino & Kapikian, 2000). The segmented 
nature of the genome allows rotaviruses to reassort in vitro and in vivo (Greenberg et al., 
1981; Kalica et al., 1981; Gombold & Ramig, 1986). 

A dual nomenclature has been used to differentiate rotavirus strains based on their serotype 
specificities, which are carried by the two outer capsid antigens, VP7 and VP4 (Estes & 
Kapikian, 2007).  

Recombination and Point Mutations in  
Type G Rotavirus Strains: The Challenges of Vaccine Development  

 

137 

The high disease burden motivated major efforts to develop a suitable rotavirus vaccine. 
However, the vaccine efficacy is being challenged by the extensive strain diversity of the 
rotaviruses (Estes, 2001; Green et al., 1987, 1988; Hoshino et al., 1994; Kapikian et al., 2001; 
Linhares et al., 1999).   

Reverse-transcription polymerase chain reaction (RT-PCR) is the most widely used method 
for rotavirus characterization in surveillance studies. Molecular methods have allowed the 
detection of many rotavirus G-types (Banyai et al., 2003; Cubitt et al., 2000; Cunliffe et al., 
1999; Das et al., 1993a, 2003; Gentsch et al., 1996; Gouvea et al., 1994; Pongsuwanna et al., 
2002). Because of the natural variation in the rotaviral gene sequences, G-type-specific-
primer based RT-PCR led to the genotyping failure (Adah et al., 1997; Iturriza- Gómara et 
al., 2000, 2004a; Maunula & von Bonsdorff, 1998; Rahman et al., 2005b). In addition, the 
accumulation of point mutations through genetic drift at the type-specic primer binding 
sites has resulted in failures to type strains or in mistyping. For example, the accumulation 
of point mutations at the G9 type-specic primer binding site was reported as having an 
impact for the efficient genotyping of rotaviruses (Martella et al., 2004; Santos et al., 2003). 
Moreover, some nucleotide identity between genotypes lead to primer cross-reactivity 
between rotavirus strains as the case of rotavirus G3 and G10 strains using primers 
developed by Gouvea et al. (1990) as discussed previously (Iturriza-Gómara et al., 2004b).  

In order to overcome this problem, a modified classification system for VP4, VP7, and NSP4, 
and a novel classification system for VP1, VP2, VP3, VP6, NSP1, NSP2, NSP3, and NSP5/6 
were proposed to be used for international standardization and implementation 
(Matthijnssens et al., 2008a, 2008b). 

Actually, VP4 and VP7 are the main targets for vaccine development strategies. In the 
present review we will focus on the diversity of VP7 among rotavirus strains and the effect 
of this variability upon vaccine development.   

Similar to most of the group A rotaviruses, the VP7 nucleotide sequence is 1062 nucleotides 
long. The ORF starts at nucleotide 49 with an AUG (ATG) start codon and ends at 
nucleotide 1029 with a UAG (TAG) termination codon, comprising 981 nucleotides (Estes & 
Cohen, 1989; Bellamy & Both, 1990). 

The gene segment coding for the VP7 glycoprotein is the basis for genotyping group A 
rotaviruses into at least fifteen G-genotypes. Studies of intragenotype diversity led to 
subdivision of the G genotypes into several lineages (two major lineages, designated I and 
II) and sublineages, distinctly identied by unique genomic as well as epidemiological 
features. Lineage I was further subdivided into four sublineages, Ia–Id.  

Genotypes G1, G2, G3, G4 and G9 are the most common G-types in humans (Gentsch  et al., 
1996; Liprandi  et al., 2003; Martella et al., 2003; Okada et al., 2000; Rao et al., 2000; Sereno & 
Gorziglia, 1994). Nevertheless, over past decades, type G1 rotaviruses have been the most 
widespread genotype causing acute gastroenteritis in children from many countries 
covering all continents of the world (Santos & Hoshino, 2005). Type G2 rotavirus represents 
a different genogroup which appears to have a cyclic pattern of occurrence and yet little 
information is available about its genetic variability. Type G3 rotavirus have been found in a 
broad range of host species, including humans, monkeys, dogs, cats, horses, rabbits, mice, 
sheep and pigs (Martella et al., 2001; Andrej et al., 2008;  Hoshino et al., 1984; Paul et al., 
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exciting, new era in vaccinology and gene therapy. DNA-based vaccination offers a number 
of advantages over other methods of immunization. It is particularly attractive compared to 
conventional administration of a preformed protein antigen (Ag) because the immunogen is 
actively synthesized de novo in cells transfected with DNA. The principle of DNA 
vaccination has been demonstrated for a variety of bacterial, viral and parasitic diseases 
(Ulmer et al., 1993). Immune responses have been generated by DNA vaccination against a 
very wide variety of viral, bacterial and protozoal pathogens and toxins (Donnelly et al., 
1994; King et al., 1998). Immune responses against influenza viruses have been 
demonstrated in chickens, mice, ferrets and non-human primates. For humans, the major 
concern about DNA vaccines is whether the plasmid DNA integrates into the genome 
randomly, potentially leading to insertional mutagenesis. In addition, the formal acceptance 
of this novel technology as a new modality of human vaccines depends on the successful 
demonstration of its safety and efficacy in advanced clinical trials. Several trials evaluated 
the efficacy of a DNA vaccine targeting human immunodeficiency virus type 1 (HIV-1) for 
therapeutic and prophylactic applications (MacGregor et al. 1998). However, the results of 
these early clinical trials were disappointing. The DNA vaccines were safe and well 
tolerated, but they proved to be poorly immunogenic.   

Vaccines may be monovalent (also called univalent) or multivalent (also called polyvalent). 
A monovalent vaccine is designed to immunize against a single antigen or single 
microorganism. A multivalent or polyvalent vaccine is designed to immunize against two or 
more strains of the same microorganism, or against two or more microorganisms. In certain 
cases a monovalent vaccine may be preferable for rapidly developing a strong immune 
response.  

2. Rotavirus infection and common associated-genotypes 
Infectious acute diarrhea is a significant cause of morbidity and mortality of infants in 
developing and developed countries and constitutes a major public health problem 
worldwide. It is estimated that in developing countries (in Africa, Asia and Latin America) 
744 million to 1 billion cases of diarrhea and 2.4 to 3.3 million deaths occur annually among 
children less than 5 years of age, corresponding to 6600 to 9000 deaths per day (Linhares & 
Bresee, 2000). The viruses are the most common aetiology of these diseases, especially in 
developed countries, where they cause more than 80% of the cases of acute diarrhea. The 
most common viral causes of gastroenteritis are rotaviruses and calicivirus (norovirus). 

Rotavirus, a member of the Reoviridae family, is a highly contagious virus that causes severe 
and acute dehydrating diarrhea in infants and young children as well as other young 
animals worldwide (Dhama et al., 2009; Kapikian et al., 2001). Mature rotavirus, non-
enveloped virions, contains an 11-segmented, double-stranded RNA (dsRNA) genome 
enclosed in a triple-layered protein capsid (Hoshino & Kapikian, 2000). The segmented 
nature of the genome allows rotaviruses to reassort in vitro and in vivo (Greenberg et al., 
1981; Kalica et al., 1981; Gombold & Ramig, 1986). 

A dual nomenclature has been used to differentiate rotavirus strains based on their serotype 
specificities, which are carried by the two outer capsid antigens, VP7 and VP4 (Estes & 
Kapikian, 2007).  
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The high disease burden motivated major efforts to develop a suitable rotavirus vaccine. 
However, the vaccine efficacy is being challenged by the extensive strain diversity of the 
rotaviruses (Estes, 2001; Green et al., 1987, 1988; Hoshino et al., 1994; Kapikian et al., 2001; 
Linhares et al., 1999).   

Reverse-transcription polymerase chain reaction (RT-PCR) is the most widely used method 
for rotavirus characterization in surveillance studies. Molecular methods have allowed the 
detection of many rotavirus G-types (Banyai et al., 2003; Cubitt et al., 2000; Cunliffe et al., 
1999; Das et al., 1993a, 2003; Gentsch et al., 1996; Gouvea et al., 1994; Pongsuwanna et al., 
2002). Because of the natural variation in the rotaviral gene sequences, G-type-specific-
primer based RT-PCR led to the genotyping failure (Adah et al., 1997; Iturriza- Gómara et 
al., 2000, 2004a; Maunula & von Bonsdorff, 1998; Rahman et al., 2005b). In addition, the 
accumulation of point mutations through genetic drift at the type-specic primer binding 
sites has resulted in failures to type strains or in mistyping. For example, the accumulation 
of point mutations at the G9 type-specic primer binding site was reported as having an 
impact for the efficient genotyping of rotaviruses (Martella et al., 2004; Santos et al., 2003). 
Moreover, some nucleotide identity between genotypes lead to primer cross-reactivity 
between rotavirus strains as the case of rotavirus G3 and G10 strains using primers 
developed by Gouvea et al. (1990) as discussed previously (Iturriza-Gómara et al., 2004b).  

In order to overcome this problem, a modified classification system for VP4, VP7, and NSP4, 
and a novel classification system for VP1, VP2, VP3, VP6, NSP1, NSP2, NSP3, and NSP5/6 
were proposed to be used for international standardization and implementation 
(Matthijnssens et al., 2008a, 2008b). 

Actually, VP4 and VP7 are the main targets for vaccine development strategies. In the 
present review we will focus on the diversity of VP7 among rotavirus strains and the effect 
of this variability upon vaccine development.   

Similar to most of the group A rotaviruses, the VP7 nucleotide sequence is 1062 nucleotides 
long. The ORF starts at nucleotide 49 with an AUG (ATG) start codon and ends at 
nucleotide 1029 with a UAG (TAG) termination codon, comprising 981 nucleotides (Estes & 
Cohen, 1989; Bellamy & Both, 1990). 

The gene segment coding for the VP7 glycoprotein is the basis for genotyping group A 
rotaviruses into at least fifteen G-genotypes. Studies of intragenotype diversity led to 
subdivision of the G genotypes into several lineages (two major lineages, designated I and 
II) and sublineages, distinctly identied by unique genomic as well as epidemiological 
features. Lineage I was further subdivided into four sublineages, Ia–Id.  

Genotypes G1, G2, G3, G4 and G9 are the most common G-types in humans (Gentsch  et al., 
1996; Liprandi  et al., 2003; Martella et al., 2003; Okada et al., 2000; Rao et al., 2000; Sereno & 
Gorziglia, 1994). Nevertheless, over past decades, type G1 rotaviruses have been the most 
widespread genotype causing acute gastroenteritis in children from many countries 
covering all continents of the world (Santos & Hoshino, 2005). Type G2 rotavirus represents 
a different genogroup which appears to have a cyclic pattern of occurrence and yet little 
information is available about its genetic variability. Type G3 rotavirus have been found in a 
broad range of host species, including humans, monkeys, dogs, cats, horses, rabbits, mice, 
sheep and pigs (Martella et al., 2001; Andrej et al., 2008;  Hoshino et al., 1984; Paul et al., 



 
Point Mutation 

 

138 

1988; Fitzgerald et al., 1995). The G9 rotavirus was first reported in the United States in the 
early 1980s (Clark et al., 1987). It represents the fifth most common G genotype of rotavirus 
infections throughout the world (Gentsch et al., 2005; Santos & Hoshino, 2005, Khamrin et 
al., 2006). 

3. Rotavirus vaccines 
3.1 Monovalent animal and human rotavirus vaccines 

Monovalent animal rotavirus vaccines. Research to develop a safe, effective rotavirus vaccine 
began in the mid-1970s, when investigators demonstrated that previous infection with 
animal rotavirus strains protected laboratory animals from experimental infection with 
human rotaviruses (Zissis et al., 1983). Researchers thought that live animal strains that were 
naturally attenuated for humans, when given orally, might mimic the immune response to 
natural infection and protect children against disease. Three nonhuman rotavirus vaccines, 
two bovine rotavirus strains, RIT 4237 (P6[1]G6) and WC3 (P7[5]G6), and a simian (rhesus) 
rotavirus reassortant vaccine (RRV) strain (P[3]G3), were studied (Christy et al., 1988; Clark 
et al., 1988; Vesikari et al., 1984). These vaccines demonstrated variable efcacy in eld trials 
and gave particularly disappointing results in developing countries (Hanlon et al., 1987; 
Lanata et al., 1989; Penelope, 2008). Another monovalent, ovine strain vaccine produced by 
the Lanzhou Institute and licensed in China in 2000 (Lanzhou lamb rotavirus vaccine (LLR);  
P[12], G10) was available in some parts of China (World Health Organization [WHO], 2000). 
Few data are available about the effectiveness of this vaccine and it was not included in 
national immunization programs in China or elsewhere. Finally, monovalent animal strain 
vaccines have been mostly abandoned. 

Monovalent human rotavirus vaccines. Rotarix®, developed by GlaxoSmithKline Biologicals, 
Belgium, is a monovalent, P1A[8] G1 rotavirus derived from a human G1 strain (89-12) that 
yielded high efficacy in early trials in the US and Finland (Bernstein et al., 2002). Its Efficacy 
has been confirmed in many countries (Ruiz-Palacios et al., 2006; De Vos et al., 2004).  

RV3 neonatal strain vaccine, a P2A[6] G3 strain, was first isolated from newborns at the 
Children’s Hospital in Melbourne, Australia (Barnes et al., 1997). Neonates infected with this 
rotavirus strain in hospital nurseries usually were asymptomatic and were later protected 
against severe disease in early childhood. However, serum immune responses were poor 
(Das et al., 1993a). Many attempts were undertaken to increase the titer of this vaccine and 
return to clinical trials. 

Another two Indian neonatal strain vaccines 116E and I321 were proposed as candidate 
vaccines (Das et al., 1993a, 1993b; Iturriza-Gómara et al., 2004a). Both strains are in 
preclinical development and human trials are being planned in India, but with the new 
finding of I321-like strains causing disease in children, both careful epidemiological studies 
and safety monitoring will be essential prior to licensure. 

3.2 Polyvalent rotavirus vaccines 

In view of the inconsistency of protection from monovalent animal rotavirus-based vaccines, 
vaccine development efforts began to use either naturally attenuated human rotavirus 
strains or reassortant rotavirus strains bearing a human rotavirus gene for the VP7 protein 
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together with the other 10 genes from an animal rotavirus strain (Midthun & Kapikian, 
1996). The next generation of vaccines was formulated to include more than one rotavirus G 
serotype to provide heterotypic as well as homotypic immunity. The ability of rotaviruses to 
reassort during mixed infections in vitro allowed the production of reassortant vaccines, 
termed the “modied Jennerian” approach (Kapikian et al., 1996b). Reassortant viruses 
contain some genes from the animal rotavirus parent and some genes from the human 
rotavirus parent. VP7 was thought to be important for protection; therefore, human-animal 
reassortant rotaviruses for use as vaccines included human VP7 genes to provide protective 
immune responses. 

Quadrivalent RRV-based rhesus-human reassortant vaccine. A RotaShield was the rst 
multivalent live oral reassortant vaccine (tetravalent, reassortant rhesus-human rotavirus 
vaccine, [RRV-TV]) contained a mixture of four virus strains representing the most 
commonly seen G types, G1 to G4: three rhesus-human reassortant strains containing the 
VP7 genes of human serotypes G1, G2, and G4 strains were substituted for the VP7 gene of 
the parent RRV, and the fourth strain comprised serotype G3 of rhesus RRV (Kapikian et al., 
1996a). RRV-TV was extensively evaluated in eld trials in the United States, Finland, and 
Venezuela and proved highly effective (80 to 100%) in preventing severe diarrhea due to 
rotavirus in each of these settings (Joensuu et al., 1997; Perez-Schael et al., 1997; Rennels et 
al., 1996; Santosham et al., 1997). Due to the proven efficacy, the RRV-TV vaccine was 
licensed in August 1998 for routine use in children in the United States at 2, 4, and 6 months 
of age (Centers for Disease Control and Prevention [CDCP], 1999b). Later, this vaccine was 
withdrawn from the market in 1999 as a consequence of vaccine-associated intussusception 
in several cases of vaccinated infants (CDCP, 1999a). 

Pentavalent WC3-based bovine-human reassortant vaccine. Rotateq®, manufactured by Merck, 
Inc, USA, is a pentavalent vaccine containing five reassortants representing the common 
human VP7 types, G1-4 and the most common VP4 type, P[8] (CDCP, 2006). A large efficacy 
trial with Rotateq® has been completed, which found 74 and 98% efficacy against all and 
severe disease, respectively and has efficacy against each of the common circulating 
serotypes. Compared with the rhesus reassortants, the bovine-human reassortants appear to 
cause less fever while maintaining immunogenicity (Clark et al., 2004). A large safety trial 
found no evidence of an increased risk of intussusceptions among vacinees compared with 
placebo recipients (Vesikari et al., 2006). 

Both RotaTeq and RotaRix have been shown to be effective against rotavirus gastroenteritis, 
however on March 22, 2010 the Food and Drug Administration (FDA) recommended that 
the use of the Rotarix vaccine be suspended in the United States because of some DNA from 
a porcine (pig) virus (porcine circovirus type 1) detected in the vaccine. Subsequently, some 
DNA from this and another porcine virus were also detected in Rotateq. On May 14, 2010 
the FDA updated their recommendations for the use of rotavirus vaccines based on a review 
of the literature and the input from experts. The RotaTeq vaccine was proven to be effective 
in many countries such as Finland (Vesikari et al., 2010). 

Whatever the type of vaccine and strategy of its development, the introduction of a new 
vaccine faces many hurdles, including cost, production capabilities, safety, and other 
programmatic issues. For rotavirus vaccines, while there is clearly a need, there are also 
additional challenges raised by the emergence of new rotavirus genotypes.   
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1988; Fitzgerald et al., 1995). The G9 rotavirus was first reported in the United States in the 
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al., 2006). 
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rotavirus reassortant vaccine (RRV) strain (P[3]G3), were studied (Christy et al., 1988; Clark 
et al., 1988; Vesikari et al., 1984). These vaccines demonstrated variable efcacy in eld trials 
and gave particularly disappointing results in developing countries (Hanlon et al., 1987; 
Lanata et al., 1989; Penelope, 2008). Another monovalent, ovine strain vaccine produced by 
the Lanzhou Institute and licensed in China in 2000 (Lanzhou lamb rotavirus vaccine (LLR);  
P[12], G10) was available in some parts of China (World Health Organization [WHO], 2000). 
Few data are available about the effectiveness of this vaccine and it was not included in 
national immunization programs in China or elsewhere. Finally, monovalent animal strain 
vaccines have been mostly abandoned. 

Monovalent human rotavirus vaccines. Rotarix®, developed by GlaxoSmithKline Biologicals, 
Belgium, is a monovalent, P1A[8] G1 rotavirus derived from a human G1 strain (89-12) that 
yielded high efficacy in early trials in the US and Finland (Bernstein et al., 2002). Its Efficacy 
has been confirmed in many countries (Ruiz-Palacios et al., 2006; De Vos et al., 2004).  

RV3 neonatal strain vaccine, a P2A[6] G3 strain, was first isolated from newborns at the 
Children’s Hospital in Melbourne, Australia (Barnes et al., 1997). Neonates infected with this 
rotavirus strain in hospital nurseries usually were asymptomatic and were later protected 
against severe disease in early childhood. However, serum immune responses were poor 
(Das et al., 1993a). Many attempts were undertaken to increase the titer of this vaccine and 
return to clinical trials. 

Another two Indian neonatal strain vaccines 116E and I321 were proposed as candidate 
vaccines (Das et al., 1993a, 1993b; Iturriza-Gómara et al., 2004a). Both strains are in 
preclinical development and human trials are being planned in India, but with the new 
finding of I321-like strains causing disease in children, both careful epidemiological studies 
and safety monitoring will be essential prior to licensure. 

3.2 Polyvalent rotavirus vaccines 

In view of the inconsistency of protection from monovalent animal rotavirus-based vaccines, 
vaccine development efforts began to use either naturally attenuated human rotavirus 
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together with the other 10 genes from an animal rotavirus strain (Midthun & Kapikian, 
1996). The next generation of vaccines was formulated to include more than one rotavirus G 
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the parent RRV, and the fourth strain comprised serotype G3 of rhesus RRV (Kapikian et al., 
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of age (Centers for Disease Control and Prevention [CDCP], 1999b). Later, this vaccine was 
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Pentavalent WC3-based bovine-human reassortant vaccine. Rotateq®, manufactured by Merck, 
Inc, USA, is a pentavalent vaccine containing five reassortants representing the common 
human VP7 types, G1-4 and the most common VP4 type, P[8] (CDCP, 2006). A large efficacy 
trial with Rotateq® has been completed, which found 74 and 98% efficacy against all and 
severe disease, respectively and has efficacy against each of the common circulating 
serotypes. Compared with the rhesus reassortants, the bovine-human reassortants appear to 
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Both RotaTeq and RotaRix have been shown to be effective against rotavirus gastroenteritis, 
however on March 22, 2010 the Food and Drug Administration (FDA) recommended that 
the use of the Rotarix vaccine be suspended in the United States because of some DNA from 
a porcine (pig) virus (porcine circovirus type 1) detected in the vaccine. Subsequently, some 
DNA from this and another porcine virus were also detected in Rotateq. On May 14, 2010 
the FDA updated their recommendations for the use of rotavirus vaccines based on a review 
of the literature and the input from experts. The RotaTeq vaccine was proven to be effective 
in many countries such as Finland (Vesikari et al., 2010). 

Whatever the type of vaccine and strategy of its development, the introduction of a new 
vaccine faces many hurdles, including cost, production capabilities, safety, and other 
programmatic issues. For rotavirus vaccines, while there is clearly a need, there are also 
additional challenges raised by the emergence of new rotavirus genotypes.   
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4. The prevalence of uncommon G-type rotaviruses and challenges for 
vaccine development 
Genetic variability has been observed for all RNA viruses examined, and their potential for 
rapid evolution is increasingly recognized as the basis of their ubiquity and adaptability 
(Holland et al., 1992; Kilbourne, 1991). The molecular mechanisms underlying RNA virus 
variations are: mutation, homologous and non homologous recombinations, and genome 
reassortment in viruses with a segmented genome such as reoviruses. The genetic evolution 
of viruses is an important aspect of the epidemiology of viral diseases and sometimes causes 
problems in the development of successful vaccines. 

The effectiveness of rotavirus vaccines will be dependent upon the immunity conferred 
against prevalent and emergent variants causing severe diarrhoeal disease. The global effort 
toward the prevention of rotavirus disease to be successful, special efforts will be required 
in countries where new genotypes were detected such as G5, G6, G8, G10, G11, and G12 
(Figure 1). Nucleotide analysis using CLUSTAL X (version 1.8) of VP7 gene of these 
uncommon rotaviruses showed high degree of variability with the common G-type viruses 
(Figure 2). Genomic similarities between rotaviruses from different animal species are 
regarded as evidence of interspecies transmission of rotaviruses that may occur as a whole 
virion or genetic reassortment. The high variability of viral sequences due to genetic 
reassortment and nucleotide substitution are considered the most important mechanisms of 
evolution for rotaviruses. The antigenic variation within a serotype was known as a 
mechanism by which variants of rotavirus emerge to escape host immunity. This variability 
represents considerable potential for impaired vaccine efficacy.  

The available information in literature showed that type G5 rotavirus is an important and 
commonly detected pathogen of swine and has also been identified in equine (Kapikian et 
al., 2001). However, in 1994, Gouvea and collaborators first demonstrated the occurrence of 
rotavirus genotype G5 among Brazilian children with diarrhea (Gouvea et al., 1994; 
Timenetsky et al., 1997). The detection of rotavirus G5 among children with diarrhea has 
also been reported in Argentina and Paraguay, indicating the spread of this virus across 
South America (Coluchi et al., 2002; Bok et al., 2001). In addition, the detection of type G5 
rotavirus was reported in Cameroon (Esona et al., 2004). Another genotypes, type G6 and 
G10 strains have been isolated from humans (Dunn et al., 1993; Gerna et al., 1992, 1994; 
Armah et al., 2010). Although type G6 is the commonest rotavirus G type found in cows and 
at low frequency in sheep and goats (Kapikian et al., 2001), it was detected from hospitalized 
children with acute gastroenteritis in Italy during 1987–1988 (Gerna et al., 1992), Australia 
(Palombo & Bishop, 1995; Cooney et al., 2001), India (Kelkar & Ayachit, 2000), USA (Griffin 
et al., 2002), Belgium (Rahman et al., 2003), and Hungary (Banyai et al., 2004; Banyai et al., 
2003). Type G8 virus, which can be found in cows at relatively high frequency (Kapikian et 
al., 2001), was first isolated in a study performed between 1979 and 1981, from stool 
specimens collected from children with diarrhea in Jakarta and Medan (Indonesia) 
(Hasegawa et al., 1984), Kenya (Nokes et al., 2010), and other countries such as Finland, 
Italy, Nigeria, Brazil, Malawi, South Africa, Egypt, Australia, the United States, and the 
United Kingdom (Adah et al., 1997, 2001; Cunliffe et al., 1999; Cunliffe et al., 2000; Gerna et 
al., 1990; Holmes et al., 1999; Palombo et al., 2000; Parwani et al., 1993; Rao et al., 2000; 
Santos et al., 1998; Steele et al., 1999). Type G11 rotaviruses are believed to be circulating in 
pigs, albeit in low numbers mainly in Mexico in 1983 and in Venezuela in 1989 (Ciarlet et al., 

Recombination and Point Mutations in  
Type G Rotavirus Strains: The Challenges of Vaccine Development  

 

141 

1994; Ruiz et al., 1988). Later, several reports have described the detection of G11 rotavirus 
strains from humans in India (Banerjee et al., 2007), Bangladesh (Rahman et al., 2005a; 
Rahman et al., 2007), Nepal (Uchida et al., 2006), Ecuador (Banyai et al., 2009), and South 
Korea (Hong et al., 2007). Type G12 rotavirus was detected in stool specimens collected from 
children with diarrhea in the Philippines (Taniguchi et al., 1990), Thailand (Pongsuwanna et 
al., 2002), USA (Griffin et al., 2002), India (Das et al., 2003), Japan (Shinozaki et al., 2004), 
Korea (Cheon et al., 2004), Argentina (Castello et al., 2004), Malawi (Cunliffe et al., 2009), 
and Saudi Arabia (Kheyami et al., 2008). Type G12 has not been detected in animals other 
than humans. 

Furthermore, recombination between human and animal rotavirus constitutes another 
challenge for vaccine development. Many G-type rotaviruses are considered to be 
reassortants between human and bovine viruses such as the case of G8 rotaviruses 
(Browning et al., 1992; Ohshima et al., 1990; Adah et al., 2003). Reassortment among bovine, 
porcine and human rotavirus strains was also reported (Park et al., 2011).  

Other important issues need to be discussed concerning the potential that the vaccine strains 
themselves may either cause disease or reassort with wild-type rotavirus to produce a 
virulent strain as reported for RotaTeq reassortant strain in association with acute 
gastroenteritis (Payne  et al., 2010). In addition, the predominance of G2 rotaviruses in Brazil 
following the introduction of Rotarix (Gurgel et al., 2007; Nakagomi & Nakagomi, 2009) and 
the predominance of G3 rotaviruses after vaccine introduction in USA after a Surveillance 
From 2005 to 2008 (Hull et al., 2011) may enhance the study the effectiveness of the available 
vaccines and the growing need to evaluate their use. 

 
Fig. 1. Distribution of uncommon rotavirus genotypes in the world. The countries where the 
uncommon rotavirus genotypes were detected are shown by arrows.  
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Fig. 2. Nucleotide analysis of rotavirus genotypes. Points indicated no nucleotide change. 
Nucleotide difference was shown by alphabetical marks. The start codon was underlined at 
position 49.  

In addition, there is evidence of intragenic recombination in rotavirus VP7 genes. The 
existence of intragenic recombinations between interlineage and intersublineage in G1 
rotaviruses was demonstrated (Tung et al., 2007). This variability has led to nucleotide 
mismatches between the actual VP7 gene and primers and consequently a failure on the 
detection of the G1 strains (Parra & Espinola, 2006). Other studies have reported the 
detection of possible new distinct sublineages for G2 genotype (Mascarenhas et al., 2010). 
Recombination between human rotaviruses and animal rotaviruses were well recognized in 
G3 rotaviruses (Nishikawa et al., 1989) and the genetic variation in their VP7 gene was 
reported in China and Japan accompanied with change also on the amino acid level (Wen et 
al., 1997). In addition, it has been postulated that amino acid substitutions at positions 96 
and 213 might be involved in the emergence of G3 rotavirus strains in Japan, China, and 
Russia from 2001 to 2004 (Trinh et al., 2007). The diversification of rotavirus strains in 
phylogenetic lineages in G9 strains was reported previously (Santos et al., 2002; Hoshino et 
al., 2004; Cao et al., 2008; Pattara et al., 2009). Although one amino acid change at position 
208 in an antigenic region C of G9 rotaviruses VP7 gene was reported, it is not clear whether 
this change affected the nature of the viruses in terms of antigenicity, infectivity or 
pathogenicity.  

5. Conclusion  
As a conclusion, the use of vaccines with broad and consistent serotype coverage would be 
important to help decrease the burden of rotavirus in countries with new emergent 
genotypes. The emergence of new rotavirus strains stresses the importance of a better 
knowledge of their genotypes and their mechanisms of transmission. Hence the importance 
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genotypes. The emergence of new rotavirus strains stresses the importance of a better 
knowledge of their genotypes and their mechanisms of transmission. Hence the importance 
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of setting up a vaccine design strategy as well as surveillance programs that should detect 
the diversity of rotavirus strains before, during and after the introduction of a rotavirus 
vaccine (Palombo, 1999) in order to detect the possible appearance of a mutants escape 
strains that probably reect a selective pressure induced by the vaccine and eventually may 
pose a challenge to vaccine strategies. Further studies need to be carried out in order to 
elucidate the mechanism(s) behind the genetic recombination of rotaviruses and the 
emergence of new genotypes.  
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1. Introduction 
The arenaviruses are part of a growing viral family denominated Arenaviridae. Currently, 
there are 22 recognized members (Salvato et al., 2005), listed in Table 1. Based on the 
geographic origin and distribution of their hosts, the arenaviruses can be classified in two 
groups: the New World Arenaviruses (NWA) and the Old World Arenaviruses (OWA). The 
first group comprised native American arenaviruses, while the Old World group is 
conformed by African viruses and the ubiquitous Lymphocytic Choriomeningitis virus 
(LCMV). This geographic distribution is determined by the species host range, with LCMV 
as the only one arenavirus with a worldwide distribution, mainly because Mus musculus is 
its rodent reservoir. Specific members of Neotominae and Sigmodontinae from the Cricetidae 
rodent’s family are the principal hosts for the New World Arenaviruses (Cajimat et al., 2007). 
From these 22 recognized species, only 6 were consistently detected in humans and were 
related to a set of clinical symptoms that allowed to establish the description of a disease: 
Lymphocytic Choriomeningitis (LCM, caused by LCMV), Lassa Fever (LF caused by LASV), 
Argentine Hemorrhagic Fever (AHF, caused by JUNV), Bolivian Hemorrhagic Fever (BHF, 
caused  by MACV), Venezuelan Hemorrhagic Fever (VHF, caused by GTOV), and Brazilian 
Hemorrhagic Fever (BrHF, caused by SABV). The physiopathology of the hemorrhagic 
fevers produced by NWA is very similar. AHF and BHF were described in the middle of the 
twentieth century. GTOV was isolated from humans during an epidemic outbreak (at first 
mistaken for hemorrhagic dengue) that happened in Venezuela (Salas et al., 1991). Because 
GTOV and PIRV share the same (geographic) area, different studies were made with the aim 
of predicting a re-emergence of a Venezuelan hemorrhagic fever variant (Cajimat & 
Fulhorst, 2004). The Brazilian hemorrhagic fever was established from a human fatal case, 
isolating the SABV (Lisieux et al., 1994). Recently, a serological screening for arenavirus 
among the population of Nova Xavantina, State of Mato Grosso in Brazil, show that 1,4% of 
the serum samples presented antibody titers against arenavirus (Machado et al., 2010). 

In 2003 a hemorrhagic fever case was reported in Bolivia, and after an exhaustive analysis a 
new virus, denominated Chapare, was described (Delgado et al., 2008). On the other side, in 
the year 2000, another three isolated cases were reported, one of them, related to WWAV, 
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among the population of Nova Xavantina, State of Mato Grosso in Brazil, show that 1,4% of 
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In 2003 a hemorrhagic fever case was reported in Bolivia, and after an exhaustive analysis a 
new virus, denominated Chapare, was described (Delgado et al., 2008). On the other side, in 
the year 2000, another three isolated cases were reported, one of them, related to WWAV, 
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was a classical hemorrhagic fever (CDC, 2000), while the others, related to TCRV and FLEV, 
were mild feverish illness in laboratory workers (Charrel et al., 2008).  
 

Virus Acronym Evolutionary 
Lineage Distribution Reservoir Human 

Disease 
Flexal FLEV NWA-A Brazil Oryzomys spp. LM 

Pichindé PICV NWA-A Colombia O. albigularis NR 
Paraná PARV NWA-A Paraguay O. buccinatus NR 

Allpahuayo ALLV NWA-A Perú Oecomys bicolor NR 
Pirital PIRV NWA-A Venezuela Sigmodon alstoni NR 
Junín JUNV NWA-B Argentina C. musculinus SD 

Machupo MACV NWA-B Bolivia C. callosus, C. laucha SD 
Guanarito GTOV NWA-B Venezuela Z. brevicauda SD 

Sabia SABV NWA-B Brazil Unknown LS 
Chapare - NWA-B Bolivia Unknown LS 
Pinhal - NWA-B Brazil Calomys tener NR 

Tacaribe TCRV NWA-B Trinidad Artibeus spp. LM 
Cupixi CPXV NWA-B Brazil O. capita NR 

Amapari AMAV NWA-B Brazil O. capita-N. guianae NR 
Oiveros OLVV NWA-C Argentina Bolomys obscurus NR 
Pampa - NWA-C Argentina Bolomys sp. NR 
Latino LATV NWA-C Bolivia Calomys callosus NR 

Río Carcarañá - NWA Argentina Bolomys obscurus NR 
Catarina - NWA-RecA/B USA, Texas Neotoma micropus NR 

Skinner Tank - NWA-RecA/B USA, Arizona Neotoma mexicana NR 
North American - NWA-Rec A/B USA Neotoma mexicana NR 

Withewater 
Arroyo WWAV NWA-RecA/B USA, Southwest N. albigula, N. mexicana LS 

Tamiami TAMV NWA-RecA/B USA, Florida Sigmodon hispidus NR 
Bear Canyon BCNV NWA-RecA/B USA, California Peromyscus sp. NR 

Big Brushy Tank - NWA-Rec A/B USA   
Tonto Creek - NWA-Rec A/B USA   

LCM LCMV OWA All world Mus musculus MD 

Lassa LASV OWA 
Nigeria, Ivory 
Coast, Guinea, 
Sierra Leone 

Mastomys sp. SD 

Mopeia MOPV OWA Mozambique Mastomys natalensis NR 

Mobala MOBV OWA Central African 
Republic Praomys sp. NR 

Ippy IPPYV OWA Central African 
Republic Arvicanthis sp. NR 

Dandenong - OWA Australia Unknown LM 
Kodoko - OWA Guinea Mus Nannomys minutoides NR 

Morogoro - OWA Tanzania Mastomys sp. NR 
Lujo - OWA South Africa Unknown LS 

SD: Severe disease; MD: Mild disease; LS: Limited and severe disease; LM: Limited and mild disease; 
NR: not reported; OWA: Old World Arenavirus; NWA: New World Arenavirus; thereafter is indicated 
the lineage in which the New World members are classified: A, B, C and Rec A/B. The countries are 
listed based on viral isolation and not serology data. Table modified from Charrel & de Llambarie, 2003 
and Charrel et al., 2008. 

Table 1. Arenaviridae family members list. 
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Fig. 1. Geographic distribution of New World Arenaviruses. The black points indicate those 
viruses not described as human pathogens, while the red points indicate the known pathogens 
that cause the different American hemorrhagic fevers. After each viral acronym, the year of 
isolation or description is added. The viruses identified after the year 2000 are shadowed in 
green, while those isolated in the past century’s ´90s decade are in violet. The virus acronyms 
are indicated in Table 1, with the exception of the following: ChapV (Chapare), PamV 
(Pampa); RíoV (Río Carcarañá); PinhV (Pinhal); CatV (Catarina); NortAmV (North American); 
BigBTV (Big Brushy Tank); TontCV (Tonto Creek); and SkinTV (Skinner Tank), because they 
were not yet included as recognized arenavirus member. 

In the course of the year 2008 the Dandenong virus was characterized, isolated from a 
transplanted patient, showing a high homology with LCMV (Palacios et al., 2008).  In that 
same year an outbreak of human nosocomial disease was reported in South Africa, with a 
high mortality rate (80%) and whose etiological agent was later characterized as an 
arenavirus. After 30 years, a new emerging member of the OWA group that caused a 
hemorrhagic fever (Briese et al., 2009) was discovered. This virus was denominated Lujo 
virus, because the places where the first patients came from, the cities of Lusaka and 
Johannesburg. As can be seen in Figure 1, there is an evident increase in the information 
about arenavirus circulation in different places, with surprising findings in North America. 
Probably, their description is due to the active rodent capture program in different regions 
of USA and the search for arenaviral sequences by molecular techniques (with or without 
viral isolation). Most of these viruses still have to undergo taxonomic classification. 

The LCM virus, detected in humans and rodents (Armostrong & Sweet, 1939; Lepine et al., 
1937; Rivers & Scott, 1935), is the causative agent of lymphocytic choriomeningitis and 
although it was associated to aseptic meningitis their infections in humans are unapparent 
in most cases. This virus has been a very important tool in the description of immunological 
mechanisms (Oldstone, 1987a, 1987b). The other arenaviruses, with the exception of LCMV, 
are found in restricted areas around the world. In fact, LCMV was also isolated in the AHF 
endemic region (Maiztegui et al., 1972; Sabattini, 1977), where other arenavirus isolations  
were made, including OLVV and PamV which could be a variety of the same viral species. 
Another yet not completely characterized virus isolated in the AHF endemic area was 
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are found in restricted areas around the world. In fact, LCMV was also isolated in the AHF 
endemic region (Maiztegui et al., 1972; Sabattini, 1977), where other arenavirus isolations  
were made, including OLVV and PamV which could be a variety of the same viral species. 
Another yet not completely characterized virus isolated in the AHF endemic area was 
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denominated Río Carcarañá, and from the sequence data it could be a product of a 
recombination event between arenaviruses from lineages B and C. The arenavirus 
hemorrhagic fevers are characterized by a disease that develops in well-defined phases: 
prodromal, neurologic-hemorrhagic and convalescent (Enría et al., 2004), with a short 
incubation period, high fever, headaches and a set of specific symptoms that depend on the 
arenavirus species related with the infection. The principal characteristics of the arenaviral 
hemorrhagic fevers are indicated in Table 2. 

 
Agent (Virus) Pathological Characteristics 

Old World 
Lassa 

Incubation: 3 to 21 days. Fever, headaches, myalgia, backaches, trembling and 
sickness. Generalized infection: hemorrhagic dissemination of the virus to several 
organs and systems via bloodstream, lymphatic system, respiratory and digestive 
tract. Black vomit, aqueous diarrhea (dehydration), decrease in quantity of 
lymphocyts and platelets, mild thrombocytopenia, abdominal, pleuritic and 
hepatic area pain. Extensive reticuloendothelial compromise: capillary injuries 
causing stomach, small intestine, kidneys, lungs and brain bleeding. Multifocal 
hepatocellular necrosis with Councilman-like bodies, hepatocites citoplasmatic 
degeneration and minimal inflammatory response. Adrenal focal necrosis and 
citoplasmatic inclusions. 
Respiratory system: interstitial pneumonia, cough, dyspnea, bronchitis, 
pneumonia and pleurisy. Cardiovascular system: pericarditis, tachycardia, 
bradycardia, hypertension, hypotension, thrombocytopenia, leukopenia and 
hiperuraemia, lymphadenopathy, elevated aminotransferases, decreased 
prothrombin levels, disorder of blood circulation and bleeding through the skin, 
lungs, gastrointestinal tract and other membranes mucosa. Nervous system: 
encephalitis, meningitis, uni- or bilateral hearing decrease, or convulsions. 

New World 
Junín 
Machupo 
Guanarito 
Sabiá 

Incubation: 6 to 14 days. First 4: decaying, fever, anorexia, nausea and vomiting, 
headaches and myalgia. Second stage: acute hemorrhagic syndrome (epistaxis and 
hematemesis, Melcom & Herskovits, 1981), or acute neurologic syndrome (Rugiero 
et al., 1960). General: malaise, high fever, severe myalgia, anorexia, back pain, 
abdominal tenderness, conjunctivitis, retro-orbital pain, photophobia, and 
constipation.  
Acute phase of infection: lymphomonocytes periferic blood viral active replication 
(Ambrosio et al., 1986). Oropharyngeal enanthem. Gums swollen, congested and 
bleeding (gingival border). Proteinuria high dehydration and hemoconcentration. 
In women, early menorrhagia. Multifocal hepatocellular necrosis with formation 
of Councilman-like bodies, nuclear pyknosis, cytoplasmic eosinophilia, cytolysis, 
inflammation and a mild cellular infiltration composed of mononuclear cells and 
neutrophils. Kidney damage: distal tubular cells and collecting ducts. Glomeruli or 
proximal tubules (Cossio et al., 1975). In a few cases the presence of renal failure 
was described (Agrest et al., 1969). Cardiovascular system: postural hypotension 
and relative bradycardia, arrhythmias are transient and benign. Different degrees 
of dehydration, uremia, proteinuria, hematuria and oliguria. 
Respiratory: dry cough, without sore throat. Pharyngeal enanthem broncho-
pulmonary unchanged. Interstitial pneumonia or bronchial, pulmonary edema 
and hemorrhage. 

Table 2. Arenaviral hemorrhagic fevers pathological characteristics. The principal pathological  
characteristics caused by Old World Arenaviruses (LASV, Lassa Fever), and New World 
Arenaviruses (JUNV, Argentinean Hemorrhagic Fever; MACV, Bolivian Hemorrhagic Fever; 
GTOV, Venezuelan Hemorrhagic Fever; SABV, Brazilian Hemorrhagic Fever) are listed. 
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As previously described, Argentine hemorrhagic fever (AHF) is a severe endemoepidemic 
disease characterized by vascular, renal, hematological, neurological, and immunological 
alterations with a mortality of 15 to 30% in untreated individuals. Since the disease was first 
recognized, annual outbreaks have occurred without interruption, principally in autumn 
and winter (Ambrosio et al., 2006). In Figure 3 it is possible to see the number of notified and 
confirmed cases until 2008 (Enría et al., 2008; Iserte et al., 2010). In this figure, the black arrow 
indicates the start of vaccination of the population at risk at the endemic area, reflecting the 
decrease in the AHF annual case numbers. The vaccine efficacy for the 1992-2000 periods 
was estimated in a 98% (AHF National Control Program, 2007). 

 
The arrow indicates the start of vaccination. 

Fig. 3. AHF notied and conrmed cases (1958–2006). 

The attempts to obtain a vaccine against AHF started in 1959. A collaborative effort 
conducted by the US and Argentine Governments led to the production of a live attenuated 
Junin virus vaccine. After rigorous biological testing in rhesus monkeys, the highly 
attenuated Junin virus variant, named Candid#1, was used in human volunteers, followed 
by an extensive clinical trial in the AHF endemic area. (Barrera Oro & Eddy, 1982, Maiztegui 
et al., 1987). The vaccination consists in the administration of JUNV Candid#1 to generate 
the protective immune response. The diagram with the passage history in different systems 
until the attenuated strain was obtained can be observed in Figure 4. Records of the passage 
history of the XJ strain come from the Yale Arbovirus Research Unit, Connecticut, USA (J. 
Casals) and USAMRIID, Frederick, Maryland, USA (J. G. Barrera Oro). The phase I and II 
clinical studies were made between 1984 and 1988 in Argentine and USA. After these 
studies it was shown that Candid#1 is innocuous, because none of the inoculated volunteers 
presented alterations and the immunogenicity was demonstrated in 90% of the cases. Since 
2005 the vaccine is being produced in the National Institute of Viral Human Diseases 
(INEVH) located in Pergamino city, Argentina.  

For other arenaviruses, was not yet possible to obtain an effective vaccine to prevent the 
disease. This would be especially important for Lassa fever, which is endemic in West Africa 
with up to 500.000 reported cases (Ogbu et al., 2007).  In the effort to make an efficient 
vaccine to combat Lassa fever in Africa, several strategies were applied. One of them, is 
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based upon generation of a reassortant virus that contains a genomic segment from Mopeia 
virus (non pathogenic) and the other segment from Lassa virus (Lukashevich et al., 2005). 
The obtained results are promising, but still have to demonstrate coverage of all natural 
variants of Lassa virus to ensure the protective capacity of a vaccine. 

 
Fig. 4. Passage history of Junín virus, strain Candid#1.  The genealogical relationships of the 
studied Junín virus strains are shown by arrows. The XJ strain was subjected to two 
passages in guinea-pigs (GP2) and 43 passages in mouse brain (MB43). Passage number 43 
was amplified by one round of mouse brain injection (XJ#44). This brain homogenate was 
used to infect FRhL-2 cells. After 12 passages, one pseudo single burst growth was carried 
out, followed by cloning using two limiting dilution steps. After one amplification round, 
master and secondary seeds were obtained. The vaccine stock (Candid#1) was obtained by 
single amplification of the secondary seed. The lethality index was calculated as log10 p.f.u. 
that produce one LD50 (±1 SD) by intracerebral inoculation of mice (Parodi et al., 1958). 

2. Molecular features of arenaviruses 
All arenaviruses shared morphological and biochemical properties. They are enveloped and 
their genome is composed of bipartite RNA (Martínez Segovia & Grazioli, 1969; Riviere et 
al., 1985b). These RNAs are single-stranded and posses an approximate length of 7 kb (L 
RNA) and 3,5 kb (RNA S). The lipid envelope contains two viral glycoproteins, G1 and G2, 
inside of the virion there are three other arenavirus proteins, denominated N, Z and L. The 
majority of N protein is associated to the viral RNAs forming the nucleocapsids. The second, 
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a protein of 11 kDa, is denominated Z because it has a Zinc finger structural motif and could 
be the counterpart of the matrix proteins of other RNA viruses (Pérez et al., 2003). 
Furthermore, all virions contain a minimal proportion of a RNA dependent RNA 
polymerase, denominated L protein. 

Each RNA segment directs the synthesis of two proteins; their open reading frames are 
arranged in opposite orientations (ambisense coding strategy) and are separated by a non-
coding intergenic region that folds in a stable secondary structure (Auperin et al., 1984). 
Furthermore, the ends of both genomic RNAs are complementary. The first 19 nucleotides at 
the 3' end base-pair with the complementary sequence at the 5' end forming a panhandle 
structure, which is conserved among the arenaviruses. The S RNA codes for the major 
structural proteins of the virion: the precursor of the envelope glycoproteins (GPC) and the 
viral nucleocapsid protein (N). Posttranslational cleavage of GPC renders a signal peptide 
(SP) and the two viral glycoproteins (G1 and G2). The L RNA segment codes for the viral 
RNA dependent RNA polymerase (L) and the small protein (Z). N and L proteins are 
translated from anti-genome-sense mRNAs, complementary to the 3’ portion of the viral S 
or L RNA, respectively. The GPC and Z proteins are translated from viral or genome-sense 
mRNAs corresponding to the 5’ region of the viral S or L RNA, respectively. 

The secondary and tertiary structures present in the viral genomic RNAs play an essential 
regulatory role during the transcription, translation and assembly of new viral particles 
(Álvarez et al., 2005). The intergenic region in both genomic fragments is arranged into a 
stable hairpin loop structure, which is crucial in the regulation between transcription and 
replication of the viral genome (Tortorici et al., 2001b), while the panhandle structure at the 
ends of the genomic RNAs, could act as a promoter initiating replication, as occurs in 
Flavivirus (Álvarez et al., 2005; Pérez & de la Torre, 2003; Salvato & Shimomaye, 1989). 

In Figure 5, the morphological characteristics of the arenavirus  particles are shown. They 
are pleomorphic with a diameter of 50 to 300 nm (Dalton et al., 1968; Gschwender et al., 1975; 
Murphy et al., 1968, 1970; Murphy & Whitfield, 1975; Ofodile et al., 1973; Speir et al., 1970). 

Once the virus enters the cell the ribonucleoproteins are released into the cytoplasm, and, 
transcription and replication are mediated by the L protein within the cytoplasm. The 
glycoproteins and Z are co-translated and processed in the ER and Golgi, while the N, and L 
proteins are translated on free ribosomes. Virus assembly initiates at the Golgi or plasma 
membrane. The N and L mRNAs are transcribed from the RNA S or L 3´ end, respectively. 
On the contrary, the GPC and Z mRNAs are transcribed from the 3’ end of the antigenomic 
S or L RNA. These processes and mechanisms are detailed in Figure 6.  

The genomic S RNA is transcribed to only two antigenomic forms: the 1,8 kb N mRNA and 
the 3,4 kb full length antigenomic S RNA. This antigenomic S RNA serves as the replicative 
form of the virus and also as the template for GPC mRNA transcription. When translation is 
inhibited, transcription of Junín virus S RNA yields only the N mRNA. Apparently, the non-
coding intergenic region form a secondary very stable hairpin loop acting as a transcription 
terminator (Franze Fernández et al., 1987; Ghiringhelli et al., 1991; Tortorici et al., 2001a). This 
implies that the synthesis of a full length antigenomic copy of S RNA requires an 
antiterminator. This function is supplied by the N protein (Tortorici et al., 2001a). 
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Fig. 5. Arenavirus viral particle.A. Virion structure diagram. The arenavirus particles have a 
lipid bilayer envelope (red lines), with envelope glycoprotein’s (G1 and G2), and internal 
components that include two circular nucleocapsids with bead aspect, associated to the viral 
polymerase (L), cellular messengers and ribosomes. The nucleocapsids contain RNAs S and 
L and proteins (N, in several copies and L in few copies). The Z protein is found associated 
to the bilayer by the inner face. B. Electronic micrograph of a section showing a virion 
budding from an infected Vero cell. The viral envelope is more dense and different to the 
host cell membrane. The ribosomes are presents in the budding particle (173.000 X, Murphy 
et al., 1968). C. Electronic micrograph of Junín virus particles in the extracellular space on the 
periphery of infected Vero cells (95.000 X). The particles are constituted by a heavy 
membrane envelope, containing several dense granules of 20 to 25 nm (Murphy et al., 1970). 

The glycoprotein precursor is processed into 3 peptides: the peripheral protein G1, the trans-
membrane G2 and the signal peptide (Buchmeier & Oldstone, 1979; York et al., 2004). Due to 
their characteristics, G1 is the protein that interacts with the cellular receptor. The Old 
World and C clade of New World arenaviruses share the same cellular receptor, the -
distroglycan (Cao et al., 1998; Spiropoulou et al., 2002). Later, it was found that for clade B of 
the New World arenaviruses, the receptor is a protein: the transferrin 1 receptor (TfR1, 
Radoshitzky et al., 2007).  

The arenavirus nucleoprotein has a weight of 63kDa and constitutes the principal 
component of the nucleocapsid, being the most abundant protein in the virion (near to 70%). 
This protein presents a dual function: structural and non-structural. On one side, it is 
involved in essential genome replication steps promoting the synthesis of the full length 
antigenomic segments, and on the other side it is associated to the viral genome to form the 
nucleocapsid. For that, the determinations of N-RNA interactions are very interesting study 
targets. Among the N described motifs, there is one RING finger domain whose folding 
requires zinc (Tortorici et al., 2001b). There is one conserved region between amino acids 497 
and 530 (C497X2H500X23C525X4C530, Parisi et al., 1996) and their function was experimentally 
studied (Tortorici et al., 2001b). These results confirm the identity of the domain and also  
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Fig. 6. Arenavirus replication/transcription strategy. The S and L genomic segments are 
schematized as horizontal rectangles. The ORFs that present a genomic or viral polarity (GPC 
and Z) are violet, while the antigenomic or viral complementary genes (N and L) are in green. 
The intergenic region (IGR) and untranslated terminal regions (UTR) are shown in gray. A. S 
RNA replication/transcription diagram. B. L RNA replication/transcription diagram. 

showed the possibility of the presence of other motifs that enhance this activity. Another 
important functional aspect of the N protein is its capacity to avoid elimination by the 
adaptative immune response of the host. It was demonstrated that in LCMV infections, N 
inhibits the response by β-interpheron production interference (Martínez-Sobrido et al., 2006). 

The major ORF in the virus genome corresponds to the RNA dependent RNA polymerase 
denominated L protein. In the virion, this protein is associated to the viral nucleocapsid 
forming the ribonucloeprotein complex, and posseses the sequence motifs characteristically 
conserved between the RNA dependent RNA polymerases of the negative-stranded RNA 
viruses. The polymerase activity requires oligomerization through the formation of a L-L 
complex that is essential for the enzymatic function (Sánchez & de la Torre, 2005). Because 
of its size this protein is the target for different mutations that affect its capacity to different 
extents. 

Finally, the smaller protein of this viral family is denominated Z protein. The role of Z in the 
virus life cycle is not completely elucidated, and homologues of Z are not found in other 
ambisense or negative-stranded RNA viruses. Z is a structural component of the virion 
(Salvato et al., 1992), and by means of in vivo and in vitro experiments, the interaction of Z 
with several cellular factors has been reported, including the promyelocytic leukemia 
protein and the eukaryotic translation initiation factor 4E (Borden et al., 1998a, b). Because of 
this latter interaction, it was proposed that Z inhibits Cap-mediated translation (Campbel et 
al., 2000; Kentsis et al., 2001). Other researchers suggested that Z could be a transcriptional 
regulator of the viral cycle (Garcín et al., 1993) or even an inhibitor of viral replication (López 
et al., 2001). Furthermore, Pérez and coworkers (Pérez et al., 2003) proposed, for LCMV and 
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Fig. 6. Arenavirus replication/transcription strategy. The S and L genomic segments are 
schematized as horizontal rectangles. The ORFs that present a genomic or viral polarity (GPC 
and Z) are violet, while the antigenomic or viral complementary genes (N and L) are in green. 
The intergenic region (IGR) and untranslated terminal regions (UTR) are shown in gray. A. S 
RNA replication/transcription diagram. B. L RNA replication/transcription diagram. 
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al., 2000; Kentsis et al., 2001). Other researchers suggested that Z could be a transcriptional 
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LASV, that Z is the functional counterpart of the matrix proteins found in other negative-
stranded enveloped RNA viruses. Z protein have characteristic late domains (LDs), also 
found in matrix proteins from negative-stranded RNA viruses and in Gag protein from 
retroviruses. LDs, have an essential role in the viral budding process (Freed, 2002). Three 
types of motifs have been defined within viral LDs: P[TS]AP, PPxY, and YxxL (Pornillos et 
al., 2002), where ‘‘x’’ is any amino acid. Later, Martín Serrano and coworkers (Martín 
Serrano et al., 2004), redefined the last as: YPxL/LxxLF. LDs are highly conserved and have 
been shown to mediate interaction with host cell proteins, in particular with members of the 
vacuolar protein-sorting pathway (Bieniasz, 2006; Urata et al., 2006). For instance, the PTAP 
motif from Ebola virus VP40 matrix protein and from HIV Gag protein interacts with 
Tsg101, a member of the vacuolar protein-sorting pathway. 

3. Sequence analysis of the Junín virus vaccine related strains 
To characterize the mutations associated with the attenuated phenotype in Junín virus, we 
obtained the complete nucleotide genomic sequence from the vaccine genealogy related 
strains and another field strains of Junin virus (Goñi et al., 2006, 2010).  

Sequence data was analyzed using a series of bioinformatics tools. When we compared the 
complete genomic sequence of Candid#1, XJ#44 and XJ13 strain, we found a set of 
differences that could be associated with the attenuated phenotype (Figure 7). Alignment of 
the coding sequences of the S RNA genes of Junín virus vaccine related strains showed 
twelve nucleotide changes implied in amino acid substitutions. As depicted in Figure 7.A.1, 
one of these changes is found in the signal peptide (I35VV), four of them are at the 
middle portion of G1 (T168AA; E186EG; S206SP and P208LL), two are at the 
carboxyl terminus of G2 (F427FI and T446TS), and five more are at the amino half of 
N (V47VE; K59RR; I158VV; E268DD and T322II). An alignment of the 
coding sequences of the L genes of Junín virus strains showed only nine nucleotide changes 
between XJ13, XJ#44 and Candid#1 strains implicated in amino acid substitutions (Figure 
7.B.1). Seven of these changes may be related with the attenuation process (H76YY; 
V415VA; D462NN; L936LP; R1156KK; S1698SF and I1883IV) and two 
changes (R881GR; S921GS) could be considered reversions. All these changes are 
presented as XJ13 residue  XJ#44 residue  Candid#1 residue. On the contrary, no 
changes were found in the amino acid sequence as well as at the nucleotide level of the Z 
protein, among these three Junín virus strains. 

3.1 Mutation analysis 

Furthermore we compared the nucleotide sequences obtained from vaccine related strains 
with other reported Junín virus strains. There are only two other Junín virus strains whose 
genome was fully sequenced, Romero and MC2 strains. Romero strain, classified as a high 
virulence strain, was isolated from an AHF patient and was passed twice in fetal rhesus 
lung cells and once in Vero cells (McKee et al., 1985; Yun et al., 2008). This strain is named 
Rumero in Genebank, but this was derived from a typographical mistake. On the other 
hand, the MC2 strain was isolated from a rodent from the endemic area of AHF, and was 
classified as intermediate virulence strain (Berría et al., 1967; Candurra et al., 1989; 
Weissenbacher et al., 1987). Moreover the complete S RNA and Z gene sequences were 

 
Molecular Attenuation Process in Live Vaccine Generation for Arenaviruses 

 

169 

obtained for the Junín virus strain Cba-IV4454. This strain, classified as an intermediate 
virulence strain, was isolated from an AHF patient. Differences between deduced amino 
acid sequences from the six analyzed Junín virus strains are shown as vertical bars in Figure 
7 and were classified into two types: 
Type 1: Positions where the nucleotide or aminoacid sequence of one of the field strains of 
Junin virus (XJ13, Romero, IV4454 or MC2) was different from all other field strains, shown 
as vertical gray bars in Figure 7 located below each RNA scheme.  

Type 2: Positions with mutations among the vaccine strains, shown as vertical red bars in 
Figure 7 located over each RNA scheme.  

 

 
Fig. 7.  Schematic of the changes detected in Junín virus proteins. Comparisons were done 
among all fully sequenced genomes from different Junín virus strains. A nucleotide rule is 
depicted below the diagram to facilitate the location of each position. A. S RNA, 1: the open 
reading frames corresponding to the N and GPC genes are shown as open rectangles with 
arrowheads indicating the direction of translation. Non-coding sequences are shown as 
horizontal thin lines. The three cleavage products of GPC protein are shown by horizontal 
lines below the diagram. Amino acid changes detected between vaccine genealogy strains 
(XJ13, XJ#44, and Candid#1; type-2 mutation) are represented as vertical red lines over the 
genes. Above them, the detected changes and the position are indicated. Amino acid 
changes between eld strains of Junín virus (XJ13, Romero, IV4454 and MC2; type-1 
mutation) are indicated as vertical lines below the genes; 2: plot of relative mutation 
frequency for type-1 mutations (blue areas) and for type-2 mutations (red line). B. L RNA, 1: 
the open reading frames corresponding to the Z and L genes and the position of the changes 
in the amino acid sequence are shown as in (A.1.). The four conserved regions of the RNA 
polymerase of arenaviruses as described by Vieth et al. (Vieth et al., 2004) are shown by 
horizontal lines below the diagram of the L RNA. Inside region III, the polymerase domain 
is signalized with an open box; 2: plot of relative mutation frequency for type-1 mutations 
(blue areas) and for type-2 mutations (red line). 
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lung cells and once in Vero cells (McKee et al., 1985; Yun et al., 2008). This strain is named 
Rumero in Genebank, but this was derived from a typographical mistake. On the other 
hand, the MC2 strain was isolated from a rodent from the endemic area of AHF, and was 
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obtained for the Junín virus strain Cba-IV4454. This strain, classified as an intermediate 
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To identify those type 2 mutations that could be more confidently related with the attenuation 
process, we compare the homologous positions at the genomes obtained from field strains of 
Junín virus (XJ13, Romero, IV4454 and MC2). At positions GPC35, N158, N268 and N322 the same 
variations present between vaccine related strains was found among field strains. At positions 
L881 and L921, there is a variation from XJ#44 to Candid#1. However, Candid#1 derived 
sequence is identical to the field strains (including XJ13) derived sequences. Thus, it is 
probable that these positions represent naturally generated mutations, non-related with the 
attenuation process. Furthermore, sequence variations among field strain are subject to natural 
selection pressure, whereas sequence variations among vaccine genealogy strains were 
subjected to an arbitrary selection pressure. We calculated a mutation frequency index defined 
as number of mutations per amino acid, and the graph was constructed with a program 
designed in our group by J.A. Iserte (unpublished results), using an overlapped windows-
based strategy (11 residues) counting the number of mutations over each window and plotting 
the value at the middle of the window. This analysis was made along the Junín virus genome 
for both types of mutations (Figure 7.A.2 and 7.B.2). The regions of the S or L RNA with a high 
mutation frequency index for type 1 mutations are shown as closed blue areas while regions 
with a high mutation frequency index for type 2 mutations are shown as open, red outlined, 
areas. Mutations of type 2 found outside blue regions, identified at S RNA positions GPC168, 
GPC427, GPC446 and N47, and L RNA positions L76, L936, L1156, could be more confidently 
involved in the virulence attenuation process.  

Furthermore, we searched for the presence of some of the type 2 mutations in a set of field 
samples. These Junín virus strains were isolated in the endemic area from human cases and 
captured rodents from the period of 1963-1991. Four genomic regions were selected for the 
analysis: i) G fragment: comprises the nucleotide positions 303 to 941 (in the glycoprotein 
precursor coding sequence), ii) N fragment, located between nucleotides 1632 and 2095 (in 
the nucleoprotein coding sequence), iii) L1 fragment, comprise between 1086 and 2005 
nucleotide residues, covering the totality of RNA polymerase-RNA dependent IV motif, and 
iv) L2 fragment, covering the residues comprises between the 4234 and 4890 positions (C 
terminal of motif II). These regions include some of the type 2 mutations detected in 
previously. For 13 field JUNV strains, these regions were amplified and sequenced. 

In the alignments of the different in silico translated proteins from sequenced fragments we 
search for the positions in which it was possible to identify variations between strains. 
However, for the positions included in this analysis, the variation observed between the 
attenuated JUNV strains was also present in some of the new field samples, taken from both 
rodents and human cases. As example, in Table 3 we showed some of the positions with 
type 2 mutations (potentially related to the virulence attenuation process) within the G 
fragment. The analyzed region spanned positions between residues 49 and 193 of 
glycoprotein 1 (G1), as well as the first 11 amino acids from glycoprotein 2 (G2), after the 
consensus sites for glycoprotein processing observed in other arenaviruses (York et al., 
2004). As a consequence, the relative importance of these variations in the attenuation 
process should be re-evaluated. 

3.2 Non coding regions 

It has been previously suggested that changes in the intergenic region could play a role in 
the attenuation processes of arenaviruses (Wilson & Clegg, 1991). However, our sequence 
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analysis of the intergenic regions from XJ13, XJ#44 and Candid#1 revealed 100% 
conservation in both genomic RNAs. If nucleotide changes were not tolerated in this region, 
it could suggests that a major evolutive constraint is operating, perhaps related to the 
calculated secondary structure conformation and its proposed function in the transcription 
regulation process (Franze-Fernández et al., 1993; Tortorici et al., 2001a). Furthermore, the 
non-coding regions at the genomic ends are highly conserved among analyzed strains, 
varying between 93% and 97% of nucleotide sequence homology. The 3’ non-coding region, 
which in the virions shows a high degree of complementarity with the 5’ non-coding region, 
exhibits very few differences in independent clones of each strain and varies only slightly 
from one strain to another. 

On the other hand, when infected cell-derived RNAs were sequenced, a high degree of 
sequence variability has been observed at the 5’ and 3’ non-coding regions among RNAs 
derived from the same strain. We did a RACE analysis to observe specifically the genomic 
or the antigenomic forms of Junín virus RNAs. For example, after RACE analysis, a series of 
non-template bases were found at the 5´end of Candid#1 L and S RNAs. In the comparison 
between the 5´end of genomic RNAs and the 3´end of antigenomic RNAs (which are used as 
a template for the former), at least one additional guanine is present in all 5’ end genomic 
clones comprising extra bases, similarly as detected for other arenavirus (Polyak et al., 1995). 
The 3´ RACE analysis of genomic S and L RNA obtained from Candid#1 infected cells 
rendered several clones harboring short deletions. RNA secondary structure analysis from 
Candid#1 S and L RNA predicted a panhandle structure between 5´ and 3´ ends of both 
genomic RNAs. Deletions at the 3´ end were localized inside the panhandle (Figure 8). 

 
Fig. 8. End sequence determination of Junín virus, Candid#1 strain RNAs. Panhandle 
structures predicted for Candid#1, L and S RNAs. Shadowed with gray is the region present 
in all 3´-end clones. Sequence logos representing the distribution in the last nucleotides of 
3´-end and 5´-end sequence of L and S RNA clones as determined by a genome specic 
RACE technique. Shadowed box corresponds to an additional extended G of the genomic 
sequence. 

These results are consistent with a model that suggests the use of cellular RNAs to prime the 
viral RNA synthesis and the use of 5´ end sequences from viral RNA into a non-completed 
panhandle structure, as template for the 3´ end sequence completion. This heterogeneity 
could have arisen from different transcription-related editing of the subgenomic RNAs, 
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reported previously for other arenaviruses (Garcin & Kolakofsky, 1992). However, the 
involvement of these regions in the attenuation process remains to be evaluated. 

Interestingly, comparison between 5´ and 3´ ends sequences from both genomic RNAs (S 
and L segments), show highly conserved positions. These positions could be related with 
the minimal promoter sequence. The 5’ and 3’ non-coding sequences from Candid#1 S RNA 
have approximately 80 nucleotides in length, similarly to the 5’ end from L RNA non-coding 
sequences. However, 3’ non-coding sequences from L RNA have only 30 nucleotides in 
length. When comparing the 80 nucleotides from non-coding sequences, the homology 
between 5´ end sequences of the L and S RNAs was 60% while that from 3’ end sequences 
was only 50%. However, if we compare only 30 nucleotides from the 3’ end of both genomic 
RNAs the homology of this region ascends to 71%. Because both, genomic or antigenomic, 
non-coding regions must be recognized by the viral RNA polymerase to complete the viral 
replicative cycle, the promoter region should be present in the first 30 nucleotides of the 
antigenomic L RNA. Genomic ends of arenaviruses comprise a highly conserved region of 
19 nucleotides, called arena region. Outside this region the 3’ end of Junín virus L RNA 
comprises only 11 nucleotides (GCTCAAGTGCC). These nucleotides show a high degree of 
homology with two regions of S RNA 3’ end sequences. Thus, two boxes at the S RNA 
appear to match with a unique box at the L RNA. The S RNA boxes (positions 1-12 and 35-
45 in the alignment) could be related to translation or transcription processes. Other 
arenaviruses have similar characteristics at their genomic ends. For example, an extensive 
analysis using the genomic sequences from other New World arenaviruses belonging to B1 
subclade (Machupo, Junín and Tacaribe viruses; Flanagan et al., 2008), show that the 38-46 
box (GCUCAAGUG for the Junín virus L RNA and GCUCAGUG for the Junin virus S RNA) 
was conserved in the group (Goñi et al., 2010). Consequently, it is possible that a sequence 
motif could be present at the 3’ end of both genomic RNAs of arenaviruses. Furthermore, for 
Junín, Machupo and Tacaribe viruses, this motif, described by the sequence GSYC(A)1-

2GUR, shows a relative degree of conservation in position in the RNA secondary structure 
calculated by bioinformatic tools. 

3.3 Phylogeny 

An independent parsimony analysis was performed for each arenavirus gene (GPC, N, Z 
and L). An additive tree-file was constructed adding the obtained parsimony tree-files from 
each gene in order to obtain a consensus tree for the four genes. Clades and subclades of Old 
World and New World arenaviruses are in accord with Charrell et al. (2008). Phylogenetic 
analysis show that all Junín virus strains (Candid#1, XJ13, XJ#44, MC2 and Romero) 
grouped together with other hemorrhagic New World arenaviruses. Furthermore, the 
phylogeny correlates with the genealogy of the vaccine strain, Candid#1, and a small set of 
nucleotide changes seems to be central to define the phenotypic variation from virulence to 
attenuation. If this is confirmed in a more extensive study, any surveillance program 
designed to monitor the natural vaccine variations should search for possible point 
mutations at those positions related with attenuation. 

4. Conclusions 
Candid#1, the most attenuated Junín strain, has a set of putative attenuation markers into 
the GPC, N and L protein ORFs. Some of these changes could be associated more 
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confidently with the attenuated phenotype. Initially, we focussed on changes detected into 
those genomic regions harboring a low wild type mutation frequency index (GPC168, GPC427, 
GPC446, N47, L76, L936, L1156).  

At present, we have made bioinformatic and phylogenetic analysis on the putative 
attenuation markers. For L proteins, the group of Vieth (Vieth et al., 2004) describe four 
conserved regions among all arenaviruses. Inside of the region III, Lan and coworkers (Lan 
et al., 2008), found the polymerase domain, and proposed the presence of four motifs: A, B, 
C and D. In this region we detect only one change (RKK), at the 1156 position. Although 
this change is classified as conservative, it could be related to the attenuation process 
because this region seems not to sustain mutations in nature. Other L changes are located 
between region II and III (L936, LLP) or inside region I (L76, HYY). Change L936, in 
spite of being present in a region of high index for type 2 mutations, could only be 
associated with a structural change of the Candid#1 derived L protein based on the 
structural characteristics of the Proline residue. L76 change falls near the putative ATP/GTP 
binding site (P-loop) predicted using the Expasy web site (www.expasy.ch). Although our 
results, suggesting the involvement of the RNA polymerase in attenuation of virulence are 
preliminary, they are consistent with reports on other viruses (Endres et al., 1991; Lan et al., 
2008; Riviere et al., 1985a). Furthermore, some changes in the structural proteins, 
nucleoprotein and both mature glycoproteins, could be related with the attenuation of 
virulence. The carboxyl-terminus of N protein, which contains a zinc binding domain 
(Tortorici et al., 2001b) is highly conserved, and the found N47 change (VVE) falls 
outside this region and would be associated with another characteristic of the protein, as the 
ability to oligomerize (N-N interactions, Levingston Macleod et al., 2011). Therefore, N 
protein has a dual function during the virus life cycle. First, it is involved in essential steps 
of genome replication, promoting the synthesis of the full-length antigenomic copy of S 
RNA, and second, it associates with the genomic RNA to form the nucleocapsid. For the 
glycoprotein precursor, we found a mutation in the carboxyl-terminus of G1 (GPC168, 
TAA). This change affects directly the conserved sequence (N166R167T168K169) for the 
principal N-glycosylation site predicted by NETNGLYC 1.0. G2 has three domains, the outer 
(caboxi-terminus) domain located outside the virion, the transmembrane domain and the 
inner (amino-terminus) domain, located inside the virion. The outer domain interacts with 
G1, the transmembrane domain interacts with the signal peptide, and the inner domain 
could interact with Z or the nucleocapsid (Capul et al., 2007; York et al., 2004). G2 changes 
fall inside the transmembrane domain (GPC427, FFI) or at the cytoplasmic tail (GPC446, 
TTS) and could affect such important interactions.  

In terms of distribution of the potential attenuation markers, we find a lower level of 
nucleotide sequence conservation in the S RNA than in the L RNA, indicating a faster rate of 
evolution in the S polypeptides. Lan and colaborators (Lan et al., 2008) showed the genome 
comparison of virulent and avirulent strains of the Pichinde arenavirus, and found a lower 
number of attenuation related mutations, but at comparable genomic regions. If we 
compared only the field strains of Junín virus (MC2, Romero, IV4454 and XJ13), the 
mutations distribute markedly differently among large and small segments. We considered 
specific changes for MC2, Romero or IV4454 when their sequences differed from XJ13 
sequence, and specific changes for XJ13 when its sequence differed from all three Junín virus 
strains. Analyzing the protein sequences of the field strains, there were 45 divergence sites 
for the S RNA ORFs and 48 for the L RNA ORFs. Interestingly, 96% (46/48) of L RNA-
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reported previously for other arenaviruses (Garcin & Kolakofsky, 1992). However, the 
involvement of these regions in the attenuation process remains to be evaluated. 

Interestingly, comparison between 5´ and 3´ ends sequences from both genomic RNAs (S 
and L segments), show highly conserved positions. These positions could be related with 
the minimal promoter sequence. The 5’ and 3’ non-coding sequences from Candid#1 S RNA 
have approximately 80 nucleotides in length, similarly to the 5’ end from L RNA non-coding 
sequences. However, 3’ non-coding sequences from L RNA have only 30 nucleotides in 
length. When comparing the 80 nucleotides from non-coding sequences, the homology 
between 5´ end sequences of the L and S RNAs was 60% while that from 3’ end sequences 
was only 50%. However, if we compare only 30 nucleotides from the 3’ end of both genomic 
RNAs the homology of this region ascends to 71%. Because both, genomic or antigenomic, 
non-coding regions must be recognized by the viral RNA polymerase to complete the viral 
replicative cycle, the promoter region should be present in the first 30 nucleotides of the 
antigenomic L RNA. Genomic ends of arenaviruses comprise a highly conserved region of 
19 nucleotides, called arena region. Outside this region the 3’ end of Junín virus L RNA 
comprises only 11 nucleotides (GCTCAAGTGCC). These nucleotides show a high degree of 
homology with two regions of S RNA 3’ end sequences. Thus, two boxes at the S RNA 
appear to match with a unique box at the L RNA. The S RNA boxes (positions 1-12 and 35-
45 in the alignment) could be related to translation or transcription processes. Other 
arenaviruses have similar characteristics at their genomic ends. For example, an extensive 
analysis using the genomic sequences from other New World arenaviruses belonging to B1 
subclade (Machupo, Junín and Tacaribe viruses; Flanagan et al., 2008), show that the 38-46 
box (GCUCAAGUG for the Junín virus L RNA and GCUCAGUG for the Junin virus S RNA) 
was conserved in the group (Goñi et al., 2010). Consequently, it is possible that a sequence 
motif could be present at the 3’ end of both genomic RNAs of arenaviruses. Furthermore, for 
Junín, Machupo and Tacaribe viruses, this motif, described by the sequence GSYC(A)1-

2GUR, shows a relative degree of conservation in position in the RNA secondary structure 
calculated by bioinformatic tools. 

3.3 Phylogeny 

An independent parsimony analysis was performed for each arenavirus gene (GPC, N, Z 
and L). An additive tree-file was constructed adding the obtained parsimony tree-files from 
each gene in order to obtain a consensus tree for the four genes. Clades and subclades of Old 
World and New World arenaviruses are in accord with Charrell et al. (2008). Phylogenetic 
analysis show that all Junín virus strains (Candid#1, XJ13, XJ#44, MC2 and Romero) 
grouped together with other hemorrhagic New World arenaviruses. Furthermore, the 
phylogeny correlates with the genealogy of the vaccine strain, Candid#1, and a small set of 
nucleotide changes seems to be central to define the phenotypic variation from virulence to 
attenuation. If this is confirmed in a more extensive study, any surveillance program 
designed to monitor the natural vaccine variations should search for possible point 
mutations at those positions related with attenuation. 

4. Conclusions 
Candid#1, the most attenuated Junín strain, has a set of putative attenuation markers into 
the GPC, N and L protein ORFs. Some of these changes could be associated more 
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confidently with the attenuated phenotype. Initially, we focussed on changes detected into 
those genomic regions harboring a low wild type mutation frequency index (GPC168, GPC427, 
GPC446, N47, L76, L936, L1156).  

At present, we have made bioinformatic and phylogenetic analysis on the putative 
attenuation markers. For L proteins, the group of Vieth (Vieth et al., 2004) describe four 
conserved regions among all arenaviruses. Inside of the region III, Lan and coworkers (Lan 
et al., 2008), found the polymerase domain, and proposed the presence of four motifs: A, B, 
C and D. In this region we detect only one change (RKK), at the 1156 position. Although 
this change is classified as conservative, it could be related to the attenuation process 
because this region seems not to sustain mutations in nature. Other L changes are located 
between region II and III (L936, LLP) or inside region I (L76, HYY). Change L936, in 
spite of being present in a region of high index for type 2 mutations, could only be 
associated with a structural change of the Candid#1 derived L protein based on the 
structural characteristics of the Proline residue. L76 change falls near the putative ATP/GTP 
binding site (P-loop) predicted using the Expasy web site (www.expasy.ch). Although our 
results, suggesting the involvement of the RNA polymerase in attenuation of virulence are 
preliminary, they are consistent with reports on other viruses (Endres et al., 1991; Lan et al., 
2008; Riviere et al., 1985a). Furthermore, some changes in the structural proteins, 
nucleoprotein and both mature glycoproteins, could be related with the attenuation of 
virulence. The carboxyl-terminus of N protein, which contains a zinc binding domain 
(Tortorici et al., 2001b) is highly conserved, and the found N47 change (VVE) falls 
outside this region and would be associated with another characteristic of the protein, as the 
ability to oligomerize (N-N interactions, Levingston Macleod et al., 2011). Therefore, N 
protein has a dual function during the virus life cycle. First, it is involved in essential steps 
of genome replication, promoting the synthesis of the full-length antigenomic copy of S 
RNA, and second, it associates with the genomic RNA to form the nucleocapsid. For the 
glycoprotein precursor, we found a mutation in the carboxyl-terminus of G1 (GPC168, 
TAA). This change affects directly the conserved sequence (N166R167T168K169) for the 
principal N-glycosylation site predicted by NETNGLYC 1.0. G2 has three domains, the outer 
(caboxi-terminus) domain located outside the virion, the transmembrane domain and the 
inner (amino-terminus) domain, located inside the virion. The outer domain interacts with 
G1, the transmembrane domain interacts with the signal peptide, and the inner domain 
could interact with Z or the nucleocapsid (Capul et al., 2007; York et al., 2004). G2 changes 
fall inside the transmembrane domain (GPC427, FFI) or at the cytoplasmic tail (GPC446, 
TTS) and could affect such important interactions.  

In terms of distribution of the potential attenuation markers, we find a lower level of 
nucleotide sequence conservation in the S RNA than in the L RNA, indicating a faster rate of 
evolution in the S polypeptides. Lan and colaborators (Lan et al., 2008) showed the genome 
comparison of virulent and avirulent strains of the Pichinde arenavirus, and found a lower 
number of attenuation related mutations, but at comparable genomic regions. If we 
compared only the field strains of Junín virus (MC2, Romero, IV4454 and XJ13), the 
mutations distribute markedly differently among large and small segments. We considered 
specific changes for MC2, Romero or IV4454 when their sequences differed from XJ13 
sequence, and specific changes for XJ13 when its sequence differed from all three Junín virus 
strains. Analyzing the protein sequences of the field strains, there were 45 divergence sites 
for the S RNA ORFs and 48 for the L RNA ORFs. Interestingly, 96% (46/48) of L RNA-
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derived divergence sites were XJ13-specific changes, and only 9% (4/45) of this type of 
changes were present when S RNA-derived divergence sites were analyzed. 

The increasing sequence information from complete arenavirus genomes, especially of the 
JUNV species, contributed to the identification of putative markers of virulence attenuation. 
In this sense, Goñi et al. (2010) and the recent paper of Albariño et al. (2011a) publish 
sequence data involving seven members of the vaccine strain family (XJ13, XJ17, XJ34, XJ39, 
XJ44, XJ48 and Candid#1 strains).  To investigate the role of different point mutations in the 
virulence attenuation process Albariño et al., (2011a) used a reverse genetics system for 
JUNV they developed (Albariño et al., 2011b). They show that point mutations located at the 
Candid#1 GPC ORF, conferred the attenuated phenotype.  

Furthermore, with the objective of analyzing the mutation distribution in nature, Goñi et al. 
(2011) designed a molecular technique of RT-Nested-PCR and afterwards used with rodent 
and human samples from the endemic area. A previous study, performed on different 
genomic regions with another group of strains (García et al., 2000), suggested a high degree 
of homology for the S RNA derived ORFs. The protein sequences we obtained by in silico 
translation of the four fragments were analyzed with different tools.  

We compare the data collected for the GPC derived sequences (G fragment) after the results 
included in our studies and in the Albariño et al. (2011a) paper. In the Table 3 we show the 
positions with residue differences between G fragments encoded proteins from JUNV 
strains belonging to the vaccine family and JUNV strains collected from field samples. As 
noted above, the G fragment covered the sequence involved in the cleavage between G1 and 
G2 proteins. The possible recognition site is formed by the sequence QLPRRSLK251↓AFF 
(Beyer et al., 2003), or between the L250 and K251 (Lenz et al., 2001), and cutting is done by the 
protease SKI-1/S1P. The sequenced samples reported here showed a high conservation 
degree in this zone. Only for isolate H_FHA5054, changes were observed at positions 244 
and 245 (QH and LF respectively), although it is possible that these modifications may 
not affect the recognition site. Some of the changes observed in the G fragment (63% of G1), 
could be related to the host jump process of a particular strain from rodents to humans 
(probably derived from the receptor affinity variation in the human isolates). These changes 
could be related to changes in the virulence (attenuation or increase) trough modification of 
the cellular tropism. Another important site in this fragment was determined by NETGLYC 
1.0, comprising the target sequence N166R167T168K169 involved in the N-glycosylation of this 
protein. By observing the distribution of this target in the different isolates it can be seen 
that only 65% of the field strains have the target sequence, while the other 35% have an 
alanine residue (A168).  

The bioinformatics studies did not show important changes in the protein properties at 
this region (data not shown). On the other hand, a recent study resolved the importance of 
two positions strongly related to the N- glycosylation for JUNV and MACV (Bowden et 
al., 2009). It was found that both residues and their environment are highly conserved. In 
any case, it was recently shown for LCMV, that each N-linked glycan in the arenavirus 
glycoprotein is involved in GPC expression, fusion with the host receptor and infectivity 
(Bonhomme et al., 2011). Interestingly, all XJ13-derived attenuated strains have an A168 
mutation. 
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116 A A A A A A A A A E A A A A A A A A A A A A A 
121 Q Q Q Q Q Q Q E Q Q Q Q E Q Q Q Q Q Q Q Q Q Q 
125 I I I I I I I I V I I I I I V I I I I V V V I 
133 S S S S S S S S S S S S S N S S N N S S S S S 
143 W W W W W W W W W W W W W W W W W W W R R R W 
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Letters in bold indicate the residues that are different from the residue present in the reference XJ13 
strain. The amino acids are shown in the one letter code. The type 2 mutations between vaccine family 
strains are shadowed in grey. 

Table 3. Positions with residue differences between G fragment encoded proteins. 

We hypothesized that those mutations found among field strains are of minor importance in 
the phenomenon of virulence attenuation. None of the type 2 mutations here analyzed, were 
absent in natural samples. In this context, the data presented in Table 3, could indicate that 
none of the mutations found in G1 is important to define the attenuated phenotype. This 
result is in accordance with those published by Albariño et al., (2011a), who located the most 
important mutations for attenuation in G2.  

In summary, the present work shows a set of mutations that could be related to the 
virulence attenuation phenomenon. Furthermore, most of both described types of mutations 
(type 1 and type 2) could be grouped into a few regions (Figure 7). In order to analyze 
genomic variability in Junín virus and to search for the presence of mutations of type 1 or 
type 2 among field strains, we designed a set of primers that are used in a rapid method, 
based on RT-PCR and nucleotide sequencing. This method could be useful in order to 
observe the biodiversity in nature or to develop an epidemiologic surveillance program of 
vaccinated people. The information accumulated by sequence analysis of viral genomes 
with different degrees of virulence will certainly serve as a starting point to study this 
biological phenomenon. Our results contribute to the generation of the sequence data of 
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derived divergence sites were XJ13-specific changes, and only 9% (4/45) of this type of 
changes were present when S RNA-derived divergence sites were analyzed. 

The increasing sequence information from complete arenavirus genomes, especially of the 
JUNV species, contributed to the identification of putative markers of virulence attenuation. 
In this sense, Goñi et al. (2010) and the recent paper of Albariño et al. (2011a) publish 
sequence data involving seven members of the vaccine strain family (XJ13, XJ17, XJ34, XJ39, 
XJ44, XJ48 and Candid#1 strains).  To investigate the role of different point mutations in the 
virulence attenuation process Albariño et al., (2011a) used a reverse genetics system for 
JUNV they developed (Albariño et al., 2011b). They show that point mutations located at the 
Candid#1 GPC ORF, conferred the attenuated phenotype.  

Furthermore, with the objective of analyzing the mutation distribution in nature, Goñi et al. 
(2011) designed a molecular technique of RT-Nested-PCR and afterwards used with rodent 
and human samples from the endemic area. A previous study, performed on different 
genomic regions with another group of strains (García et al., 2000), suggested a high degree 
of homology for the S RNA derived ORFs. The protein sequences we obtained by in silico 
translation of the four fragments were analyzed with different tools.  

We compare the data collected for the GPC derived sequences (G fragment) after the results 
included in our studies and in the Albariño et al. (2011a) paper. In the Table 3 we show the 
positions with residue differences between G fragments encoded proteins from JUNV 
strains belonging to the vaccine family and JUNV strains collected from field samples. As 
noted above, the G fragment covered the sequence involved in the cleavage between G1 and 
G2 proteins. The possible recognition site is formed by the sequence QLPRRSLK251↓AFF 
(Beyer et al., 2003), or between the L250 and K251 (Lenz et al., 2001), and cutting is done by the 
protease SKI-1/S1P. The sequenced samples reported here showed a high conservation 
degree in this zone. Only for isolate H_FHA5054, changes were observed at positions 244 
and 245 (QH and LF respectively), although it is possible that these modifications may 
not affect the recognition site. Some of the changes observed in the G fragment (63% of G1), 
could be related to the host jump process of a particular strain from rodents to humans 
(probably derived from the receptor affinity variation in the human isolates). These changes 
could be related to changes in the virulence (attenuation or increase) trough modification of 
the cellular tropism. Another important site in this fragment was determined by NETGLYC 
1.0, comprising the target sequence N166R167T168K169 involved in the N-glycosylation of this 
protein. By observing the distribution of this target in the different isolates it can be seen 
that only 65% of the field strains have the target sequence, while the other 35% have an 
alanine residue (A168).  

The bioinformatics studies did not show important changes in the protein properties at 
this region (data not shown). On the other hand, a recent study resolved the importance of 
two positions strongly related to the N- glycosylation for JUNV and MACV (Bowden et 
al., 2009). It was found that both residues and their environment are highly conserved. In 
any case, it was recently shown for LCMV, that each N-linked glycan in the arenavirus 
glycoprotein is involved in GPC expression, fusion with the host receptor and infectivity 
(Bonhomme et al., 2011). Interestingly, all XJ13-derived attenuated strains have an A168 
mutation. 
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Letters in bold indicate the residues that are different from the residue present in the reference XJ13 
strain. The amino acids are shown in the one letter code. The type 2 mutations between vaccine family 
strains are shadowed in grey. 

Table 3. Positions with residue differences between G fragment encoded proteins. 

We hypothesized that those mutations found among field strains are of minor importance in 
the phenomenon of virulence attenuation. None of the type 2 mutations here analyzed, were 
absent in natural samples. In this context, the data presented in Table 3, could indicate that 
none of the mutations found in G1 is important to define the attenuated phenotype. This 
result is in accordance with those published by Albariño et al., (2011a), who located the most 
important mutations for attenuation in G2.  

In summary, the present work shows a set of mutations that could be related to the 
virulence attenuation phenomenon. Furthermore, most of both described types of mutations 
(type 1 and type 2) could be grouped into a few regions (Figure 7). In order to analyze 
genomic variability in Junín virus and to search for the presence of mutations of type 1 or 
type 2 among field strains, we designed a set of primers that are used in a rapid method, 
based on RT-PCR and nucleotide sequencing. This method could be useful in order to 
observe the biodiversity in nature or to develop an epidemiologic surveillance program of 
vaccinated people. The information accumulated by sequence analysis of viral genomes 
with different degrees of virulence will certainly serve as a starting point to study this 
biological phenomenon. Our results contribute to the generation of the sequence data of 
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field isolates that should prove highly useful in the selection of residues potentially involved 
in different viral survival mechanisms and are a potential target for mutagenesis studies. 

5. Acknowledgment 
We are very grateful to Dr. Antonio Tenorio Matanzo from Carlos III Health Institute 
(ISCIII, Madrid, Spain) and Dr. Marta S. Contigiani from Virology Institute “Dr. J. M. 
Vanella” (Fac. de Medicina, Córdoba National University, Argentina), and the students 
Javier A. Iserte, Betina I. Stephan and Cristina S. Borio, who contributed to the development 
of this work. We also thank Dr. J. G Barrera Oro from USAMRJID (Frederick, Maryland, 
USA) who provided us with an XJ#44 seed, and to Dr. Ana María Ambrosio and Dr. María 
del Carmen Saavedra from National Institute of Viral Human Diseases (INEVH, Pergamino, 
Argentina), who prepared Candid#1 virions. This work was supported by the National 
University of Quilmes (UNQ) and by PICT 38138 from ANPCYT and PIP5813 from 
CONICET (Argentina). S.E.G. has a research fellowship from CONICET. M.E.L. is member 
of the research career of CONICET. SEG and MEL are Professors at UNQ. 

6. References 
Agrest, A., Avalos, J.C.S. & Slepoy, M.A. (1969). Fiebre hemorrágica argentina y 

coagulopatía por consumo. Medicina (Buenos Aires). 29, 194-201. 
AHF National Control Program. (2007) Recopilation and Edition: Instituto Nacional de 

Enfermedades Virales Humanas “Dr. Julio I. Maiztegui”- Pergamino, Editors: Dra 
Ana M. Briggiler, Lic. María Rosa Feuillade. Ministerio de Salud de la Nación, 
Ministerio de Salud de las Pcias. de Buenos Aires, de Santa Fe, de Córdoba y de La 
Pampa. Edition Forth. 

Albariño, C.G.; Bird, B.H.; Chakrabarti, A.K.; Dodd, K.A.; Flint, M.; Bergeron, E.; White, 
D.M. & Nichol, S.T. (2011a) The major determinant of attenuation in mice of the 
Candid1 vaccine for argentine hemorrhagic Fever is located in the g2 glycoprotein 
transmembrane domain. J Virol. 85(19):10404-8. 

Albariño, C.G.; Bird, B.H.; Chakrabarti, A.K.; Dodd, K.A.; White, D.M.; Bergeron, E.; 
Shrivastava-Ranjan, P. & Nichol, S.T. (2011b). Reverse genetics generation of 
chimeric infectious Junin/Lassa virus is dependent on interaction of homologous 
glycoprotein stable signal peptide and G2 cytoplasmic domains. J. Virol. 85(1), 112–
122. 

Álvarez, D.E.; Lodeiro, M.F.; Ludueña, S.J.; Pietrasanta, L.I. & Gamarnik, A.V. (2005) Long-
Range RNA-RNA Interactions Circularize the Dengue Virus Genome. J Virol.; 
79(11): 6631–6643. 

Ambrosio, A.M., Enría, D. & Maiztegui, J.I. (1986). Junín virus isolation from lympho-
mononuclear cells of patients with Argentine hemorrhagic fever. Intervirology. 25, 
97-102. 

Ambrosio, A.M.; Saavedra, M.C.; Riera, L.M.; Fassio, R.M. (2006) La producción nacional de 
vacuna a virus Junín vivo atenuado (Candid#1) anti-fiebre hemorrágica argentina. 
Acta Bioquím Clín Latinoam; 40 (1): 5-17. 

Armstrong, C. & Sweet, L.K. Lymphocytic choriomeningitis. (1939) Report of two cases, 
with recovery of the virus from gray mice (Mus musculus) trapped in the two 
infected households. Public Health Report. 54, 673-684. 

 
Molecular Attenuation Process in Live Vaccine Generation for Arenaviruses 

 

177 

Auperin, D.D.; Romanowski, V.; Galinski, M.S. and Bishop, D.H.L. (1984) Sequencing 
studies of Pichinde arenavirus S RNA indicate a novel coding strategy, an 
ambisense viral S RNA. Journal of Virology. 52, 987-904. 

Barrera Oro, J.G. & Eddy, G.A. (1982) Characteristics of candidate live attenuated Junín 
virus vaccine. Fourth International Conference on Comparative Virology, Banff, Alberta, 
Canadá. October 17-22. 

Berría, M.I.; Gutman Frugone, L.F.; Girda, R. & Barrera Oro, J.G. (1967) Estudios 
inmunológicos con virus Junín. I. Formación de anticuerpos en cobayos inoculados 
con virus vivos. Medicina (Buenos Aires). 27, 93-98. 

Beyer, W.R.; Pöpplau, D.; Garten, W.; von Laer, D. & Lenz, O. (2003) Endoproteolytic 
processing of the lymphocytic choriomeningitis virus glycoprotein by the subtilase 
SKI-1/S1P. J Virol.; 77(5):2866-72. 2003. 

Bieniasz, P.D. (2006) Late budding domains and host proteins in enveloped virus release. J 
Virol. Vol. 344. pp. 55-63. 

Bonhomme, C.J.; Capul, A.A.; Lauron, E.J.; Bederka, L.H.; Knopp, K.A. & Buchmeier, M.J. 
(2011). Glycosylation modulates arenavirus glycoprotein expression and function. 
Virology 409 (2), 223–233. 

Borden, K.L.; Campbell-Dwyer, E.J.; Carlile, G.W.; Djavani, M. & Salvato, M.S. (1998a) Two 
RING finger proteins, the oncoprotein PML and the arenavirus Z protein, 
colocalize with the nuclear fraction of the ribosomal P proteins. J. Virol. Vol. 72. pp. 
3819–3826. 

Borden, K.L; Campbell-Dwyer, E.J. & Salvato, M.S. (1998b) An arenavirus RING (zinc-
binding) protein binds the oncoprotein promyelocyte leukemia protein (PML) and 
relocates PML nuclear bodies to the cytoplasm. J. Virol. Vol. 72. pp. 758–766. 

Bowden, T.A.; Crispin, M.;Graham, S.C.; Harvey, D.J.;Grimes, J.M.; Jones, E.Y. & Stuart, D.I. 
(2009) Unusual Molecular Architecture of the Machupo Virus Attachment 
Glycoprotein. Journal of Virology, p. 8259-8265, Vol. 83, No. 16. 

Briese, T.; Paweska, J.T.; McMullan, L.K.; Hutchison, S.K.; Street, C.; Palacios, G.; Khristova, 
M.L.; Weyer, J.; Swanepoel, R.; Egholm, M.; Nichol, S.T. & Lipkin, W.I. (2009) 
Genetic Detection and Characterization of Lujo Virus, a New Hemorrhagic Fever–
Associated Arenavirus from Southern Africa. PLoS Pathog. Volume 4, Issue 5, 1-8. 

Buchmeier, M.J. & Oldstone, M.B.A. (1979) Protein structure of lymphocytic 
choriomeningitis virus: evidence for a cell-associated precursor of the virion 
glycopeptides. Virology. 99, 111-120. 

Cajimat, M.N.B. & Fulhorst, C.F. (2004) Phylogeny of the Venezuelan arenaviruses. Virus 
Research 102: 199–206. 

Cajimat, M.N.B; Milazzo, M.L.; Hess, B.D.; Rood, M.P. & Fulhorst, C.F. (2007) Principal host 
relationships and evolutionary history of the North American arenaviruses. 
Virology. 367(2): 235–243. 

Campbell Dwyer, E.J.; Lai, H.; MacDonald, R.C.; Salvato, M.S. & Borden, K.L. (2000) The 
lymphocytic choriomeningitis virus RING protein Zassociates with eukaryotic 
initiation factor 4E and selectively represses translation in a RING-dependent 
manner. J. Virol. Vol. 74. pp. 3293–3300. 

Candurra, N.A.; Damonte, E.B. & Coto, C.E. (1989) Antigenic relationships among 
attenuated and pathogenic strains of virus Junín. Journal of Medical Virology. 27, 145. 



 
Point Mutation 

 

176 

field isolates that should prove highly useful in the selection of residues potentially involved 
in different viral survival mechanisms and are a potential target for mutagenesis studies. 

5. Acknowledgment 
We are very grateful to Dr. Antonio Tenorio Matanzo from Carlos III Health Institute 
(ISCIII, Madrid, Spain) and Dr. Marta S. Contigiani from Virology Institute “Dr. J. M. 
Vanella” (Fac. de Medicina, Córdoba National University, Argentina), and the students 
Javier A. Iserte, Betina I. Stephan and Cristina S. Borio, who contributed to the development 
of this work. We also thank Dr. J. G Barrera Oro from USAMRJID (Frederick, Maryland, 
USA) who provided us with an XJ#44 seed, and to Dr. Ana María Ambrosio and Dr. María 
del Carmen Saavedra from National Institute of Viral Human Diseases (INEVH, Pergamino, 
Argentina), who prepared Candid#1 virions. This work was supported by the National 
University of Quilmes (UNQ) and by PICT 38138 from ANPCYT and PIP5813 from 
CONICET (Argentina). S.E.G. has a research fellowship from CONICET. M.E.L. is member 
of the research career of CONICET. SEG and MEL are Professors at UNQ. 

6. References 
Agrest, A., Avalos, J.C.S. & Slepoy, M.A. (1969). Fiebre hemorrágica argentina y 

coagulopatía por consumo. Medicina (Buenos Aires). 29, 194-201. 
AHF National Control Program. (2007) Recopilation and Edition: Instituto Nacional de 

Enfermedades Virales Humanas “Dr. Julio I. Maiztegui”- Pergamino, Editors: Dra 
Ana M. Briggiler, Lic. María Rosa Feuillade. Ministerio de Salud de la Nación, 
Ministerio de Salud de las Pcias. de Buenos Aires, de Santa Fe, de Córdoba y de La 
Pampa. Edition Forth. 

Albariño, C.G.; Bird, B.H.; Chakrabarti, A.K.; Dodd, K.A.; Flint, M.; Bergeron, E.; White, 
D.M. & Nichol, S.T. (2011a) The major determinant of attenuation in mice of the 
Candid1 vaccine for argentine hemorrhagic Fever is located in the g2 glycoprotein 
transmembrane domain. J Virol. 85(19):10404-8. 

Albariño, C.G.; Bird, B.H.; Chakrabarti, A.K.; Dodd, K.A.; White, D.M.; Bergeron, E.; 
Shrivastava-Ranjan, P. & Nichol, S.T. (2011b). Reverse genetics generation of 
chimeric infectious Junin/Lassa virus is dependent on interaction of homologous 
glycoprotein stable signal peptide and G2 cytoplasmic domains. J. Virol. 85(1), 112–
122. 

Álvarez, D.E.; Lodeiro, M.F.; Ludueña, S.J.; Pietrasanta, L.I. & Gamarnik, A.V. (2005) Long-
Range RNA-RNA Interactions Circularize the Dengue Virus Genome. J Virol.; 
79(11): 6631–6643. 

Ambrosio, A.M., Enría, D. & Maiztegui, J.I. (1986). Junín virus isolation from lympho-
mononuclear cells of patients with Argentine hemorrhagic fever. Intervirology. 25, 
97-102. 

Ambrosio, A.M.; Saavedra, M.C.; Riera, L.M.; Fassio, R.M. (2006) La producción nacional de 
vacuna a virus Junín vivo atenuado (Candid#1) anti-fiebre hemorrágica argentina. 
Acta Bioquím Clín Latinoam; 40 (1): 5-17. 

Armstrong, C. & Sweet, L.K. Lymphocytic choriomeningitis. (1939) Report of two cases, 
with recovery of the virus from gray mice (Mus musculus) trapped in the two 
infected households. Public Health Report. 54, 673-684. 

 
Molecular Attenuation Process in Live Vaccine Generation for Arenaviruses 

 

177 

Auperin, D.D.; Romanowski, V.; Galinski, M.S. and Bishop, D.H.L. (1984) Sequencing 
studies of Pichinde arenavirus S RNA indicate a novel coding strategy, an 
ambisense viral S RNA. Journal of Virology. 52, 987-904. 

Barrera Oro, J.G. & Eddy, G.A. (1982) Characteristics of candidate live attenuated Junín 
virus vaccine. Fourth International Conference on Comparative Virology, Banff, Alberta, 
Canadá. October 17-22. 

Berría, M.I.; Gutman Frugone, L.F.; Girda, R. & Barrera Oro, J.G. (1967) Estudios 
inmunológicos con virus Junín. I. Formación de anticuerpos en cobayos inoculados 
con virus vivos. Medicina (Buenos Aires). 27, 93-98. 

Beyer, W.R.; Pöpplau, D.; Garten, W.; von Laer, D. & Lenz, O. (2003) Endoproteolytic 
processing of the lymphocytic choriomeningitis virus glycoprotein by the subtilase 
SKI-1/S1P. J Virol.; 77(5):2866-72. 2003. 

Bieniasz, P.D. (2006) Late budding domains and host proteins in enveloped virus release. J 
Virol. Vol. 344. pp. 55-63. 

Bonhomme, C.J.; Capul, A.A.; Lauron, E.J.; Bederka, L.H.; Knopp, K.A. & Buchmeier, M.J. 
(2011). Glycosylation modulates arenavirus glycoprotein expression and function. 
Virology 409 (2), 223–233. 

Borden, K.L.; Campbell-Dwyer, E.J.; Carlile, G.W.; Djavani, M. & Salvato, M.S. (1998a) Two 
RING finger proteins, the oncoprotein PML and the arenavirus Z protein, 
colocalize with the nuclear fraction of the ribosomal P proteins. J. Virol. Vol. 72. pp. 
3819–3826. 

Borden, K.L; Campbell-Dwyer, E.J. & Salvato, M.S. (1998b) An arenavirus RING (zinc-
binding) protein binds the oncoprotein promyelocyte leukemia protein (PML) and 
relocates PML nuclear bodies to the cytoplasm. J. Virol. Vol. 72. pp. 758–766. 

Bowden, T.A.; Crispin, M.;Graham, S.C.; Harvey, D.J.;Grimes, J.M.; Jones, E.Y. & Stuart, D.I. 
(2009) Unusual Molecular Architecture of the Machupo Virus Attachment 
Glycoprotein. Journal of Virology, p. 8259-8265, Vol. 83, No. 16. 

Briese, T.; Paweska, J.T.; McMullan, L.K.; Hutchison, S.K.; Street, C.; Palacios, G.; Khristova, 
M.L.; Weyer, J.; Swanepoel, R.; Egholm, M.; Nichol, S.T. & Lipkin, W.I. (2009) 
Genetic Detection and Characterization of Lujo Virus, a New Hemorrhagic Fever–
Associated Arenavirus from Southern Africa. PLoS Pathog. Volume 4, Issue 5, 1-8. 

Buchmeier, M.J. & Oldstone, M.B.A. (1979) Protein structure of lymphocytic 
choriomeningitis virus: evidence for a cell-associated precursor of the virion 
glycopeptides. Virology. 99, 111-120. 

Cajimat, M.N.B. & Fulhorst, C.F. (2004) Phylogeny of the Venezuelan arenaviruses. Virus 
Research 102: 199–206. 

Cajimat, M.N.B; Milazzo, M.L.; Hess, B.D.; Rood, M.P. & Fulhorst, C.F. (2007) Principal host 
relationships and evolutionary history of the North American arenaviruses. 
Virology. 367(2): 235–243. 

Campbell Dwyer, E.J.; Lai, H.; MacDonald, R.C.; Salvato, M.S. & Borden, K.L. (2000) The 
lymphocytic choriomeningitis virus RING protein Zassociates with eukaryotic 
initiation factor 4E and selectively represses translation in a RING-dependent 
manner. J. Virol. Vol. 74. pp. 3293–3300. 

Candurra, N.A.; Damonte, E.B. & Coto, C.E. (1989) Antigenic relationships among 
attenuated and pathogenic strains of virus Junín. Journal of Medical Virology. 27, 145. 



 
Point Mutation 

 

178 

Cao, W.; Henry, M.D.; Borrow, P.; Yamada, H.; Elder, J.H.; Ravkov, E.V.; Nichol, S.T.; 
Compans, R.W.; Campbel, K.P. & Oldstone, M.B. (1998) Identification of alpha-
dystroglycan as a receptor for lymphocytic choriomeningitis virus and Lassa fever 
virus. Science. 282, 2079-2081. 

Capul, A.A.; Pérez, M.; Burke, E.; Kunz, S.; Buchmeier, M.J. & de la Torre, J.C. Arenavirus Z-
glycoprotein association requires Z myristoylation but not functional RING or late 
domains. J Virol.; 81(17):9451-60. 2007. 

CDC. Center for Disease Control and Prevention. (2000). Fatal illnesses associated with a 
New World Arenavirus – California, 1999-2000. MMWR Morb. Mortal. Wkly. Rep. 
49, 709-711 

Charrel, R.N. & de Lamballerie, X. (2003) Arenaviruses other than Lassa virus. Antiviral Res.; 
57 (1-2): 89-100. 

Charrel, R.N.; de Lamballerie X. & Emonet, S. (2008) Phylogeny of the genus Arenavirus. 
Curr Opin Microbiol. 11 (4):362-8. 

Cossio, P.M.; Laguens, R.P.; Arana, R.M.; Segal, A. & Maiztegui, J.I. (1975). Ultrastructural 
and immunohistochemical study of the human kidney in Argentine hemorrhagic 
fever. Virchows Archives. 368, 1. 

Dalton, A.J.; Rowe, W.P.; Smith, G.H.; Wilsnack, R.E. & Pugh, W.E. (1968) Morphological 
and cytochemical studies on lymphocytic choriomeningitis virus. Journal of 
Virology. 2, 1465-1478. 

Delgado, S.; Erickson, B.R.; Agudo, R.; Blair, P.J.; Vallejo, E.; Albariño, C.J.; Vargas, J.; 
Comer, J.A.; Rollin, P.E.; Ksiazek, T.G.; Olson, J.G. & Nichol, S.T. (2008) Chapare 
Virus, a Newly Discovered Arenavirus Isolatedfrom a Fatal Hemorrhagic Fever 
Case in Bolivia. PLOS Pathogens. 4(4): e1000047. 

Endres, M.J.; Griot, C.; Gonzalez-Scarano, F. & Nathanson, N. (1991) Neuroattenuation of an 
avirulent bunyavirus variant maps to the L RNA segment. Journal of Virology, 65: 
5465-5470. 

Enría, D.A.; Bowen, M.D.; Mills, J.N.; Shieh,W.J.; Bausch, D. & Peters, C.J. (2004) Arenavirus 
infections. In: Guerrant, R.L.,Walker, D. H.,Weller, P.F., Saunders, W.B. (Eds.), 
Tropical Infectious Diseases: Principles, Pathogens, and Practice, vol. 2, pp. 1191–1212 
(Chapter 111). 

Enría, D.A.; Briggiler, A.M. & Sánchez, Z. (2008) Treatment of Argentine hemorrhagic fever. 
Antiviral Res.;78(1):132-9. 

Flanagan, M.L.; Oldenburg, J.; Reignier, T.; Holt, N.; Hamilton, G.A.; Martin, V.K.; Cannon, 
P.M. (2008). New world clade B arenaviruses can use transferrin receptor 1 (TfR1)-
dependent and -independent entry pathways, and glycoproteins from human 
pathogenic strains are associated with the use of TfR1. J Virol; 82(2):938-48. 

Franze Fernández, M.T.; Zetina, C.; Iapalucci, S.; Lucero, M.A.; Boissou, C.; López, R.; Rey, 
O.; Daheli, M.; Cohen, G. & Zalein, M. (1987) Molecular structure and early events 
in the replication of Tacaribe Arenavirus S RNA. Virus Research. 7, 309-324. 

Franze-Fernandez, M.T.; Iapalucci, S.; Lopez, N. & Rossi, C. (1993) Subgenomic RNAs of 
Tacaribe virus. In The Arenaviridae, pp. 113-132. Edited by M. S. Salvato. New York: 
Plenum Press. 

Freed, E.O. (2002) Viral late domains. J. Virol. Vol. 76. pp. 4679–4687. 

 
Molecular Attenuation Process in Live Vaccine Generation for Arenaviruses 

 

179 

García, J.B.; Morzunov, S.P.; Levis, S.; Rowe, J.; Calderón, G.; Enría, D.; Sabattini, M.; 
Buchmeier, M.J.; Bowen, M.D. & St. Jeort, S.C. (2000). Genetic diversity of the Junín 
virus in Argentina: geographic and temporal patterns. Virology 272, 127–136. 

Garcin, D. & Kolakofsky, D. Tacaribe arenavirus RNA synthesis in vitro is primer 
dependent and suggests an unusual model for the initiation of genome replication. 
J. Virol. 66:1370–1376. 1992. 

Garcin, D.; Rochat, S. & Kolakofsky, D. (1993) The Tacaribe arenavirus small zinc finger 
protein is required for both mRNA synthesis and genome replication. J. Virol. Vol. 
67. pp 807–812. 

Ghiringhelli, P.D.; Rivera Pomar, R.V.; Lozano, M.E.; Grau, O. & Romanowski, V. (1991) 
Molecular organization of Junín virus S RNA: complete nucleotide sequence, 
relationship with the other members of Arenaviridae and unusual secondary 
structures. Journal of General Virology. 72, 2129-2141. 

Goñi, S.E.; Iserte, J.A.; Ambrosio, A.M.; Romanowski, V.; Ghiringhelli, P.D. & Lozano, M.E. 
(2006) Genomic features of attenuated Junín virus vaccine strain candidate. Virus 
Genes, 32:37-41. 

Goñi, S.E.; Iserte, J.A.; Stephan, B.I.; Borio, C.S.; Ghiringhelli, P.D. & Lozano, M.E. (2010) 
Molecular analysis of the virulence attenuation process in Junín virus vaccine 
genealogy. Virus Genes. 40(3):320-8. 

Gschwender, H.H.; Brummund, M. & Lehmann-Grube, F. (1975) Lymphocytic 
choriomeningitis virus. I. Concentration and purification of the infectious virus. 
Journal of Virology. 15, 1317-1322. 

Iserte, J.A.; Enría, D.A.; Levis, S.C. & Lozano, M.E. (2010) Junín virus (Argentine 
hemorrhagic fever). In: Chapter 65. Molecular Detection of Human Viral 
Pathogens. Edited by Dongyou Liu. Taylor & Francis CRC Press. In Press. 

Kentsis, A.; Dwyer, E.C; Perez, J.M.; Sharma, M.; Chen, A.; Pan, Z.Q. & Borden, K.L. (2001) 
The RING domains of the promyelocytic leukemia protein PML and the arenaviral 
protein Z repress translation by directly inhibiting translation initiation factor 
eIF4E. J. Mol. Biol. Vol. 312. pp. 609–623. 

Lan, S.; McLay, L.; Aronson, J.; Ly, H. & Liang; Y. (2008) Genome comparison of virulent 
and avirulent strains of the Pichinde arenavirus. Archives of Virology, 153 (7):1241-
1250. 

Lenz, O.; ter Meulen, J.; Klenk, H.D.; Seidah, N.G.; Garten, W. (2001). The Lassa virus 
glycoprotein precursor GP-C is proteolytically processed by subtilase SKI-1/S1P. 
Proc Natl Acad Sci ; 98(22):12701-5. 

Levingston Macleod, J.M.; D'Antuono, A.; Loureiro, M.E.; Casabona, J.C.;  Gomez, G.A. & 
Lopez, N. (2011) Identification of Two Functional Domains within the Arenavirus 
Nucleoprotein. J Virol. 85(5): 2012–2023. 

Lepine, P.; Mollaret, P. & Kreis, B. (1937) Receptivite de l'homme au virus murin de la 
choriomeningite lymphocytaire. Reproduction experimentale de la meningite 
lymphocytaire benigne. C.R. Academy of Science Paris. 204, 1846-1848. 

Lisieux, T.; Coimbra, M.; Nassar, E.S.; Burattini, M.N.; de Souza, L.T.; Ferreira, I.; Rocco, 
I.M.; da Rosa, A.P.; Vasconcelos, P.F.; Pinheiro, F.P. (1994) New arenavirus isolated 
in Brazil. Lancet. ; 343 (8894): 391-2. 



 
Point Mutation 

 

178 

Cao, W.; Henry, M.D.; Borrow, P.; Yamada, H.; Elder, J.H.; Ravkov, E.V.; Nichol, S.T.; 
Compans, R.W.; Campbel, K.P. & Oldstone, M.B. (1998) Identification of alpha-
dystroglycan as a receptor for lymphocytic choriomeningitis virus and Lassa fever 
virus. Science. 282, 2079-2081. 

Capul, A.A.; Pérez, M.; Burke, E.; Kunz, S.; Buchmeier, M.J. & de la Torre, J.C. Arenavirus Z-
glycoprotein association requires Z myristoylation but not functional RING or late 
domains. J Virol.; 81(17):9451-60. 2007. 

CDC. Center for Disease Control and Prevention. (2000). Fatal illnesses associated with a 
New World Arenavirus – California, 1999-2000. MMWR Morb. Mortal. Wkly. Rep. 
49, 709-711 

Charrel, R.N. & de Lamballerie, X. (2003) Arenaviruses other than Lassa virus. Antiviral Res.; 
57 (1-2): 89-100. 

Charrel, R.N.; de Lamballerie X. & Emonet, S. (2008) Phylogeny of the genus Arenavirus. 
Curr Opin Microbiol. 11 (4):362-8. 

Cossio, P.M.; Laguens, R.P.; Arana, R.M.; Segal, A. & Maiztegui, J.I. (1975). Ultrastructural 
and immunohistochemical study of the human kidney in Argentine hemorrhagic 
fever. Virchows Archives. 368, 1. 

Dalton, A.J.; Rowe, W.P.; Smith, G.H.; Wilsnack, R.E. & Pugh, W.E. (1968) Morphological 
and cytochemical studies on lymphocytic choriomeningitis virus. Journal of 
Virology. 2, 1465-1478. 

Delgado, S.; Erickson, B.R.; Agudo, R.; Blair, P.J.; Vallejo, E.; Albariño, C.J.; Vargas, J.; 
Comer, J.A.; Rollin, P.E.; Ksiazek, T.G.; Olson, J.G. & Nichol, S.T. (2008) Chapare 
Virus, a Newly Discovered Arenavirus Isolatedfrom a Fatal Hemorrhagic Fever 
Case in Bolivia. PLOS Pathogens. 4(4): e1000047. 

Endres, M.J.; Griot, C.; Gonzalez-Scarano, F. & Nathanson, N. (1991) Neuroattenuation of an 
avirulent bunyavirus variant maps to the L RNA segment. Journal of Virology, 65: 
5465-5470. 

Enría, D.A.; Bowen, M.D.; Mills, J.N.; Shieh,W.J.; Bausch, D. & Peters, C.J. (2004) Arenavirus 
infections. In: Guerrant, R.L.,Walker, D. H.,Weller, P.F., Saunders, W.B. (Eds.), 
Tropical Infectious Diseases: Principles, Pathogens, and Practice, vol. 2, pp. 1191–1212 
(Chapter 111). 

Enría, D.A.; Briggiler, A.M. & Sánchez, Z. (2008) Treatment of Argentine hemorrhagic fever. 
Antiviral Res.;78(1):132-9. 

Flanagan, M.L.; Oldenburg, J.; Reignier, T.; Holt, N.; Hamilton, G.A.; Martin, V.K.; Cannon, 
P.M. (2008). New world clade B arenaviruses can use transferrin receptor 1 (TfR1)-
dependent and -independent entry pathways, and glycoproteins from human 
pathogenic strains are associated with the use of TfR1. J Virol; 82(2):938-48. 

Franze Fernández, M.T.; Zetina, C.; Iapalucci, S.; Lucero, M.A.; Boissou, C.; López, R.; Rey, 
O.; Daheli, M.; Cohen, G. & Zalein, M. (1987) Molecular structure and early events 
in the replication of Tacaribe Arenavirus S RNA. Virus Research. 7, 309-324. 

Franze-Fernandez, M.T.; Iapalucci, S.; Lopez, N. & Rossi, C. (1993) Subgenomic RNAs of 
Tacaribe virus. In The Arenaviridae, pp. 113-132. Edited by M. S. Salvato. New York: 
Plenum Press. 

Freed, E.O. (2002) Viral late domains. J. Virol. Vol. 76. pp. 4679–4687. 

 
Molecular Attenuation Process in Live Vaccine Generation for Arenaviruses 

 

179 

García, J.B.; Morzunov, S.P.; Levis, S.; Rowe, J.; Calderón, G.; Enría, D.; Sabattini, M.; 
Buchmeier, M.J.; Bowen, M.D. & St. Jeort, S.C. (2000). Genetic diversity of the Junín 
virus in Argentina: geographic and temporal patterns. Virology 272, 127–136. 

Garcin, D. & Kolakofsky, D. Tacaribe arenavirus RNA synthesis in vitro is primer 
dependent and suggests an unusual model for the initiation of genome replication. 
J. Virol. 66:1370–1376. 1992. 

Garcin, D.; Rochat, S. & Kolakofsky, D. (1993) The Tacaribe arenavirus small zinc finger 
protein is required for both mRNA synthesis and genome replication. J. Virol. Vol. 
67. pp 807–812. 

Ghiringhelli, P.D.; Rivera Pomar, R.V.; Lozano, M.E.; Grau, O. & Romanowski, V. (1991) 
Molecular organization of Junín virus S RNA: complete nucleotide sequence, 
relationship with the other members of Arenaviridae and unusual secondary 
structures. Journal of General Virology. 72, 2129-2141. 

Goñi, S.E.; Iserte, J.A.; Ambrosio, A.M.; Romanowski, V.; Ghiringhelli, P.D. & Lozano, M.E. 
(2006) Genomic features of attenuated Junín virus vaccine strain candidate. Virus 
Genes, 32:37-41. 

Goñi, S.E.; Iserte, J.A.; Stephan, B.I.; Borio, C.S.; Ghiringhelli, P.D. & Lozano, M.E. (2010) 
Molecular analysis of the virulence attenuation process in Junín virus vaccine 
genealogy. Virus Genes. 40(3):320-8. 

Gschwender, H.H.; Brummund, M. & Lehmann-Grube, F. (1975) Lymphocytic 
choriomeningitis virus. I. Concentration and purification of the infectious virus. 
Journal of Virology. 15, 1317-1322. 

Iserte, J.A.; Enría, D.A.; Levis, S.C. & Lozano, M.E. (2010) Junín virus (Argentine 
hemorrhagic fever). In: Chapter 65. Molecular Detection of Human Viral 
Pathogens. Edited by Dongyou Liu. Taylor & Francis CRC Press. In Press. 

Kentsis, A.; Dwyer, E.C; Perez, J.M.; Sharma, M.; Chen, A.; Pan, Z.Q. & Borden, K.L. (2001) 
The RING domains of the promyelocytic leukemia protein PML and the arenaviral 
protein Z repress translation by directly inhibiting translation initiation factor 
eIF4E. J. Mol. Biol. Vol. 312. pp. 609–623. 

Lan, S.; McLay, L.; Aronson, J.; Ly, H. & Liang; Y. (2008) Genome comparison of virulent 
and avirulent strains of the Pichinde arenavirus. Archives of Virology, 153 (7):1241-
1250. 

Lenz, O.; ter Meulen, J.; Klenk, H.D.; Seidah, N.G.; Garten, W. (2001). The Lassa virus 
glycoprotein precursor GP-C is proteolytically processed by subtilase SKI-1/S1P. 
Proc Natl Acad Sci ; 98(22):12701-5. 

Levingston Macleod, J.M.; D'Antuono, A.; Loureiro, M.E.; Casabona, J.C.;  Gomez, G.A. & 
Lopez, N. (2011) Identification of Two Functional Domains within the Arenavirus 
Nucleoprotein. J Virol. 85(5): 2012–2023. 

Lepine, P.; Mollaret, P. & Kreis, B. (1937) Receptivite de l'homme au virus murin de la 
choriomeningite lymphocytaire. Reproduction experimentale de la meningite 
lymphocytaire benigne. C.R. Academy of Science Paris. 204, 1846-1848. 

Lisieux, T.; Coimbra, M.; Nassar, E.S.; Burattini, M.N.; de Souza, L.T.; Ferreira, I.; Rocco, 
I.M.; da Rosa, A.P.; Vasconcelos, P.F.; Pinheiro, F.P. (1994) New arenavirus isolated 
in Brazil. Lancet. ; 343 (8894): 391-2. 



 
Point Mutation 

 

180 

López, N.; Jácamo, R. & Franze-Fernández, M.T. (2001) Transcription and RNA replication 
of Tacaribe virus genome and antigenome analogs require N and L proteins: Z 
protein is an inhibitor of these processes. J Virol. Vol. 75. pp. 12241-12251. 

Lukashevich, I.S.; Patterson, J.; Carrion, R.; Moshkoff, D.; Ticer, A.; Zapata, J.; Brasky, K.; 
Geiger, R.; Hubbard, G.B.; Bryant, J. & Salvato, M.S. (2005) A Live Attenuated 
Vaccine for Lassa Fever Made by Reassortment of Lassa and Mopeia Viruses. 
Journal of Virology, p. 13934–13942 Vol. 79, No. 22. 

Machado, Alex Martins, Figueiredo GG, Campos GM, Lozano ME, Machado AR, Figueiredo 
LT. (2010). Standardization of an ELISA test using a recombinant nucleoprotein 
from the Junin virus as the antigen and serological screening for arenavirus among 
the population of Nova Xavantina, State of Mato Grosso. Rev. Soc. Bras. Med. Trop., 
43, 229-233.  

Maiztegui, J.I.; Sabattini, M.S. & Barrera Oro, J.G. (1972) Actividad del virus de la 
coriomeningitis linfocitaria (LCM) en el área endémica de Fiebre Hemorrágica 
Argentina (FHA). 1. Estudios serológicos en roedores capturados en la ciudad de 
Pergamino. Medicina (Buenos Aires). 32, 131-137. 

Maiztegui, J.I.; Feinsod, F.; Briggiler, A.M.; Peters, C.J.; Enría, D.A.; Lupton, H.W.; 
Ambrosio, A.M.; Tiano, E.; Feuillade, M.R.; Gamboa, G.; Conti, O.; Vallejos, D.; Mac 
Donald, C. & Barrera Oro, J.G. (1987). Inoculation of Argentine volunteers with a 
live-attenuated Junín virus vaccine. VII International Congress of Virology, 
Edmonton, Canada (Abstract book, p. 69, R.3.49).  

Martín Serrano, J.; Pérez Caballero, D. & Bieniasz, P.D. (2004) Context-Dependent effects of 
L domains and ubiquitination on viral budding. J.Virol. Vol. 78. pp. 5554-5563. 

Martínez Segovia, Z.M. & Grazioli, F. (1969) The nucleic acid of Junín virus. Acta Virologica. 
13, 264-268. 

Martínez-Sobrido, L.; Zúñiga, E.I.; Rosario, D.; García-Sastre, A. & de la Torre, J.C. (2006) 
Inhibition of the Type I Interferon Response by the Nucleoprotein of the Prototypic 
Arenavirus Lymphocytic Choriomeningitis Virus. J Virol. 80(18): 9192–9199. 

McKee, K.T. Jr, Mahlandt, B.G.; Maiztegui, J.I.; Eddy, G.A. & Peters, C.J. (1985) Experimental 
Argentine hemorrhagic fever in rhesus macaques: viral strain-dependent clinical 
response. J Infect Dis. 152(1):218-21. 

Melcon, M.O. & Herskovits, E. (1981) Complicaciones neurológicas tardías de la fiebre 
hemorrágica argentina. Medicina (Buenos Aires) 41: 137. 

Murphy, F.A. & Whitfield, S.G. (1975) Morphology and morphogenesis of arenaviruses. 
Bulletin WHO. 52, 409-419. 

Murphy, F.A.; Webb, P.A.; Johnson, K.M. & Whitfield, S.G. (1968) Morphological 
comparison of Machupo with lymphocytic choriomeningitis virus: basis for a new 
taxonomic group. Journal of Virology. 4, 535-541. 

Murphy, F.A.; Webb, P.A.; Johnson, K.M.; Whitfield, S.G. & Chappel, W.A. (1970) 
Arenaviruses in Vero cells: ultrastructural studies. Journal of Virology. 6, 507-518. 

Ofodile, A.; Padnos, M.; Molomut, N. & Duffy, J.L. (1973) Morphological and biological 
characteristics of the M-P strain of lymphocytic choriomeningitis virus. Infect. 
Immun. 7, 309-315. 

Ogbu, O.; Ajuluchukwu, E. & Uneke C.J. (2007) Lassa fever in West African sub-region: an 
overview. J Vector Borne Dis. 44(1):1-11. 

 
Molecular Attenuation Process in Live Vaccine Generation for Arenaviruses 

 

181 

Oldstone, M.B.A. (1987a). Arenaviruses: biology and immunotherapy (edit). Current Topics 
in Microbiology and Immunology. 134, 1. 

Oldstone, M.B.A. (1987b). Immunotherapy for virus infection. Current Topics in 
Microbiology and Immunology. 134, 211-229. 

Palacios, G.; Druce, J.; Du, L.; Tran, T.; Birch, C.; Briese, T.; Conlan, S.; Quan, P.L.; Hui, J.; 
Marshall, J.; Simons, J.F.; Egholm, M.; Paddock, C.D.; Shieh, W.J.; Goldsmith, C.S.; 
Zaki, S.R.; Catton, M. & Lipkin, W.I. (2008) A New Arenavirus in a Cluster of Fatal 
Transplant-Associated Diseases. N Engl J Med. 6;358(10):991-8. 

Parisi, G.; Echave, J.; Ghiringhelli, P. D. & Romanowski, V. (1996) Computational 
characterization of potential RNA-binding sites in arenavirus nucleocapsid 
proteins. Virus Genes 13, 249-256. 

Parodi, A.S.; Greenway, D.J.; Rugiero, H.R.; Rivero, E.; Frigerio, M.J.; Mettler, N.E.; Garzon, 
F.; Boxaca, M.; Guerrero, L.B. de & Nota, N.R. (1958) Sobre la etiología del brote 
epidémico en Junín. Día Médico. 30, 2300-2302. 

Pérez, M. & de la Torre, J.C. (2003) Characterization of the Genomic Promoter of the 
Prototypic Arenavirus Lymphocytic Choriomeningitis Virus. Journal of Virology. p. 
1184–1194 Vol. 77, No. 2. 

Pérez, M.; Craven, R.C. & de la Torre, J.C. (2003) The small RING finger protein Z drives 
arenavirus budding: implications for antiviral strategies. Proc. Natl. Acad. Sci.; 
100:12978–12983. 

Polyak, S.J.; Zheng, S. & Harnish, D.G. (1995). 5’ Termini of Pichinde arenavirus S RNAs and 
mRNAs contain nontemplated nucleotides. J. Virol. 69:3211–3215. 

Pornillos, O.; Garrus, J.E. & Sundquist, W.I. (2002) Mechanisms of enveloped RNA virus 
budding. Trends Cell Biol. Vol. 12. pp. 569–579. 

Radoshitzky, S.R.; Abraham, J.; Spiropoulou, C.F.; Kuhn, J.H.; Nguyen, D.; Li, W.; Ángel, J.; 
Schmidt, P.J.; Nunberg, J.H.; Andrews, N.C.; Farzan, M. & Choe, H. (2007) 
Transferrin receptor 1 is a cellular receptor for New World haemorrhagic fever 
arenaviruses. Nature. 446(7131):92-6. 

Rivers, T.M. & Scott, T.F.M. (1935) Meningitis in man caused by a filterable virus. Science. 81, 
439-440. 

Riviere, Y.; Ahmed, R.; Southern, P.J.; Buchmeier, M.J. & Oldstone, M.B.A. (1985a) Genetic 
mapping of lymphocytic choriomeningitis virus pathogenicity: virulence in guinea 
pigs is associated with the L RNA segment. Journal of Virology. 55, 704-709. 

Riviere, Y.; Ahmed, R.; Southern, P.J.; Buchmeier, M.J.; Dutko, F.J. & Oldstone, M.B.A. 
(1985b) The S RNA segment of lymphocytic choriomeningitis virus codes for the 
nucleoprotein and the glycoproteins 1 and 2. Journal of Virology. 53, 966-968. 

Rugiero, H.R.; Cíntora, F.; Libonatti, E.; Magnoni, C.; Castiglioni, E. & Locisero, R. (1960) 
Formas nerviosas de la Fiebre Hemorrágica Epidémica. Pren. Méd. Argent. 47: 1845 

Sabattini, M.S.; Gonzalez de Ríos, L.E.; Díaz, G. & Vega, V.R. (1977) Infección natural y 
experimental de roedores con virus Junín. Medicina (Buenos Aires). 37 Supl. 3, 149-
161. 

Salas, R.; Manzione, N.; Tesh, R.B.; Rico-Hesse, R.; Shope, R.; Betancourt, A.; Godoy, O.; 
Bruzual, R.; Pacheco, M.; Ramos, B.; Taibo, M.E.; García Tamayo, J.; Jaimes, E.; 
Vasquez, C.; Araoz, F. & Quarales, J. (1991) Venezuelan hemorrhagic fever. Lancet. 
338, 1033-1036. 



 
Point Mutation 

 

180 

López, N.; Jácamo, R. & Franze-Fernández, M.T. (2001) Transcription and RNA replication 
of Tacaribe virus genome and antigenome analogs require N and L proteins: Z 
protein is an inhibitor of these processes. J Virol. Vol. 75. pp. 12241-12251. 

Lukashevich, I.S.; Patterson, J.; Carrion, R.; Moshkoff, D.; Ticer, A.; Zapata, J.; Brasky, K.; 
Geiger, R.; Hubbard, G.B.; Bryant, J. & Salvato, M.S. (2005) A Live Attenuated 
Vaccine for Lassa Fever Made by Reassortment of Lassa and Mopeia Viruses. 
Journal of Virology, p. 13934–13942 Vol. 79, No. 22. 

Machado, Alex Martins, Figueiredo GG, Campos GM, Lozano ME, Machado AR, Figueiredo 
LT. (2010). Standardization of an ELISA test using a recombinant nucleoprotein 
from the Junin virus as the antigen and serological screening for arenavirus among 
the population of Nova Xavantina, State of Mato Grosso. Rev. Soc. Bras. Med. Trop., 
43, 229-233.  

Maiztegui, J.I.; Sabattini, M.S. & Barrera Oro, J.G. (1972) Actividad del virus de la 
coriomeningitis linfocitaria (LCM) en el área endémica de Fiebre Hemorrágica 
Argentina (FHA). 1. Estudios serológicos en roedores capturados en la ciudad de 
Pergamino. Medicina (Buenos Aires). 32, 131-137. 

Maiztegui, J.I.; Feinsod, F.; Briggiler, A.M.; Peters, C.J.; Enría, D.A.; Lupton, H.W.; 
Ambrosio, A.M.; Tiano, E.; Feuillade, M.R.; Gamboa, G.; Conti, O.; Vallejos, D.; Mac 
Donald, C. & Barrera Oro, J.G. (1987). Inoculation of Argentine volunteers with a 
live-attenuated Junín virus vaccine. VII International Congress of Virology, 
Edmonton, Canada (Abstract book, p. 69, R.3.49).  

Martín Serrano, J.; Pérez Caballero, D. & Bieniasz, P.D. (2004) Context-Dependent effects of 
L domains and ubiquitination on viral budding. J.Virol. Vol. 78. pp. 5554-5563. 

Martínez Segovia, Z.M. & Grazioli, F. (1969) The nucleic acid of Junín virus. Acta Virologica. 
13, 264-268. 

Martínez-Sobrido, L.; Zúñiga, E.I.; Rosario, D.; García-Sastre, A. & de la Torre, J.C. (2006) 
Inhibition of the Type I Interferon Response by the Nucleoprotein of the Prototypic 
Arenavirus Lymphocytic Choriomeningitis Virus. J Virol. 80(18): 9192–9199. 

McKee, K.T. Jr, Mahlandt, B.G.; Maiztegui, J.I.; Eddy, G.A. & Peters, C.J. (1985) Experimental 
Argentine hemorrhagic fever in rhesus macaques: viral strain-dependent clinical 
response. J Infect Dis. 152(1):218-21. 

Melcon, M.O. & Herskovits, E. (1981) Complicaciones neurológicas tardías de la fiebre 
hemorrágica argentina. Medicina (Buenos Aires) 41: 137. 

Murphy, F.A. & Whitfield, S.G. (1975) Morphology and morphogenesis of arenaviruses. 
Bulletin WHO. 52, 409-419. 

Murphy, F.A.; Webb, P.A.; Johnson, K.M. & Whitfield, S.G. (1968) Morphological 
comparison of Machupo with lymphocytic choriomeningitis virus: basis for a new 
taxonomic group. Journal of Virology. 4, 535-541. 

Murphy, F.A.; Webb, P.A.; Johnson, K.M.; Whitfield, S.G. & Chappel, W.A. (1970) 
Arenaviruses in Vero cells: ultrastructural studies. Journal of Virology. 6, 507-518. 

Ofodile, A.; Padnos, M.; Molomut, N. & Duffy, J.L. (1973) Morphological and biological 
characteristics of the M-P strain of lymphocytic choriomeningitis virus. Infect. 
Immun. 7, 309-315. 

Ogbu, O.; Ajuluchukwu, E. & Uneke C.J. (2007) Lassa fever in West African sub-region: an 
overview. J Vector Borne Dis. 44(1):1-11. 

 
Molecular Attenuation Process in Live Vaccine Generation for Arenaviruses 

 

181 

Oldstone, M.B.A. (1987a). Arenaviruses: biology and immunotherapy (edit). Current Topics 
in Microbiology and Immunology. 134, 1. 

Oldstone, M.B.A. (1987b). Immunotherapy for virus infection. Current Topics in 
Microbiology and Immunology. 134, 211-229. 

Palacios, G.; Druce, J.; Du, L.; Tran, T.; Birch, C.; Briese, T.; Conlan, S.; Quan, P.L.; Hui, J.; 
Marshall, J.; Simons, J.F.; Egholm, M.; Paddock, C.D.; Shieh, W.J.; Goldsmith, C.S.; 
Zaki, S.R.; Catton, M. & Lipkin, W.I. (2008) A New Arenavirus in a Cluster of Fatal 
Transplant-Associated Diseases. N Engl J Med. 6;358(10):991-8. 

Parisi, G.; Echave, J.; Ghiringhelli, P. D. & Romanowski, V. (1996) Computational 
characterization of potential RNA-binding sites in arenavirus nucleocapsid 
proteins. Virus Genes 13, 249-256. 

Parodi, A.S.; Greenway, D.J.; Rugiero, H.R.; Rivero, E.; Frigerio, M.J.; Mettler, N.E.; Garzon, 
F.; Boxaca, M.; Guerrero, L.B. de & Nota, N.R. (1958) Sobre la etiología del brote 
epidémico en Junín. Día Médico. 30, 2300-2302. 

Pérez, M. & de la Torre, J.C. (2003) Characterization of the Genomic Promoter of the 
Prototypic Arenavirus Lymphocytic Choriomeningitis Virus. Journal of Virology. p. 
1184–1194 Vol. 77, No. 2. 

Pérez, M.; Craven, R.C. & de la Torre, J.C. (2003) The small RING finger protein Z drives 
arenavirus budding: implications for antiviral strategies. Proc. Natl. Acad. Sci.; 
100:12978–12983. 

Polyak, S.J.; Zheng, S. & Harnish, D.G. (1995). 5’ Termini of Pichinde arenavirus S RNAs and 
mRNAs contain nontemplated nucleotides. J. Virol. 69:3211–3215. 

Pornillos, O.; Garrus, J.E. & Sundquist, W.I. (2002) Mechanisms of enveloped RNA virus 
budding. Trends Cell Biol. Vol. 12. pp. 569–579. 

Radoshitzky, S.R.; Abraham, J.; Spiropoulou, C.F.; Kuhn, J.H.; Nguyen, D.; Li, W.; Ángel, J.; 
Schmidt, P.J.; Nunberg, J.H.; Andrews, N.C.; Farzan, M. & Choe, H. (2007) 
Transferrin receptor 1 is a cellular receptor for New World haemorrhagic fever 
arenaviruses. Nature. 446(7131):92-6. 

Rivers, T.M. & Scott, T.F.M. (1935) Meningitis in man caused by a filterable virus. Science. 81, 
439-440. 

Riviere, Y.; Ahmed, R.; Southern, P.J.; Buchmeier, M.J. & Oldstone, M.B.A. (1985a) Genetic 
mapping of lymphocytic choriomeningitis virus pathogenicity: virulence in guinea 
pigs is associated with the L RNA segment. Journal of Virology. 55, 704-709. 

Riviere, Y.; Ahmed, R.; Southern, P.J.; Buchmeier, M.J.; Dutko, F.J. & Oldstone, M.B.A. 
(1985b) The S RNA segment of lymphocytic choriomeningitis virus codes for the 
nucleoprotein and the glycoproteins 1 and 2. Journal of Virology. 53, 966-968. 

Rugiero, H.R.; Cíntora, F.; Libonatti, E.; Magnoni, C.; Castiglioni, E. & Locisero, R. (1960) 
Formas nerviosas de la Fiebre Hemorrágica Epidémica. Pren. Méd. Argent. 47: 1845 

Sabattini, M.S.; Gonzalez de Ríos, L.E.; Díaz, G. & Vega, V.R. (1977) Infección natural y 
experimental de roedores con virus Junín. Medicina (Buenos Aires). 37 Supl. 3, 149-
161. 

Salas, R.; Manzione, N.; Tesh, R.B.; Rico-Hesse, R.; Shope, R.; Betancourt, A.; Godoy, O.; 
Bruzual, R.; Pacheco, M.; Ramos, B.; Taibo, M.E.; García Tamayo, J.; Jaimes, E.; 
Vasquez, C.; Araoz, F. & Quarales, J. (1991) Venezuelan hemorrhagic fever. Lancet. 
338, 1033-1036. 



 
Point Mutation 

 

182 

Salvato, M.S. & Shimomaye, E.M. (1989) The completed sequence of lymphocytic 
choriomeningitis virus reveals a unique RNA structure and a gene for a zinc finger 
protein. Virology. 173 (1), 1-10. 

Salvato, M.S.; Clegg, J.C.S.; Buchmeier, M.J.; Charrel, R.N.; Gonzalez, J.P.; Lukashevich, I.S.; 
Peters, C.J.; Rico-Hesse, R. and Romanowski, V. Family Arenaviridae. In: Van 
Regenmortel, M.H.V., Fauquet, C.M., Mayo, M.A., Maniloff, J., Desselberger, U. & 
Ball, L.A. (Eds.) (2005). Virus Taxonomy, Eighth report of the International Committee on 
Taxonomy of Viruses. Academic Press. 

Salvato, M.S.; Schweighofer, K.J.; Burns, J. & Shimomaye, E.M. (1992) Biochemical and 
immunological evidence that the 11 kDa zinc-binding protein of lymphocytic 
choriomeningitis virus is a structural component of the virus. Virus Res. Vol. 22. pp. 
185–198. 

Sánchez, A.B. & de la Torre, J.C. (2005) Genetic and Biochemical Evidence for an Oligomeric 
Structure of the Functional L Polymerase of the Prototypic Arenavirus 
Lymphocytic Choriomeningitis Virus. J Virol.; 79(11): 7262–7268. 

Speir, R.W.; Wood, O.; Liebhaber, H. & Buckley, S.M. (1970) Lassa fever, a new virus disease 
of man from west Africa. IV. Electron microscopy of Vero cell cultures infected 
with Lassa virus. American Journal of Tropical Medicine and Hygene. 19, 692-694. 

Spiropoulou, C.F.; Kunz, S.; Rollin, P.E.; Campbell, K.P. & Oldstone, M.B. (2002) New World 
arenavirus clade C, but not clade A and B viruses, utilizes alpha-dystroglycan as its 
major receptor. J. Virol. 76 (10), 5140-5146. 

Tortorici, M.A.; Ghiringhelli, P.D. Lozano, M.E.; Albariño, C.G. & Romanowski, V. (2001a) 
Zinc-binding properties of Junín virus nucleocapsid protein. Journal of General 
Virology, 82: 121–128. 

Tortorici, M.A.; Albariño, C.G.; Posik, D.M.; Ghiringhelli, P.D.; Lozano, M.E.; Rivera Pomar, 
R.V. & Romanowski, V. (2001b) Arenavirus nucleocapsid protein displays a 
transcriptional antitermination activity in vivo. Virus Research 73, 41–55. 

Urata, S.; Noda, T.; Kawaoka, Y.; Yokosawa, H. & Yasuda, J. (2006) Cellular factors required 
for Lassa virus budding. J Virol. Vol. 80. pp. 4191-5. 

Vieth, S.; Torda, A.E.; Asper, M.; Schmitz, H. & Günter, S. (2004) Sequence analysis of L 
RNA of Lassa virus. Virology, 318: 153-168. 

Weissenbacher, M.C.; Laguens, R.P. & Coto, C.E. (1987) Argentine hemorrhagic fever. Curr 
Top Microbiol Immunol.; 134:79-116. 

Wilson, S.M. & Clegg, J.C.S. (1991). Sequence analysis of the S RNA of the African 
arenavirus Mopeia: an unusual secondary structure feature in the intergenic region. 
Virology 180: 543-552.  

York, J.; Romanowski, V.; Lu, M. & Nunberg, J.H. (2004) The Signal Peptide of the Junín 
Arenavirus Envelope Glycoprotein Is Myristoylated and Forms an Essential 
Subunit of the Mature G1-G2 Complex. Journal of Virology, 78 (19): 10783-10792. 

Yun, N.E.; Linde, N.S.; Dziuba, N.; Zacks, M.A.; Smith, J.N.; Smith, J.K.; Aronson, J.F.; 
Chumakova, O.V.; Lander, H.M.; Peters, C.J. & Paessler, S. (2008) Pathogenesis of 
XJ and Romero Strains of Junin Virus in Two Strains of Guinea Pigs. Am. J. Trop. 
Med. Hyg., 79(2), pp. 275–282. 

Part 3 

Point Mutation in Bacteria:  
Human Activity-Driven Evolution 



 
Point Mutation 

 

182 

Salvato, M.S. & Shimomaye, E.M. (1989) The completed sequence of lymphocytic 
choriomeningitis virus reveals a unique RNA structure and a gene for a zinc finger 
protein. Virology. 173 (1), 1-10. 

Salvato, M.S.; Clegg, J.C.S.; Buchmeier, M.J.; Charrel, R.N.; Gonzalez, J.P.; Lukashevich, I.S.; 
Peters, C.J.; Rico-Hesse, R. and Romanowski, V. Family Arenaviridae. In: Van 
Regenmortel, M.H.V., Fauquet, C.M., Mayo, M.A., Maniloff, J., Desselberger, U. & 
Ball, L.A. (Eds.) (2005). Virus Taxonomy, Eighth report of the International Committee on 
Taxonomy of Viruses. Academic Press. 

Salvato, M.S.; Schweighofer, K.J.; Burns, J. & Shimomaye, E.M. (1992) Biochemical and 
immunological evidence that the 11 kDa zinc-binding protein of lymphocytic 
choriomeningitis virus is a structural component of the virus. Virus Res. Vol. 22. pp. 
185–198. 

Sánchez, A.B. & de la Torre, J.C. (2005) Genetic and Biochemical Evidence for an Oligomeric 
Structure of the Functional L Polymerase of the Prototypic Arenavirus 
Lymphocytic Choriomeningitis Virus. J Virol.; 79(11): 7262–7268. 

Speir, R.W.; Wood, O.; Liebhaber, H. & Buckley, S.M. (1970) Lassa fever, a new virus disease 
of man from west Africa. IV. Electron microscopy of Vero cell cultures infected 
with Lassa virus. American Journal of Tropical Medicine and Hygene. 19, 692-694. 

Spiropoulou, C.F.; Kunz, S.; Rollin, P.E.; Campbell, K.P. & Oldstone, M.B. (2002) New World 
arenavirus clade C, but not clade A and B viruses, utilizes alpha-dystroglycan as its 
major receptor. J. Virol. 76 (10), 5140-5146. 

Tortorici, M.A.; Ghiringhelli, P.D. Lozano, M.E.; Albariño, C.G. & Romanowski, V. (2001a) 
Zinc-binding properties of Junín virus nucleocapsid protein. Journal of General 
Virology, 82: 121–128. 

Tortorici, M.A.; Albariño, C.G.; Posik, D.M.; Ghiringhelli, P.D.; Lozano, M.E.; Rivera Pomar, 
R.V. & Romanowski, V. (2001b) Arenavirus nucleocapsid protein displays a 
transcriptional antitermination activity in vivo. Virus Research 73, 41–55. 

Urata, S.; Noda, T.; Kawaoka, Y.; Yokosawa, H. & Yasuda, J. (2006) Cellular factors required 
for Lassa virus budding. J Virol. Vol. 80. pp. 4191-5. 

Vieth, S.; Torda, A.E.; Asper, M.; Schmitz, H. & Günter, S. (2004) Sequence analysis of L 
RNA of Lassa virus. Virology, 318: 153-168. 

Weissenbacher, M.C.; Laguens, R.P. & Coto, C.E. (1987) Argentine hemorrhagic fever. Curr 
Top Microbiol Immunol.; 134:79-116. 

Wilson, S.M. & Clegg, J.C.S. (1991). Sequence analysis of the S RNA of the African 
arenavirus Mopeia: an unusual secondary structure feature in the intergenic region. 
Virology 180: 543-552.  

York, J.; Romanowski, V.; Lu, M. & Nunberg, J.H. (2004) The Signal Peptide of the Junín 
Arenavirus Envelope Glycoprotein Is Myristoylated and Forms an Essential 
Subunit of the Mature G1-G2 Complex. Journal of Virology, 78 (19): 10783-10792. 

Yun, N.E.; Linde, N.S.; Dziuba, N.; Zacks, M.A.; Smith, J.N.; Smith, J.K.; Aronson, J.F.; 
Chumakova, O.V.; Lander, H.M.; Peters, C.J. & Paessler, S. (2008) Pathogenesis of 
XJ and Romero Strains of Junin Virus in Two Strains of Guinea Pigs. Am. J. Trop. 
Med. Hyg., 79(2), pp. 275–282. 

Part 3 

Point Mutation in Bacteria:  
Human Activity-Driven Evolution 



 8 

Mutational Polymorphism in the  
Bacterial Topoisomerase Genes  

Driven by Treatment with Quinolones 
Maja Velhner and Dragica Stojanović 

Scientific Veterinary Institute Novi Sad,  
Serbia 

1. Introduction 
Overuse of antimicrobial agents in human and veterinary medicine is a serious problem 
worldwide. Bacteria have developed resistance mechanisms decades ago, even before wide 
application of antibiotics had started. Naturally they had learned to cope with an 
unfavourable environment well before man changed it. Bacteria can develop resistance 
utilizing different mechanisms. Through mobile genetic elements bacteria transfer resistance 
to progeny, raising concerns about not being able to control the infection (Velhner et al., 
2011). An understanding of resistance mechanisms is essential for developing new 
therapeutics and overcoming current problems in therapy.  

Single point mutations in target genes is sufficient to develop resistance (Giraud et al., 1999).  

Quinolones are directed to the complex of DNA and the enzyme Gyrase A and/or 
topoisomerase IV. They disturb replication of bacteria by changing the topology of DNA. 
Mutations in genes coding these important enzymes enable bacteria to develop resistance, 
creating a favourable environment for their survival. Gyrase A consists of two subunits 
encoded by genes gyrA and gyrB. In the gyrA gene, there is a quinolone resistance-
determining region (QRDR) where mutations occur, if bacteria are exposed to antimicrobials 
(rev. by Velhner et al., 2010). The QRDR extends from codon 67 to 106, but upon quinolone 
treatment, mutations mostly occur on codons 83 and 87 (Yoshida et al., 1990). In the gyrB 
gene, the QRDR region extends from codons 426 to 447 in E. coli and also in Salmonella 
(Yoshida et al., 1991). Gyrase A is a target enzyme in gram negative bacteria. Topoisomerase 
IV is a target enzyme for gram positive and a secondary target in gram negative bacteria. 
Topoisomerase IV is encoded by two genes termed parC and parE. In environments where 
antimicrobials are persistently in use, multiple resistances develop and genes for both 
enzymes can be mutated. To monitor the level of resistance it is important to estimate 
minimal inhibitory concentration (MIC) for certain antibiotics since this would tell us what 
the risk of antimicrobial use is and whether to expect mutations on target genes.  

The focus of the present review will be on resistance development in bacteria that cause 
food-borne illness and are most often found in livestock industry. Three genera have been 
selected because of their significance in both human and veterinary medicine: Salmonella 
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spp., Escherichia coli and Campylobacter spp. These bacteria are transferred to humans 
through the food chain and tend to persist in farms, alimentary and medical settings. 
Salmonellae are very invasive and spread very quickly from animal to animal. The rate of 
Salmonella Enteritidis isolation in groups of chickens infected orally with 102 cfu/0.1 ml 
(group A), the sentinels (group C) and group of chickens infected orally with 104 cfu/0.1ml 
and sentinels (group D) is presented in Fig 1. The low infective doses did not prevent 
horizontal spread of SE to contact chickens during 14 days post infection. Salmonella 
Enteritidis could be isolated in highest percent (group C and D) from birds exposed by 
contact (Velhner et al., 2005). If chickens are infected during the growth Salmonella will be 
transmitted in slaughterhouses, contaminating food. Escherichia coli are widely distributed 
among farm animals. Pathogenic isolates but also commensals, tend to harbour different 
resistance mechanisms. Genetic polymorphism in target genes is noted in quinolone 
resistant strains. However, just recently identical extended-spectrum -lactamase genes 
were found among E. coli isolates from humans and retail chicken meat in The Netherlands. 
This implicates spread of E. coli to people through the food chain, raising concern about 
prudent use of antimicrobial agents in farm animals. To minimize health problems in 
humans caused by infection with food borne bacteria, it is also important to develop strict 
measures to prevent contamination during food processing and handling (Overdevest et al., 
2011). Campylobacter species gain resistance to quinolones easily and as such present a risk 
for consumer’s safety. Usually they are not pathogenic for animals, but if humans are 
infected through food this can cause gastrointestinal diseases. Resistance to quinolones is of 
special concern because proper medical treatment could be difficult if patients are infected 
with multiple resistant microorganism. Children, elderly people and immunocompromised 
patients are at highest risk in such situation. Monitoring of antimicrobial resistance is 
therefore necessary and in most countries is introduced as a part of the national programs in 
human and veterinary medicine.  

 
Fig. 1. Incidence of salmonella isolation from cloacal swabs during the experiment. Groups 
C and D are sentinel chickens. 
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2. Point mutations in topoisomerase genes of Salmonella 
There are over 2000 serotypes of the genus Salmonella and most of them are pathogens for 
humans. They are usually transmitted by food of animal origin and animal products. 
Salmonellae are invasive, tend to spread clonally and also gain multiple resistance 
phenotypes. There is a number of papers dealing with the resistance mechanisms to 
quinolones in Salmonella. Every decade is marked with the predominance of certain 
serotypes and distinctive resistance patterns. Most frequently quinolones will induce the 
apparition of point mutations in the gyrA gene but there are reports on mutations in other 
topoisomerase genes. If bacteria are highly resistant to fluoroquinolones (FQ) and MIC 
exceeds the clinical breakpoint, a double mutant can be expected. Nevertheless in quinolone 
resistant Salmonella, the most frequent mutations are on the gyrA gene, while mutations in 
multiple loci are reported occasionally. We will summarize recent reports concerning 
mutations in topoisomerase genes and present our current opinion about resistance 
mechanisms.  

Giraud et al. (1999) proposed that in veterinary isolates the most common amino acid 
substitution in gyrA gene is Ser83Phe, because of wide application in animal husbandry of 
enrofloxacin, a fluorinated quinolone derivate. A similar result was obtained by 
spontaneous mutant selection with nalidixic acid (NAL), ciprofloxacin (CIP) and 
enrofloxacin (ENR). Enrofloxacin selects mutants with Ser83Phe substitution on gyrA, 
while NAL and CIP favour substitutions on codon 87 (Levy et al., 2004). Therefore 
mutations on topoisomerase genes depend on antimicrobial agents to which Salmonella are 
exposed (Giraud et al., 2006). In a collection of isolates from farm animals in England and 
Wales, mutation at codon Ser83 induced higher MIC to ciprofloxacin compared to mutations 
at Asp87 (Liebana et al., 2002). Mutational polymorphism is prominent in topoisomerase 
genes in Salmonella and sometimes depends on serotype, country of origin or continent 
(Escribano et al., 2004; Hopkins et al., 2005; Lindstedt et al., 2004; Piddock et al., 1998; San 
Martin et al., 2005). The most frequent are mutations on gyrA, Ser83Tyr, Phe or Ala and on 
codon Asp87Asn, Gly, Tyr or Lys, (Giraud et al., 2006; Hopkins et al., 2005; Lee et al., 
2004). In one clinical isolate of Salmonella Enteritidis described in the research work of 
Lindstedt et al. (2004), a novel mutation was found on gyrA at Gly81His. This mutation 
coupled with Ser83Tyr exchange, increased the MIC to CIP to 8 g/ml (doubled in 
comparison to single mutant). Mutations on Gly81Ser do not cause resistance to quinolone 
and FQ in Salmonella Typhimurium when spontaneous mutants are induced in vitro. The 
substitution to serine is too weak to induce resistance to FQ (Reyna et al., 1995). In another 
experiment Gly81Cys in vitro mutants induced significant increase in MIC to NAL and 
CIP compared to the parent strain (Giraud et al., 2003). Novel mutants were found in clinical 
Salmonella isolates from patients that were hospitalized because of enteric infection in 
Tehran, Iran. These novel mutations on gyrA are: Ala118Thr, Ser111Thr, Arg47Ser, 
Leu41Pro, Asp147Gly and Gly133Glu coupled with mutations either on 83 or 87. The 
significance of these novel substitutions is not known (Hamidian et al., 2011). Sallmonella 
gain resistance to FQ during the therapy. In two immunocompromised patients, Salmonella 
Enteritidis and Salmonella Typhimuirum susceptible to FQ were isolated. After the therapy 
with norfloxacin (patient 1) and cefotaxime (patient 2), the resistant mutants (Ser83Tyr, 
Ser83Phe) were found when the treatment was completed. In vivo mutant and pre-therapy  
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isolates were of the same clone, supporting the opinion that quinolone selection can occur in 
vivo during antibiotic treatment (Ouabdesselam et al., 1996). The role of mutation of gyrB to 
yield quinolone resistance was studied by Gensberg et al. (1995). The authors found a novel 
mutation on gyrB at codon Ser463Tyr, located outside the QRDR. Complementation 
experiment with the E. coli carrying plasmid pBP548, having the wild type GyraseB, have 
shown that one isolate, termed L18, regains a susceptible phenotype to quinolones. The 
mutated region in L18 did not change the hydrophobicity of the enzyme but possibly 
introduced a conformational change in the molecule. Heisig (1993) and Heisig et al. (1995) 
reported that in the early 1990's, a Salmonella Thyphimuirum var. Copenhagen multiple 
resistant clonally spread from cattle to humans. These isolates had two point mutations on 
gyrA Ser83Ala and Asp87Asn or Tyr. Complementation experiments have provided the 
evidence that target gene gyrA, if mutated, plays a role in resistance to fluoroquinolones and 
that also gyrB is implicated in resistance development. Guerra et al. (2003) found three point 
mutations in two Salmonella Typhimurium var. Copenhagen from the early 1990 that were 
sent to National Salmonella Reference Laboratory in Germany. The mutations were found 
on codon Ser83 Ala and on codon Asp87Asn in gyrA. A novel mutation was found on 
gyrB at codon Ser464Phe and one additional mutation was found on QRDR of parC 
(Ser80Ile). Casin et al. (2003) reported that high level resistance to ciprofloxacin was found 
in two patients (74 year old man, isolate STmA and 3 years old boy, isolate STmB) and that 5 
strains had the same point mutations on gyrA (Ser83Phe and Asp87Asn), while on gyrB 
mutation was found at Ser464Phe. In STmA, a mutation was found on parC (Glu84Lys) 
while in an isolate from a 3 year old boy, the mutation was Ser80Arg. The two isolates 
were not clonally related. The isolate STmA could acquire resistance during treatment with 
ciprofloxacin, although it is still hard to explain why the isolate STmB from the boy was 
floroquinolone resistant and yet the patient had never been exposed to ciprofloxacin. It is 
possible that both Salmonellas appeared independently from the environment, suggesting 
the presence of multiple resistant ST in communities in France. A comprehensive research 
on mutational polymorphism in Salmonella enterica in the United Kingdom is provided by 
Eaves et al., 2004. In this strain collection among 182 isolates, five had a novel substitution 
on gyrB. In Salmonella enterica serovar Seftenberg Tyr420 is mutated to Cys and in serovar 
Newport Arg at 437 was mutated to Leu. These mutations were also found in Salmonella 
Enteritidis and serovar Mbandaka. The authors stated that the mutations occur in close 
proximity to the quinolone binding pocket, most likely contributing to decreased binding of 
quinolones. The first report on parC mutations in Salmonella was provided by Ling et al. 
(2003). They discovered that a single point mutation in parC confers resistance to quinolones 
and the highest resistance level was obtained if double mutation occurs in Ser83 and Asp87 
on gyrA gene. Double mutants were common in clinical isolates reported in the research by 
Ling et al., 2003. Another interesting observation about parC mutations comes from Eaves et 
al. (2004) who found out that the parC mutations, single or coupled with gyrA mutation, in 
Salmonella induce lower geometric mean (GMM) and MIC50 comparing to single gyrA 
mutant, suggesting compensatory mechanism of parC point mutation at 57. This observation 
was not found by other authors or in E. coli, but there is evidence that Thr57Ser 
substitution in parC (CG transversion) does not induce quinolone resistance per se 
(Baucheron et al., 2005; Kim et al., 2011).  

High fluoroquinolone resistance in Salmonella is not very common and sometimes depends 
on serovar and the rate of exposition to antimicrobial agents. Heisig et al. (1995) stated that 
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clinical resistance to fluoroquinolones is rare due to the high antibacterial activity against 
Salmonella, because of the lack of enzymatic inactivation of the drug and because it is hard to 
transfer such resistance. Fluoroquinolone resistant Salmonella Typhimurium mutants 
selected in vitro and in vivo have shown a low fitness cost indicated by an impaired growth 
rate comparing to susceptible strains. However, if a compensatory mutation occurs, bacteria 
have more chance to survive in the presence of antibiotics. In survivors, the role of 
overexpressed multidrug pumps is also evident (Giraud et al., 2003). Indeed, most often 
high resistance to fluoroquinolone is coupled with multiple resistance phenotypes. If 
bacteria harbor resistance to ampicillin, chloramphenicol, sulfa drugs and fluoroquinolones 
the therapy of ill individuals that require treatment could be difficult. There is an opinion 
that in such cases different resistance mechanisms are involved in selecting mutants that are 
capable of surviving in the environment. Three major mechanisms are: mutation in 
topoisomerase II and IV, overexpression of efflux pump and decreased outer membrane 
permeability (Cloeckaert & Chaslus-Dancla, 2001; Giraud et al., 2006; Hopkins et al., 2005).  

In Spain, the rate of NAL resistant Salmonella isolated from humans increased during the 
year 1994 and peaked at 2001 to 46.2%. In 2003 NAL resistance was found in 38.5% isolates. 
Out of 164 non-typhoid Salmonella from food collected from 1999 to 2003, 124 isolates were 
NAL resistant. Point mutations were found dominantly at codon 87 and also codon 83. The 
first Salmonella isolate from humans resistant to CIP was reported in March 2003. 
Subsequently in the same year, 2 more CIP resistant isolates were found. Three Salmonella 
were isolated from children and two from patients aged 49 and 47. These strains possessed 
three point mutation in QRDR of the gyrA gene (aa substitution were at Ser83Phe and 
Asp87Asn) and additional mutation was found on parC at Ser80Arg (Marimon et al., 
2004). Similar increase in number of NAL resistant clinical isolates of Salmonella enterica was 
recorded in Korea. In 1996 NAL resistance was found in 1.8% isolates and by 2000-2002 it 
increased to 21.8%. Single mutation were at codon 87 (39 strains) and at codon 83 in 4 strains 
(Choi et al., 2005). An increase from 0.4% in 1996 to 2.3% in 2003 was also recorded for NAL 
resistant Salmonella enterica in the USA. In 14 CIP resistant isolates, double mutations were 
found at gyrA at 83 (Ser83Tyr or Ser83Phe) and on 87 (Asp87Gly or Asp87Asn). 
Mutations on gyrB, parC and parE were not detected (Stevenson et al., 2007). Salmonella 
Seftenberg isolated during a nosocomial outbreak in Florida were included in the study of 
Whichard et al. (2007). In these isolates point mutations were found on gyrA at Ser83Tyr 
and Asp87Gly and on parC (Ser80Ile and/or Thr57Ser) while MIC to CIP was 
>4g/ml. Most of the Salmonella Seftenberg isolates from their collection also contained 
mechanism of extended-spectrum cephalosporin resistance. Such co-resistance in Salmonella 
Seftenberg maybe plays a role in the epidemiology of Salmonella.  

If a high resistance to fluoroquinolone occurs, several point mutations are usually detected 
in target genes. In Salmonella collected in Hong Kong in the period from 1990 to 2001, highly 
resistant strains to fluoroquinolone were recorded. Two isolates harbour mutations at gyrA 
(Ser83Phe, Asp87Asn) and on parC at Ser80Arg. MIC to ciprofloxacine was 8-16 
g/ml for these isolates. In 4 additional isolates, point mutations were found on gyrA 
(Ser83Phe, Asp87Gly), in parC (Ser80Arg) and in parE, with a new substitution at 
Ser458Pro. In these Salmonella MIC for ciprofloxacin was even higher (16-32 g/ml). For 
the first time a mutation, Thr57Ser in parC, alone or coupled with gyrA mutation, was 
reported. Single parC mutant were less susceptible to CIP (MIC < 0.12 g/ml) suggesting 
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that such mutation is a marker of low level resistance to FQ (Ling et al., 2003). A first report 
of infection with fluoroquinolon resistant Salmonella in the USA was published by Olsen et 
al. in 2001. The infection occurred in nursing homes, where Salmonella enterica serotype 
Schwarzenground spread among residents in two distant facilities. The patient, who 
returned from the Philippines and was hospitalized in New York and afterwards resided in 
a nursery home, was most likely a vehicle for the transmission. In fact, after comprehensive 
epidemiological survey Salmonella Schwarzenground was found in two environmental 
samples taken from the mattress and door handle in the room of the ill resident. Twenty 
nine months Salmonella Schwarzenground was present in the environment and this infection 
lead to the death of 3 people in the nursing home. PFGE pattern was similar for all the 
strains and the same gyrA mutations were found during survey (Ser83Phe and 
Asp87Gly). MIC to ciprofloxacin was 4g/ml. The first report on clinical Salmonella 
Typhimurium DT12 highly resistant to fluoroquinolones in Japan comes from Nakaya et al. 
(2003). The STDT12 was isolated from a stool of an infant with diarrhoea. The isolate was 
resistant to ampicillin, streptomycin, gentamycin, tetracycline, chloramphenicol, 
sulfamethoxazole/trimetoprim, nalidixic acid and fluoroquinolones. It exhibited resistance 
also to levofloxacin (MIC 8 g/ml), ciprofloxacin (MIC 8 g/ml) and norfloxacin (MIC 16 
g/ml). Three point mutations were distributed on gyrA Ser83Phe and Asp87Asn and 
on parC, Ser80Arg. Therapy was successful with fosfomycin, a drug prescribed for babies 
and children. Salmonella isolated from cattle in Japan did not posses such resistance 
phenotype and could not be linked to this outbreak at the time being. However, in 2005, the 
spread of multiple resistant Salmonella enterica serovar Typhimurium DT104 was found in 
Japan (Izumiya et al., 2005). The isolates harboured mutations on gyrA gene Ser83Phe and 
Asp87Asn and on parC Ser80Arg was found. Besides the same point mutations, similar 
resistotypes were detected in human and nonhuman isolates in their study. Genetically 
related ciprofloxacin resistant Salmonella Typhimurium and Salmonella Choleraesuis were 
found in Taiwan in people and pigs. In human isolates MIC for ciprofloxacin was 8–64 
g/ml while in pig isolates MIC range from > 0.125 to 64 g/ml. In Salmonella 
Typhimurium from patients, mutations were found in gyrA (Ser83Phe and Asp87Gly) 
and additional mutations were found on parC at Ser80Arg or Glu84Lys. In Salmonella 
Choleraesuis from patients, gyrA mutations were found on codons Ser83Phe and 
Asp87Asn while mutation on parC was at Ser80Ile. The same mutations were found in 
Salmonella Typhimuirum from pigs. In serovar Choleraesuis from pigs the mutations were at 
Ser83Phe, Asp87Asn, or Asp87Gly coupled with parC mutations on Ser80Ile. 
Interestingly in both human and pig Salmonella Choleraesuis isolates resistant to CIP, the 
same point mutation was also found on acrR (efflux repressor gene) at Gln78Stp. The 
molecular typing survey has shown that Salmonella Typhimurium and Salmonella 
Choleraesuis spread from animals to humans in Taiwan (Chiu et al., 2004; Hsueh et al., 
2004). Other research supports the finding that double and triple mutant of Salmonella 
enterica serovar Choleraesusis circulates in several pig farms and that multiple mutations on 
topoisomerase genes confer resistance to fluoroqionolones in Taiwan (Huang et al., 2004). 
Clinical report on ciprofloxacin/ceftriaxone resistant Salmonella Choleraesuis infection in 
three patients admitted to Medical Centre in Southern Taiwan, reveals the same PFGE 
profile and point mutations on gyrA Ser83Phe, Asp87Asn and on parC Ser80Ile. All 
five isolates from patients also possess the blaCMY-2 gene. It was postulated that NAL resistant 
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Salmonella tend to cause higher death rate comparing to susceptible strains (Ko et al., 2005). 
Recently, one Salmonella Typhi isolate from a patient who returned from India was reported 
to have high MIC to ciprofloxacin (32g/ml) and subsequently two point mutations were 
discovered in gyrA Ser83Phe and Asp87Gly (Hassing et al., 2011). Recurrent infection 
with Salmonella enterica serovar Typhimurium DT104 occurred in a patient admitted to the 
hospital in Denmark. Initially the bacteria were susceptible to fluoroquinolones. The patient 
received low doses of ciprofloxacin and during the next year STDT104 emerged as 
quinolone resistant (MIC to CIP 0.190 g/ml), due to the single point mutation, on gyrA 
Ser83Phe (Kristiansen et al., 2003). In Salmonella one single point mutation on gyrA gene is 
sufficient to induce high level resistance to quinolones. Double mutations in gyrA or gyrA 
and other target genes for quinolones are not so common as in E. coli. However, if double 
mutations occur it usually leads to elevated or high resistance to FQ. High resistance to 
quinolones due to double and triple mutations is sometimes reported in patients who 
returned from Asia and/or Mediterranean countries. It is evident that Salmonella differs 
from continent to continent and depends on the medical treatment prescribed and overuse 
of antimicrobials in both human and veterinary medicine. In China it is also possible that 
stool specimens were sometimes collected after the onset of the disease and after the therapy 
had already been applied. This is due to easy access to the medication that is not under 
appropriate control of a physician (Cui et al., 2008). Salmonella is also the most frequent 
cause of traveller’s diarrhoea. Clinical isolates obtained in a five year study from the patients 
who returned from different countries (India, Mexico, Egypt, Peru, Kenya, Ivory Coast, 
Gambia, Senegal, Mali and Bolivia) were tested for antimicrobial resistance. In quinolone 
resistant strains a single amino acid substitution was found on Asp87Tyr and in one 
isolate a Ser83Tyr substitution was found. Amino acid substitution was not found on parC 
in this strain collection (Cabrera et al., 2004). Salmonella enterica serovar Typhi was found in 
the year 2006 and 2007, in two patients from Kuwait who returned from Bangladesh. In 
these isolates four point mutations were detected on QRDR, namely: Leu55Trp, 
Ser83Phe, Asp87Ala, Gln106Arg in gyrA gene. On parC gene mutations were found 
on Glu84Lys, Trp106Gly and Tyr128Asp (in bold are mutations reported for the first 
time in gyrA and parC genes) (Dimitrov et al., 2009). Reduced susceptibility in Salmonella 
enterica isolates from Finland was most frequent in patients who acquired infection abroad. 
Following mutations were reported on gyrA gene: Ser83Phe, Ser83Tyr, Asp87Asn, 
Gly or Tyr. Mutations on parC were not recorded in this survey (Hakanen et al., 1999; 
Hakanen et al., 2001).    

A research work from veterinary field is shortly presented here and clonal spread of 
Salmonella is described. Treatment of pigs infected with quinolone resistant Salmonella 
Typhimuirum DT104 with enrofloxacin cause higher shedding of resistant microorganism 
comparing to untreated control. This means that antibiotic treatment of pigs before 
slaughter will induce increased shedding and impose higher risk concerning food safety 
(Delsol et al., 2004). In chicken experiments it was shown that enrofloxacin treatment cause 
elevated MIC to ciprofloxacin (MIC 0.12-0.5 g/ml) if birds are infected with a susceptible 
strain of Salmonella enterica serovar Typhimurium DT104. In the same experiment a 
multidrug-resistant (MDR) derivate of the same strain appeared in the presence of 
enrofloxacin, exhibiting higher MIC to CIP (0.25-1g/ml). This isolate was cyclohexane 
tolerant, implicating the role of efflux pump in MDR strains (Randall et al., 2005). 
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Fig. 2. Multiple alignment of quinolone resistant Salmonella Enteritidis, isolated from stool, 
food and poultry in Serbia. Point mutations are presented in bold. This region encompasses 
codons 83 and 87. The reference strain is number 2 (Escherichia coli, ATCC 25922), in strain 
317526 the mutation was not found, implying another mechanism of resistance to 
quinolones 

Intercontinental spread of Salmonella Typhimurium definitive phage type 104 (STDT104) is 
well documented. Clonal spread of Salmonella Enteritidis PT1, resistant to quinolones (MIC 
for nalidixic acid >128 g/ml) also harbouring one unique point mutation on gyrA 
(Asp87Tyr) is reported in Ireland by Kilmartin et al. (2005). Salmonella Virchow has for 
many years been a common serotype in Israel. It is resistant to nalidixic acid and possesses 
the point mutation Asp87Tyr on gyrA gene (Solnik-Isaac, 2007). Since the year 2000, in the 
Netherlands and Germany Salmonella Java clonally spreads and is more prevalent compared 
to other serovars. This strain is resistant to chloramphenicol, sulphonamide, tetracycline, 
trimetoprim and often to kanamycin, neomycin and nalidixic acid. It is postulated that S. 
Java has emerged in the poultry industry due to the frequent use of antibiotics and because 
vaccination was implemented to eradicate Salmonella Enteritidis (van Pelt et al., 2003). 
Clonal spread of multiple resistant Salmonella Infantis (nalidixic acid, streptomycin, 
sulphonamide and tetracycline) is reported in Hungary where poultry isolates were linked 
to human's (Nógrády et al., 2007). Salmonella enterica serovar Haardt resistant to quinolones 
with elevated MIC to ciprofloxacin (MIC 0.25-2 g/ml) was found on chicken meat collected 
in various stores. Point mutation was detected on gyrA (Ser83Tyr). PFGE analysis implies 
clonal spread of NAL resistant S. Haardt in Korea (Lee et al., 2008). In Serbia S. Enteritidis 
isolated from humans, food and poultry was typed by Random Amplified Polymorphic 
DNA analysis (RAPD). In a collection of 60 strains, 9 were resistant to nalidixic acid. In these 
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strains 3 different single point mutations were found on gyrA, namely Asp87Asn in 6 
strains, Asp87Gly in 1 strain and Ser83Phe in one strain (Fig 2). For these isolates, MIC 
for NAL was 128-512 g/ml and MIC for CIP was 0.256-0,512 g/ml. In this strain collection 
multiple resistances was found in three isolates. Salmonella Enteritidis from one day old 
chicken was resistant to ampicillin (AMP), cephalothin (CFT), nalidixic acid (NAL) and 
tetracycline (TET). One isolate from stool was resistant to AMP, TET, trimetoprim-
sulfamethoxasole (SXT) and another isolate from stool exhibited resistance to AMP, TET, 
SXT and neomycin (NEO) (Kozoderović et al., 2011). There was an increase of Salmonella 
Enteritidis isolates in Serbia in 2005 and clonal spread was suspected. However, from 2005 
to 2008, the percentage of quinolone resistant Salmonella Enteritidis appeared to decrease 
from 9% to 1% in the Northern part of the country (Kozoderović et al., 2009). 

3. Point mutations in topoisomerase genes of E. coli  
Resistance to fluoroquinolones in E. coli has been extensively studied. Mutational 
polymorphism on topoisomerase genes in E. coli is frequent in clinical settings but also in 
commensal. First step mutations occur on gyrA gene, most frequently at codon 83, where 
substitution of Leucine for Serine is found (Chen et al., 2001; Conrad et al., 1996; Everett et 
al., 1996; Gales et al., 2000; Heisig and Tschorny, 1994; del Mar Tavio et al., 1999). The first 
report of double mutation in gyrA was provided by Heisig et al. (1993). The mutations in E. 
coli isolate 205096, highly resistant to FQ, were located on Ser83Leu and on Asp87Gly. 
Complete sequencing of the gene revealed additional mutation in less conserved region of 
the gyrA, at Asp678Glu. This mutation is not implicated in FQ resistance. Throughout the 
coding region, 52 silent mutations were also found. The authors stated that mutations at 83 
and 87 encompass part of the enzyme responsible for cleavage and sealing of the DNA. This 
is necessary to obtain negative supercoiling prior to strand separation. The quinolones 
prevent contact between DNA and enzyme thus aborting bacterial replication (Drlica & 
Zhao, 1997). In clinical E. coli isolated from urine samples of outpatients who did not receive 
FQ therapy, a novel mutation was found: Asp87Tyr. Concomitant mutation of Ser83Leu 
and Asp87Asn or Tyr, induced clinical resistance to CIP (MIC > 8 g/ml). The 
significance of the double mutant for high fluoroquinolone resistance is warranted (Vila et 
al., 1994). In clinical isolates of E. coli (MIC to CIP > 1 g/ml) mutations were found on gyrA 
and parC gene. Mutational polymorphism in this strain collection is briefly presented here. 
Mutant with MIC to CIP of < 1 g/ml have only one mutation at Ser83Leu. If MIC to CIP 
is from 8-128 g/ml, 3-4 mutations were found on gyrA (Ser83Leu or Asp87Tyr or Asn) 
and parC genes (Ser80Arg or Ile) and /or Glu84Lys or Val). In two isolates (1319 and 
1383) four mutations were found. The MIC to ciprofloxacin was 64 g/ml and 128 g/ml 
and mutations were arranged as follows: Ser83Leu, Asp87Asn, Ser80Ile and 
Glu84Val in isolate marked 1319, while a mutation's on Ser83Leu, Asp87Tyr, 
Ser80Ile and Glu84Lys were found in isolate marked 1318. This was the first report of 
parC mutation in E. coli (Vila et al., 1996). The role of parC mutations in highly quinolone 
resistant E. coli was studied by Kumagai et al., 1996. In the QRDR of the parC gene three 
missense mutations on codons Gly78, Ser80 and Glu84 were described corresponding to the 
gyrA mutations on codons Ser83, Gly81 and Ap87. In this research the importance of 
mutations in topoisomerase IV, in building resistance to FQ in E. coli was emphasized. The  
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role of mutations on FQ resistance was also studied by Heisig (1996). In parC mutant a 
reduction in MIC to CIP was recorded after introduction of the wild type gene to mutants. If 
parC1-80 allele (a single mutant) is introduced into isolates that have two point mutations on 
parC, an increase of susceptibility is noted, while introduction of resistant parC allele to gyrA 
mutants will induce an increase of MIC to CIP. Mutation of parC in E. coli having two point 
mutations on gyrA is a prerequisite for high FQ resistance phenotype. The mutations 
induced by FQ occur in stepwise manner and the primary target for CIP is Gyrase (Bagel et 
al., 1999). The level of quinolone/fluoroquinolone resistance correlates well with the type 
and number of mutations on topoisomerase genes. The CLSI breakpoint for FQ is obtained if 
double mutations on gyrA are combined with single or double parC mutant (Morgan-Linnell 
and Zechiedrich 2007; Sáenz et al., 2001). If a mutation on parC occurs in a single gyrA 
mutant, second mutation on gyrA is selected (Morgan-Linnell and Zechiedrich 2007). 
Therefore gyrA mutation is indispensable for clinical resistance to quinolones and it mostly 
occurs before parC mutations, especially in clinical isolates. Single parC mutation does not 
induce resistance to FQ (Bagel et al., 1999). If E. coli is exposed to quinolones, a stepwise 
mutagenesis may lead to development of a new feature that is beneficial for these bacteria. 
Usually selection pressure is imposed by application of various quinolones or 
fluroquinolones in agriculture. In such scenario a single step mutant can become 
predominate in the population. This will contribute to developing multiple mutations and 
high resistance to fluoroquinolones in clinical isolates after therapy has been introduced 
(Piddock et al., 1996). Infection with Fluoroquinolone resistant E. coli acquired in hospitals is 
of special concern. The resistant strains usually evolve independently and the therapy may 
be difficult to introduce. In the mid 1990, the percent of fluoroquinolone resistant E. coli 
increased in many countries. Lehn et al. (1996) described resistotype and mutations on gyrA 
in a collection of 19 E. coli resistant to CIP in hospital settings in Munich, Germany. The 
majority of isolates were multiple resistant to the following antibiotics: nalidixic acid, 
ciprofloxacin, norfloxacin, aminoglycosides, co-trimoxazole, ampicillin, ampicillin and 
sulbactam and piperacillin. Most isolates obtained for the study were from Urology 
Department, from Gynecology, Surgery and Internal Medicine. PFGE typing implicates 
diversity of the strains but resistotype was quite similar. Also, the mutations on 
topisomerase were documented on Ser83Leu, Asp87Asn in 16 strains. In two strains 
Asp was mutated to Gly. Resistance of E. coli to FQ is equally reported in developed and 
developing countries. At highest risk are patients that are hospitalized and treated with 
antibiotic. Several studies have dealt with various aspects of infection with E. coli in 
hospitals and outpatient clinics. In a study from Taiwan, a total of 1203 isolates of E. coli 
from 44 hospitals were tested on antimicrobial susceptibility and it was found that 11.3% 
isolates were resistant to FQ. Decreased susceptibility to CIP was found in 21.7% isolates. A 
single point mutation was found on gyrA among FQ resistant and isolates with reduced 
susceptibility. The authors postulated that such single mutation is a prerequisite for 
resistance development. In FQ highly resistant strains (MIC >32µg/ml) three or four point 
mutations were found in QRDR of the gyrA, and parC. These included substitution at 
Ser83Leu, Asp87Asn, coupled also with Ser80Ile (9 isolates) or Ser80Arg (one 
isolate), Ala81Pro (one isolate) and Glu84Gly or Lys (one isolate). The survey in Taiwan 
reveals high risk on FQ resistance in clinical E. coli isolates. It was noted that patients 
diagnosed with cancer were predisposed to infection with resistant E. coli. Nalidixic acid 
and pipemidic acid are still in medical practice and these practices pose a risk for higher FQ 
resistance in Taiwan (McDonald et al., 2001). Two or more mutation on topisomerase II and  
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IV were found in a hospital strain collection in South Korea. In fact, the number of acquired 
mutations was proportional to MIC for ciprofloxacin. The CIP resistant isolates were 
divided into 4 groups depending of the number of mutations in topoisomerase genes. It was 
concluded that second step mutant will induce double mutation on parC and that double 
parC mutant are highly resistant to fluoroquinolones. All of the parE mutations were outside 
the QRDR. Three novel parE mutations were reported on Leu445Ile, Ser458Pro and 
Ser458Trp. These single mutations on parE significantly increased MIC to CIP, norfloxacin 
and gatifloxacin. In this strain collection three to four mutations on topisomerase II and IV 
were common. Mutations on gyrB were not found. Combination of double mutations on 
parC or single parC and parE mutation increases MIC of ciprofloxacin (Chan Moon et al., 
2010). Mutational polymorphism was found in clinical isolates of E. coli in New Delhi, India, 
revealing that a number of isolates possess several mutation on topisomerase genes and that 
mutation on parE was prominent since 44.4% of isolates are mutated on parE, outside of 
QRDR. The substitutions found on parE were Ser458Ala and Glu460Asp. Mutations on 
both genes (parC and parE) being the secondary target for FQ contributed to higher MIC 
>0.25 µg/ml for ciprofloxacin (Bansal and Tandon, 2011). Asian Network for Surveillance of 
Resistant Pathogens provided 68 E. coli isolates resistant to FQ, to carry out a research on 
geographic distribution of mutational polymorphism. Clonal spread was not evident. 
Continentally distributed isolates possessed a variety of mutation in topoisomerase genes 
but those with three or more mutations were increasingly resistant to CIP. This high 
increase was attributed also to the mutation of the parE gene (Uchida et al., 2010). E. coli 
isolates from healthy patients in Teaching Hospital and Microbiology Department at the 
University in Ghana were studied with respect to FQ resistance. About 50 to 90% of faecal 
isolates from healthy individuals were multiple resistant to the following antimicrobial 
agents: ampicillin, streptomycin, tetracycline, sulphonamides and trimethoprim. The 
obtained results revealed that in the year 2008, 18.2% of isolates were resistant to NAL and 
9.9% were resistant to FQ. In resistant isolates the most frequent substitution was 
Ser80Leu often combined with Asp87Asn in gyrA and on parC the most frequent 
substitution was at Ser80Ile. The mutation in topoisomerase that was found was 
attributed to old and recently introduced drugs in clinical practice in Ghana. Presence of 
multiple resistances in commensal microflora in patients is noted and the prudent use of 
fluoroquinolones is warranted (Namboodiri et al., 2011). Bacteria change phenotype, 
depending on the selection pressure. This has been shown in research on resistance 
mechanisms in laboratory mutants and clinical isolates. We have learned that careful use of 
antibiotics is essential and must be under control or it will be impossible to cope with the 
infections acquired in hospitals and the environments from which subsequent transfer of 
resistant bacteria is common. Topoisomerase mutators can have prohibitive fitness cost or 
might have selection advantage. 

E. coli with single point mutation on gyrA was found in veterinary isolates and it was 
suggested that the digestive tract of animals can be a reservoir of low level resistance to 
quinolones. If such bacteria find their way to humans through the food chain, clinical 
resistance will occur in patients that needs therapy (Everett et al., 1996). A heterogenic 
population of quinolone resistant E. coli collected from poultry, poultry farmers and poultry 
slaughterers was described by van den Bogaard et al. (2001). Only in few isolates a link 
between poultry and poultry farmers was noted, implying that E. coli from animals could 
also infect people. Mutations on topoisomerase genes in E. coli isolated from faeces of 
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healthy chickens in six broiler and 4 breeder farms in Korea was described by Lee et al. 
(2005). All isolates resistant to ciprofloxacin and enrofloxacin exhibited mutations on 
Ser83Leu. Many isolates also harbour second mutation on Asp87Asn, Ala, Gly, His or 
Tyr. In this strain collection, mutations were also found on parC, the most prevalent being 
Ser80Arg, Ile, Phe and Gly and in some isolates, mutation were found on Glu84Lys, 
Ile and Tyr. The MIC breakpoint to CIP and ENR was >3 g/ml and 2 g/ml respectfully. 
The isolates with two mutations distributed on gyrA and parC had elevated MIC to 
ciprofloxacin (0.5-3 g/ml) while MIC to ENR was 1 to 32 g/ml. Isolates presented by 
greater MIC than clinical breakpoint had two mutations on gyrA (at codons 83 and 87) 
with or without substitution on parC . Khan et al. (2005) found out that the poultry litter 
collected from poultry and turkey farms in the Arkansas, USA becomes an important 
source of quinolone resistant E. coli. In isolates resistant to CIP (> 2 g/ml) two point 
mutations were found at Ser83Leu and Asp87Asn. Single point mutation in MIC < 2 
g/ml was found on Ser83Leu. Beef, pork and poultry are considered as the main 
reservoir of quinolone resistant E. coli, Salmonella and Campylobacter (Mayrhofer et al., 
2004). Nine E. coli isolates from wild birds that died from septicemia were tested on 
quinolone resistance. It was found that all the strains had one mutation on gyrA gene at 
Ser80Leu. Mutations on other target genes (gyrB, parC and parE) were not found 
(Jiménez Gómez et al., 2004). The high incidence of quinolone resistant E .coli from 
nosocomial and community acquired infections is linked to a high incidence of FQ 
resistant E. coli in poultry and pigs. The clear connection between human and poultry 
isolates was not, however, found in Spain but it was postulated that the infection of 
humans occurs via contaminated food of animal origin Garau et al. (1999). Indeed, it is 
difficult to explicitly claim that the link exists between poultry related food and humans 
but the similarities are present in resistant isolates, compared to susceptible strains. The 
general statement is that the misuse of quinolones largely contributes to the spread of 
resistant bacteria through the food chain (Johnson et al., 2006).  

It is difficult to explain how FQ resistance evolves in E. coli and how it spreads in clinical 
settings. It seems that E. coli mutates to a higher extent compared to Salmonellae and is 
capable of accumulating several point mutations at the same time or in a stepwise manner. 
Since the FQ resistant phenotype arises exclusively after de novo mutations (Mooij et al., 
2005) it seems that microorganisms harbouring one single amino acid substitution are prone 
to mutate and more easily survive in the environment. High mutation rates could also lead 
to the development of deleterious mutations. Strong mutators therefore do not always have 
an evolutionary advantage. If the high mutation rate of E. coli will not favour its survival, 
then the only way to explain the presence of resistant population in a certain zone is 
exposure of bacteria to antimicrobials. E. coli tends not to spread clonally in hospital settings 
(Lautenbach et al., 2006) and also in the environment (Khan et al., 2005). It is not clear 
whether isolates with multiple mutations on target genes have some evolutionary 
advantage so it appears that multiple mutations have low fitness cost. If such mutations are 
accumulated, compensatory mutations will support growth. On the contrary there are 
examples where multiple mutations have actually increased bacterial fitness. This also takes 
place in the absence of antibiotics. Mutations on regulatory genes have the highest influence 
on bacteria fitness, since those genes regulate transcription and also efflux mechanisms 
(Marcusson et al., 2009). 
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4. Point mutations in topoisomerase genes in Campylobacter spp 
Infections caused by Campylobacter usually have a very silent course in animals (Stojanov et 
al., 2004). However, Campylobacteriosis is the most frequent reason for gastroenteritis in 
humans. If food producing animals (pigs and poultry) are treated with enrofloxacin (a 
fluoroquinolone antibiotic) Campylobacter develops resistance that lasts well beyond 
withdrawal of the therapy (Delsol et al., 2004; Griggs et al., 2005; Luo et al., 2005). 
Subsequently food can be contaminated during processing, increasing the possibility of 
transmission to humans. Ciprofloxacin resistant Campylobacter emerged on the European 
continent in the early 1990 and this coincides with the agricultural practice to treat animals 
with enrofloxacin. At that time in the United Kingdom human Campylobacter infections were 
reported most frequently in travellers returned from abroad, while ciprofloxacin resistant 
Campylobacter was found in poultry carcasses imported from Europe (Gaunt and Piddock, 
1996). In Northern Ireland, ciprofloxacin resistance of Campylobacter rose in 1998. This was 
attributed to dietary habits of the consumers in the UK. Chicken and pork meat 
consumption increased because of Bovine spongioform encephalopathy. Subsequently the 
import of poultry meat from the European countries might have contributed to the spread of 
fluoroquinolone resistance (Moore et al., 2001). The National Antimicrobial Resistance 
Monitoring Program (NARMS) was conducted from 1997 to 2001 to identify susceptibility of 
Campylobacter for the following antimicrobials: chloramphenicol, ciprofloxacin, clindamycin, 
erythromycin, nalidixic acid, tetracycline, azithromycin and gentamycin. Isolates were 
collected based on a questionnaire that included: history of recent illness, exposure to 
animals, food consumption or travelling. Retail chicken meat products from domestic brand 
were also included in the study. An increase of ciprofloxacin resistant Campylobacter from 
13% in 1997 to 21% in 2001 was found. Foreign travel was identified as a risk of FQ resistant 
Campylobacter infection in humans but also consumption of chicken meat. The increase of 
CIP resistant Campylobacter coincides with the increasing use of fluoroquinolones in human 
medicine and livestock industry in the USA (Gupta et al., 2004). Infection with CIP resistant 
Campylobacter in a Minnesota community was related to travels abroad and seasonal peaks 
were identified. Overall increase in Campylobacter isolates resistant to CIP from the year 1996 
to 1998 was attributed also to domestically acquired infections. Poultry meat and products 
were identified as a source of infection and a genetic correlation between human and 
poultry isolates was determined (Smith et al., 1999). However, Campylobacter is genetically 
quite diverse and clear links between food of animal origin and humans is not easily 
confirmed. In fact, diverse Campylobacter isolates were noted on a single swine farms and 
slaughter plant in the USA (Thakur and Gebreyes, 2005). Similar results were obtained in 
Senegal in a two-year period, applying multilocus sequence approach in Campylobacter 
isolated on chicken carcasses. Allelic profiles in Campylobacter jejuni (Kinana et al., 2006) and 
Campylobacter coli (Kinana et al., 2007a) imply genetic differences in this strain collection. 
The link between genotype and quinolone resistance was not found with certainty in their 
research. Even for the isolates of the same sequence type, different silent mutations were 
found on gyrA gene. In the research conducted in France an increase in FQ resistant 
Campylobacter was recorded for the period 1986 to 2004. The FQ resistance pattern was 
similar between human, pig and poultry isolates. In C. coli the overall resistance rate was 
higher comparing to C. jejuni. In pigs, C. coli predominated over C. jejuni and it was more 
frequently resistant to CIP. The higher rate of C. coli isolation in pigs and chickens is not 
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explained. The FQ resistance pattern was similar in C. jejuni isolates found in humans and 
broilers. Resistance decreased to lesser extend in human C. jejuni comparing to chicken. This 
is explained in part by restrictive use of antimicrobials as food additives in livestock 
industry and may also be related to various routes of infection in humans and therapeutic 
practice in human medicine (Gallay et al., 2007). Overall, it has been shown that people are 
infected from food of animal origin and that intensive use of quinolones and 
fluoroquinolones in livestock industry undoubtedly contributes to the development of 
resistance. Molecular typing of the Campylobacter species revealed quite diverse genetic 
backgrounds and apparent clonal distribution was not identified. The prudent use of FQ 
antibiotics is necessary to build up safe environment and safe food production. 

The ability of Campylobacter to acquire resistance to quinolones/fluoroquinolones is rather 
impressive. The most frequent missense mutation in gyrA gene is Thr86Ile. The codon 86 
in Campylobacter corresponds to gyrA codon 83 in E. coli and Salmonella (Beckmann et al., 
2004; Griggs et al., 2005; Hakanen et al., 2002; Sonnevend et al., 2006; Wang et al., 1993, 
Zirnstein et al., 2000). This single point mutation confers resistance to ciprofloxacin and MIC 
is > 32µg/ml. Less frequent mutation in QRDR of the gyrA in Campylobacter are 
Asp90Asn, Thr86Lys, Thr86Ala, Thr86Val and Asp90Tyr. Double mutant are 
found on Thr86Ile-Pro104Ser and Thr86Ile-Asp90Asn (rev by Payot et al., 2006). 
Campylobacter isolates originating from broilers, turkeys and humans resistant and sensitive 
to NAL were examined for mutations within QRDR. In 135 resistant strains the most 
frequent mutation was Thr86Ile and thereafter mutations were found on Thr86Ala, 
Asp90Asn and Pro104Ser. It is not known whether mutation on Pro104Ser influence 
the resistance to FQ. In susceptible isolates as well as in resistant strains, silent mutations 
were on codons Gly78, His 81, Gly110 and Ser119. Genetic variation is therefore common in 
C. jejuni isolated from chickens, turkeys and humans (Beckman et al., 2004). Mutations on 
gyrB gene are rare in Campylobacter resistant to NAL and CIP. Piddock et al. (2003) reported 
silent mutation on gyrB in few isolates of Campylobacter species. In clinical isolates of C. coli, 
C. jejuni, C. lari and C. fetus obtained from UK, Germany and  the Netherlands, from the 
period 1990 to 1995, the most frequent mutation on gyrA was Thr86Ile. In one isolate 
mutation on Asp90Asn was found and one isolate was double mutant (Thr86Ile-
Pro104Ser). Silent mutations were found on gyrA in C. jejuni suggesting genetic and 
epidemiological differences between the isolates. In Senegal silent mutation of gyrB was 
found in a collection of isolates from chicken carcasses. These silent mutations were 
identified from codons 371-540. Besides silent mutations the dominant transition on gyrA 
was Thr86Ile and six isolates mutated on Thr86Ala. The amino acid substitution 
Thr86Ala was found also in two chicken isolates susceptible to CIP and MIC to NAL was 
16 µg/ml. In 17 isolates mutations were found at Asn203Ser, downstream gyrA and in 3 
isolates mutations were found also at Ala206Thr. The parC gene could not be amplified 
(Kinana et al., 2007b). In a strain collection of CIP resistant C. coli, isolated from humans, 
food and animals in Italy, a novel mutation at codon 86 was described. This was a double 
nucleotide substitution at ACT  GTT changing Thr86Val in three C. coli isolates. This 
type of transition did not induce additional increase of MIC to CIP. In C. coli different gyrA 
alleles were found, but the mutations were silent, pointing only to the genetic diversity of 
the unrelated isolates from Italy. Mutation Thr86Ile on gyrA was associated with high 
MIC to ciprofloxacin (MIC >32 µg/ml) (Carattoli et al., 2002). In six clinical isolates from the 
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research of McIver et al. (2004) mutation was identified on Thr86Ile, but in laboratory 
derived mutants three non-synonymous substitution were identified at Asp90Asn, 
Asp85Tyr and Thr86Ala. This was a first report of double mutation Asp85Tyr-
Thr86Ile in Campylobacter after in vitro exposition to sub-inhibitory concentration of 
ciprofloxacin. Silent mutations apparently do not improve in vivo fitness cost of the resistant 
Campylobacter nor its colonization ability, which is preserved even in the absence of 
antibiotics. Its viability is solely due to single point mutation in gyrA gene. This is probably 
the reason why FQ resistant Campylobacter persist in farm animals over a long period and 
because once contaminated with such bacteria the farm presents a hazard in food 
production (Luo et al., 2005). Double gyrA mutant is reported from Thailand in C. coli 
isolated from pigs. Mutations were found in gyrA at Thr86Ile and Gly119Ser and in 
three isolates also amino acid substitution on gyrB were Lys382Gln or Arg. These 
additional mutations did not increase MIC to CIP or NAL, so its possible role in resistance 
mechanism needs to be determined in the future (Ekkapobyotin et al., 2008). Double 
mutations on gyrA (Thr86Ile) and parC (Arg139Gln) were found in clinical isolates of C. 
jejuni in patient that were treated with fluoroquinolones because of profound diarrhea. The 
mutation on parC gene is rare and is coupled with amino acid transition on gyrA. The 
influence of parC mutation on MIC for CIP is not clear (Gibreel et al., 1998).  

Implications of gene mutations to NAL resistance phenotype was studied by Jesse et al. (2006) 
and an observation was made that single point mutation on Thr86Ala confers the resistance 
to NAL but not to CIP. Most isolates from their strain collection, obtained from chicken 
carcasses and cattle faeces, also possessed one or more silent mutations in the gyrA gene. Silent 
mutations, double mutant in gyrA gene and also mutations outside of the QRDR/gyrA, 
usually do not change the MIC significantly but contribute in allelic diversity and in that 
respect can be used as a typing tool or in research on correlation between strains found in 
humans and animals. Multilocus sequence fla typing successfully discriminated C. jejuni and 
C. coli in the strain collection from the Institute of Veterinary Bacteriology  at the University of 
Bern, Switzerland. This method can be used in epidemiology research and in studying 
phylogenetic relation and divergence in large collection of isolates over a longer period of time 
(Korezak et al., 2009). The fla Restriction Fragment Length Polymorphism (RFLP) is a good 
alternative in research on genetic diversity of Campylobacter spp. (Keller & Perreten, 2006, 
Sonnevend et al., 2006). Campylobacter fetus subsp. fetus (wild type isolate and laboratory 
obtained mutants) is intrinsically resistant to NAL and resistance to CIP is obtained from the 
single transition of Asp91Tyr. The MIC to CIP does not exceed 8µg/ml for laboratory 
mutants. For clinical isolates the obtained MIC was 16 µg/ml (Taylor & Chau, 1997). 
Campylobacter fetus was isolated in two immunodeficient patients. The clinical symptoms of 
gastrointestinal disorder relapsed after therapy with fluoroquinolones. In re-isolated 
Campylobacter a mutation on gyrA gene was found at Asp87Thr. The authors stated that in 
immunodeficient patients it is very important to control resistance status before, during and 
after the treatment to enable successful therapy and prevent a failure (Meier et al., 1998). 
Campylobacter hyointestinalis subsp. hyointestinalis, isolated from reindeer and bovine fecal 
samples from the northern Finland were tested on antimicrobial resistance and gyrA mutations 
obtained in vitro. C. hyointsetinalis is intrinsically resistant to NAL and susceptible to CIP. In 
isolate naturally resistant to NAL an amino acid substitution Thr86Ile was found. The same 
transition (Thr86Ile) was recorded from in vitro obtained mutants (grown in a gradually 
increasing concentration of ciprofloxacin) with MIC of >64 µg/ml. In the strains that exhibit 
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MIC to CIP <32 µg/ml, gyrA was not mutated implicating other mechanism of inherent 
resistance, was not mutated implicating other mechanism of inherent resistance (Laatu et al., 
2005).  

Mutational polymorphism in QRDR region of the gyrA gene in Campylobacter species is not 
exclusively driven by antimicrobial therapy in livestock industry but also occurs after 
therapy of patients. To decrease spreading of resistant bacteria in agriculture, since 2005 
fluoroquinolones have been banned in poultry and swine industry in the USA. Other 
antimicrobial agents must be used to treat E. coli infections in pigs and poultry in North 
America. The most important approach to combat resistance in bacteria is therefore good 
management, food safety and good cooking practice. It is hard to expect that the problems 
of antibiotic resistance will be entirely resolved since bacteria find ways to survive under 
selective pressure created by man but also in their own environment and communities. 
Permanent monitoring of antimicrobial resistance and resistance mechanism is essential and 
must be carried out in each country under national programs and preferable supported by 
international projects. Point mutations in a single gene of topoisomerase enzymes are a good 
example of the smart game that bacteria play to survive and spread in nature.  

5. Conclusion 
Antibiotic resistance monitoring is compulsory in developed countries but is also conducted at 
similar level in developing countries. Since resistance development is attributed to the use of 
antimicrobial agents in clinical therapy and livestock industry, medical and veterinary sector is 
equally involved in resistance monitoring. We have learned that resistance to “old” antibiotics 
can lead to bacteria that  inherit more than one mechanism of resistance, that could develop 
MDR phenotype and that the new feature is sometimes fitness cost effective. Mutations on 
target genes selected in vitro do not necessarily resemble the nature of mutational frequency in 
vivo, but with certainty enable scientist to understand how resistance develops and what the 
risk is of antibiotic use. Epidemiologists have put much effort to explain the spread of resistant 
bacteria and to find their origin. They have tried to explain their intercontinental appearance. 
Vehicles for the transmission are numerous and it is usually impossible to find the exact path 
of their spread in humans and also animals. By utilizing molecular biology methods, clones 
and links that are attributed to their transfer from one setting to another can be identified. 
Mutations on topoisomerase genes determine the genetic background of the bacteria and in 
some instances increase the success of their survival in nature.  
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1. Introduction 
Simple point mutations can confer profound phenotypes on pathogens and parasites of 
major public health importance, such as malaria. In particular, single nucleotide 
polymporphisms (SNPs) are known to easily arise, where one base changes occur in the 
parasite genomic sequence. These SNPs may confer resistance to malaria therapeutic or 
preventive drugs, or even render other as yet uncharacterized phenotypes of public health 
concern, such as virulence. Modern advances in parasite molecular biology and genomics 
allow the typing of parasites with a range of levels of detail. Particular SNPs or 
combinations of these are identified which are associated with resistance, followed by 
confirmation through genetic cross experiments. Using simple polymerase chain reaction 
(PCR) techniques, the point mutations are now increasingly applied as molecular markers 
for tracking and containment of resistant malaria. These marker point mutations are 
particularly instrumental surveillance tools as they enable efficient detection of drug-
resistant parasites or pathogens before escalation to a public health toll. 

1.1 Drug resistance and malaria control 

Malaria persists as a major global public health problem, affecting more than 100 countries 
in Africa, Asia, the South Pacific region, Latin America and the Indian sub-continent, as well 
as a vast assemblage of non-immune travellers continually visiting such areas. 
Notwithstanding substantial technological advances, the old scourge currently claims a 
global toll of 225 million cases and 781,000 deaths every year, mostly children in Africa [1,2]. 
This has been a relative improvement from 500 million cases and at least 2.3 million annual 
deaths that were occurring as recently as early-mid 2000s [3,4], with an escalating trend in 
overall burden of the disease. Thanks to the Roll Back Malaria programme, the President’s 
Malaria Initiative and other public-private sector initiatives, and notably the Bill and 
Melinda Gates Foundation, endemic countries have scaled up vector control and 
artemisinin-based combination therapy (ACT) interventions against malaria[5,6], resulting 
in widespread reduction of burden[7,8]. A number of countries have presently been 
earmarked for possible local or regional malaria elimination[9,10], including those in 
southern Africa, which are located towards the natural fringes of transmission. However, 
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the resilient scourge prevails in significant segments of resident communities as 
asymptomatic[11] and often low-grade, sub-microscopic[12] infections. 

Recent epidemiological studies have shown a striking link between availability of effective 
treatment drugs and historical successes in major reduction of the burden of malaria 
throughout the world[13,14]. Correspondingly, the emergence of antimalarial drug 
resistance, especially in Plasmodium falciparum, has proved a major obstacle for malaria 
control and elimination efforts since the eradication campaigns of the 1950s[15,16,17,18,19]. 
Drug resistance in P. ovale and P. malariae has not been documented, while in P. vivax the 
phenomenon, has been recently increasing[20,21,22].  

The potential of the malaria parasite to generate genetic diversity through its complex 
genome and a proliferative life cycle involving sexual and asexual stages, means that drug 
resistance will remain a problem to contend with, escalating in the wake of wider 
introduction of each antimalarial. P. falciparum has repeatedly demonstrated this adaptation 
against virtually all antimalarial drugs[23,24,25], including the new regimens with or 
without artemisinin[26,27,28,29]. To minimize suffering and mortality due to use of drug 
regimens which are no longer effective, the epidemiology of drug resistance in malaria 
endemic regions needs continual monitoring[6].  

1.2 Definition of drug resistance 

Because of the immense amount of work that has gone into the subject, a number of related 
terms have evolved around “drug resistance”, with distinguishable applications, depending 
on the objectives of the characterization and methods used. These are summarized as 
follows, for clarity.   

1.2.1 Classical definition of drug resistance 

Antimalarial drug resistance has been defined as “the ability of a parasite strain to survive 
and (or) multiply despite administration and absorption of the usually recommended, or 
slightly higher doses of a drug, within limits of tolerance of the host”[30,31]. This original 
definition generally holds for most drugs, but in the light of the pharmacokinetic 
characteristics of some antimalarials, a qualification was subsequently added, that “the form 
of the active drug against the parasite must gain access to the parasite, or the infected 
erythrocyte, for the duration of time necessary for its normal action”[32]. The qualification 
was added to cater for drug bioavailability and narrow down the reason of drug failure to 
parasite resistance. This definition of drug resistance therefore, in the strict sense, attempts 
to centre on the response of a parasite to an antimalarial, excluding host factors. Resistance 
has been assayed by in vitro methods, primarily based on the system developed by 
Rieckman et al[33].  In vivo methods[19,31] have also been used, but discrepancies with in 
vitro findings have been common because host factors, especially immunity, cannot be 
entirely precluded in vivo. 

1.2.2 Therapeutic failure concept 

For public health purposes, the importance and relevance of in vivo resistance has been 
increasingly recognized in drug policy decisions[34,35] since it is net parasite response to 
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antimalarial medication in the human host that is paramount. However, in vivo resistance 
can, and indeed has, still occurred without much clinical relevance in the human population 
of interest, which may harbour resistant parasitaemias asymptomatically, especially in 
endemic areas[36,37]. Over time in vivo approaches have therefore been progressively 
modified to assess the parasitological and clinical response to antimalarial drugs[38,39,40]. 
These approaches measure the therapeutic efficacy of antimalarials and the corresponding 
parasitological and clinical resistance, which is termed therapeutic failure. Drug resistance 
per se may or may not lead to therapeutic failure, depending on malaria endemicity and 
concomitant level of immunity in the resident populations. 

1.2.3 Treatment failure 

Under routine operational conditions in primary health care, resistance parasitologically 
and (or) clinically is frequently encountered. It is usually not feasible in these situations to 
completely supervise drug administration and confirm bioabsorption. The apparent 
resistance is termed treatment failure, and may be caused by true drug resistance, 
malabsorption or incomplete dose compliance by outpatients. 

1.2.4 Summary 

Albeit often confused and interchangeably used, the foregoing terms have distinct 
applications. In this chapter drug resistance refers to the original sense, based on parasite 
response as ascertained in vivo or in vitro. Where reference to the other conditions is made 
the appropriate terms shall be used. 

2. Armamentarium of current antimalarials and mode of action 
Despite a seemingly extensive list of potent compounds, the net armamentarium of 
effective, safe and usable antimalarials is limited, relative to the epidemiological magnitude 
and evolutionary potential of malaria parasites. Owing to the advent of drug resistance, 
there is a need to develop more antimalarials. The antimalarial drugs in current use can in 
effect be grouped into blood schizontocides and antimetabolites of the folate pathway. 

2.1 Blood schizontocides 

Blood schizontocides act directly on intraerythrocytic stages responsible for symptoms and 
tend to be fast acting compounds usually preferred for treatment of acute disease. They 
include: aryl amino alcohols; 4-aminopyridine analogues; and the more recently widely 
introduced artemisinin and derivatives. Compounds in the first two groups are often 
referred to as quinoline-containing drugs (QCD’s).  

The aryl amino alcohols include the old cinchona alkaloid drug, quinine; the 
quinolinemethanol, mefloquine; and the phenanthrenemethanol drug, halofantrine. Quinine 
has been used for treatment and, in some cases prophylaxis, since the 17th century, as crude 
cinchona (Peruvian) bark, and from the 19th century as the pure drug. In contrast, 
halofantrine is a relatively new compound, which was first registered in France and 
francophone African countries in 1988. The 4-aminopyridine analogues include 
amopyraquine, mepacrine and the 4-aminoquinolines: chloroquine and amodiaquine. The 4-
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aminoquinolines were introduced among the first generation of synthetic antimalarials in 
the late 1940’s, following the search for safer compounds, for use both as treatment and 
prophylaxis. Artemisinin and derivatives include the parent compound artemisinin, a 
sesquiterpene lactone which constitutes the active principle of the Chinese herb quingaosu, 
and its derivatives. The Chinese herb was used for hundreds of years to cure malarial fevers, 
but only recently purified and introduced on a wider scale for treatment of multidrug-
resistant malaria. Water and oil-soluble derivatives of artemisinin were subsequently 
developed which include the salt, sodium (or potassium) artesunate; the methyl ether 
derivative, artemether; and the ethyl ether derivative, arteether. 

Blood schizontocides are believed to target the haemoglobin digestion and excretion process 
in the parasite food vacuole. Chloroquine, one of the 4-aminoquinolines most extensively 
studied, is thought to act by inhibiting polymerization of the parasite’s haemoglobin 
digestion by-product, haem (ferriprotoporphyrin IX), which is toxic to the parasite if 
allowed to accumulate[41]. The non-toxic polymer that the parasite generates in the absence 
of inhibiting drug is haemozoin, or malaria pigment. Artemisinin and its derivatives have a 
unique endoperoxide bridge that is thought to undergo reactive cleavage by 
ferriprotoporphyrin IX. This generates free carbon-centred radicals that alkylate 
biomolecules and kill the parasite cells.  

2.2 Antimetabolites of the folate pathway 

Antimetabolites of the folate pathway (often referred to as antifolates) tend to attack all 
growing stages of the malaria parasites, including the early growing stages in the liver 
(causal prophylactic effect) and developing infective stages in the mosquito (antisporogonic 
effect). Like 4-aminoquinolines, the antimetabolites were also introduced in the late 1940’s. 
They include the dihydrofolate reductase (DHFR) inhibitors (pyrimethamine, trimethoprim, 
cycloguanil and chlorcycloguanil) and dihydropteroate synthetase (DHPS) inhibitors or 
sulfa drugs (sulfadoxine, sulfalene, dapsone, sulfamethoxazole). Antifolates are usually 
used as combinations, e.g. sulfadoxine/pyrimethamine, sulfalene/pyrimethamine, or 
dapsone/pyrimethamine (prophylaxis). 

The mode of action of antifolate drugs is among the most well understood. Malaria parasites 
synthesize folates during biosynthesis of pyrimidines which they cannot scavenge from the 
host. Antifolate drugs block two sequential steps within the folate synthesis pathway, 
eventually leading to (i) decreased pyrimidine synthesis and arrest of DNA replication; (ii) 
decreased methionine and serine production; and (iii) ultimate cell cycle arrest and death of 
the parasites. Dihydrofolate reductase inhibitors act by competing with substrate for the 
enzyme dihydrofolate reductase, while sulfa drugs are paraminobenzoic acid (PABA) 
analogues which competitively inhibit dihydropteroate synthetase in the preceding reaction. 

3. Mechanisms of drug resistance  
3.1 Quinoline-containing drugs 

3.1.1 Group I blood schizontocides 

Group I blood schizontocides are the dibasic QCD’s, mainly the 4-aminoquinolines.  
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The mechanism of resistance to these drugs is due not to altered drug target, but to reduced 
drug accumulation in the parasite food vacuole[42]. Resistant parasites survive by 
accumulation of less drug than their sensitive counterparts. How the low drug levels are 
accumulated in resistant parasites is still not fully understood. A drug efflux mechanism has 
been proposed [43,44], and so has reduced drug uptake[45,46].  

Enhanced Drug Efflux 

Chloroquine-resistant isolates are known to expel intracellular chloroquine 40-50 times as 
rapidly as chloroquine-sensitive strains[44]. This process is energy-dependent and 
susceptible to ATP blockage[43]. Compelling evidence for a drug efflux mechanism has been 
the demonstration of reversal of chloroquine resistance by calcium channel blockers such as 
verapamil as well as some tricyclic compounds such as desipramine, in vitro and in 
vivo[47,48,49]. Reversal of chloroquine resistance by verapamil is independent of the weak 
base effect and is specific to resistant strains[50]. Although there were conflicting findings 
among earlier in vivo studies[51], subsequent work has abundantly illustrated chloroquine 
resistance reversal in malaria patients, with the antihistaminic agent 
chlopheniramine[52,53], and with promethazine[54]. The observations on reversal of 
chloroquine resistance by calcium channel blockers have led to the theory that a similar 
system to the multidrug resistance (mdr) phenomenon in mammalian cancer cells[55] is 
responsible. The mdr phenomenon in mammalian cancer cells is mediated by an ATP-
dependent transporter, P-glycoprotein, which resides on the surface of the cell and has 
affinity for a wide range of compounds, including anti-cancer drugs which it actively expels. 
The mammalian mdr phenotype is reversed by a broad range of compounds that compete 
for affinity for the P-glycoprotein, including calcium channel blockers like verapamil, 
calmodulin antagonists and other compounds. P-glycoprotein homologues were 
subsequently isolated in Plasmodium falciparum, pfPgh1 and pfPgh2[56] encoded by the 
genes Pfmdr1 and Pfmdr2. 

These genes have shown partial association with chloroquine resistance controversy, with 
some workers reporting no association between Pfmdr1 and chloroquine resistance[57], 
although the chloroquine efflux trait genetically segregated as a single locus[58]. Others 
have reported amino acid changes in Pfmdr1 linked with chloroquine resistance[59], 
including the single substitution N86Y (the K1 allele), and four substitutions Y184P, 
N1032D, S1034C and D1246Y (7G8 allele). However, the most convincing demonstration for 
the role of Pfmdr1 has come from recent allelic exchange studies which show that 
replacement of the wild type allele in chloroquine-sensitive strains with resistant alleles 
resulted in decreased drug sensitivity[60]. There is evidence that more than one gene is 
involved in coding for the chloroquine resistance phenotype.  

The P. falciparum Chloroquine Resistance Transporter Gene (Pfcrt) 

Through transfection and allelic exchange experiments between resistant and sensitive 
parasites a chloroquine resistance transporter (Pfcrt) gene was identified, which exhibited 
polymorphisms that matched the chloroquine resistance phenotype without exception. An 
in vivo study in Mali demonstrated close association between Pfcrt and chloroquine 
therapeutic failure[61]. 
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aminoquinolines were introduced among the first generation of synthetic antimalarials in 
the late 1940’s, following the search for safer compounds, for use both as treatment and 
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of inhibiting drug is haemozoin, or malaria pigment. Artemisinin and its derivatives have a 
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biomolecules and kill the parasite cells.  
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They include the dihydrofolate reductase (DHFR) inhibitors (pyrimethamine, trimethoprim, 
cycloguanil and chlorcycloguanil) and dihydropteroate synthetase (DHPS) inhibitors or 
sulfa drugs (sulfadoxine, sulfalene, dapsone, sulfamethoxazole). Antifolates are usually 
used as combinations, e.g. sulfadoxine/pyrimethamine, sulfalene/pyrimethamine, or 
dapsone/pyrimethamine (prophylaxis). 

The mode of action of antifolate drugs is among the most well understood. Malaria parasites 
synthesize folates during biosynthesis of pyrimidines which they cannot scavenge from the 
host. Antifolate drugs block two sequential steps within the folate synthesis pathway, 
eventually leading to (i) decreased pyrimidine synthesis and arrest of DNA replication; (ii) 
decreased methionine and serine production; and (iii) ultimate cell cycle arrest and death of 
the parasites. Dihydrofolate reductase inhibitors act by competing with substrate for the 
enzyme dihydrofolate reductase, while sulfa drugs are paraminobenzoic acid (PABA) 
analogues which competitively inhibit dihydropteroate synthetase in the preceding reaction. 

3. Mechanisms of drug resistance  
3.1 Quinoline-containing drugs 

3.1.1 Group I blood schizontocides 

Group I blood schizontocides are the dibasic QCD’s, mainly the 4-aminoquinolines.  
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The mechanism of resistance to these drugs is due not to altered drug target, but to reduced 
drug accumulation in the parasite food vacuole[42]. Resistant parasites survive by 
accumulation of less drug than their sensitive counterparts. How the low drug levels are 
accumulated in resistant parasites is still not fully understood. A drug efflux mechanism has 
been proposed [43,44], and so has reduced drug uptake[45,46].  

Enhanced Drug Efflux 

Chloroquine-resistant isolates are known to expel intracellular chloroquine 40-50 times as 
rapidly as chloroquine-sensitive strains[44]. This process is energy-dependent and 
susceptible to ATP blockage[43]. Compelling evidence for a drug efflux mechanism has been 
the demonstration of reversal of chloroquine resistance by calcium channel blockers such as 
verapamil as well as some tricyclic compounds such as desipramine, in vitro and in 
vivo[47,48,49]. Reversal of chloroquine resistance by verapamil is independent of the weak 
base effect and is specific to resistant strains[50]. Although there were conflicting findings 
among earlier in vivo studies[51], subsequent work has abundantly illustrated chloroquine 
resistance reversal in malaria patients, with the antihistaminic agent 
chlopheniramine[52,53], and with promethazine[54]. The observations on reversal of 
chloroquine resistance by calcium channel blockers have led to the theory that a similar 
system to the multidrug resistance (mdr) phenomenon in mammalian cancer cells[55] is 
responsible. The mdr phenomenon in mammalian cancer cells is mediated by an ATP-
dependent transporter, P-glycoprotein, which resides on the surface of the cell and has 
affinity for a wide range of compounds, including anti-cancer drugs which it actively expels. 
The mammalian mdr phenotype is reversed by a broad range of compounds that compete 
for affinity for the P-glycoprotein, including calcium channel blockers like verapamil, 
calmodulin antagonists and other compounds. P-glycoprotein homologues were 
subsequently isolated in Plasmodium falciparum, pfPgh1 and pfPgh2[56] encoded by the 
genes Pfmdr1 and Pfmdr2. 

These genes have shown partial association with chloroquine resistance controversy, with 
some workers reporting no association between Pfmdr1 and chloroquine resistance[57], 
although the chloroquine efflux trait genetically segregated as a single locus[58]. Others 
have reported amino acid changes in Pfmdr1 linked with chloroquine resistance[59], 
including the single substitution N86Y (the K1 allele), and four substitutions Y184P, 
N1032D, S1034C and D1246Y (7G8 allele). However, the most convincing demonstration for 
the role of Pfmdr1 has come from recent allelic exchange studies which show that 
replacement of the wild type allele in chloroquine-sensitive strains with resistant alleles 
resulted in decreased drug sensitivity[60]. There is evidence that more than one gene is 
involved in coding for the chloroquine resistance phenotype.  

The P. falciparum Chloroquine Resistance Transporter Gene (Pfcrt) 

Through transfection and allelic exchange experiments between resistant and sensitive 
parasites a chloroquine resistance transporter (Pfcrt) gene was identified, which exhibited 
polymorphisms that matched the chloroquine resistance phenotype without exception. An 
in vivo study in Mali demonstrated close association between Pfcrt and chloroquine 
therapeutic failure[61]. 
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3.1.2 Group II blood schizontocides 

These are monobasic quinoline containing drugs (QCD’s), which include quinine, 
mefloquine and halofantrine. Although their mode of action is thought to be essentially 
similar to that of the chloroquine group in interfering with haemoglobin digestion[62], the 
mechanism of resistance to these antimalarials is not clearly understood.  

Increased drug efflux as seen with chloroquine-resistant P. falciparum, has not been 
demonstrated with the group II blood schizontocides. Moreover, it is believed unlikely that 
group II schizontocides, which are monobasic, can accumulate sufficiently in food vacuoles 
to reach levels required to inhibit haem polymerization[42], yet at least some of these drugs 
are more potent inhibitors of parasite growth than chloroquine. In addition, resistance to 
mefloquine has been associated with Pfmdr1 amplification and cross-resistance to quinine 
and halofantrine, but decreased resistance to chloroquine[63].  

3.2 Resistance to antifolate drugs 

Antifolates include dihydrofolate reductase (DHFR) inhibitors (pyrimethamine, 
trimethoprim, cycloguanil, chlorcycloguanil) and dihydropteroate synthetase (DHPS) 
inhibitors (sulfones and sulfonamides, e.g. sulfadoxine, sulfamethoxazole, dapsone). These 
drugs were also among the first generation of synthetic antimalarials introduced in late 
1940’s [64].  Combinations of pyrimethamine and sulfonamides have been used as second 
line medication to treat chloroquine-resistant P. falciparum infections since the mid-1960's. 
Prophylactic usage was terminated owing to high risk of adverse reactions, except with 
pyrimethamine alone or dapsone/pyrimethamine which remains an alternative 
prophylactic used in a few countries.  

Resistance to pyrimethamine became widespread in large areas soon after introduction of 
the drug, but the potentiating combination with sulfonamides retained effectiveness for 
longer. Resistance to the antifolate combinations initially became a problem in Indochina 
and South America in early 1980's. Pyrimethamine/sulfonamide combinations lost 
therapeutic adequacy in wide areas of South East Asia, western Oceania and South 
America and although they are still relatively effective in Africa, resistance is on the 
increase. Like chloroquine, antifolates have remained useful for relatively longer in Africa 
compared to Asia owing to substantial host immunity reducing the levels of in vivo 
therapeutic failure. 

3.2.1 Mechanism of resistance to antifolate drugs 

Unlike resistance to chloroquine and other quinoline containing drugs, the mechanism of 
antifolate drug resistance is directly related to the mode of drug action. The mechanism is 
also relatively well understood. Resistance to antifolates is known to be due to alterations in 
target enzymes which reduce drug binding affinity[65,66]. These structural alterations are 
caused by point mutations in the dihydrofolate/thymidylate synthetase (DHFR-TS) gene, 
for DHFR inhibitors[67,68] or in the dihydro-6-hydroxymethylpterin pyrophosphokinase-
dihydropteroate synthetase (PPPK-DHPS) gene, for DHPS inhibitors[69,70]. 

Antifolate Resistance Point Mutations in the DHFR-TS gene 
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Point mutations conferring resistance to DHFR inhibitors have been well described for 
pyrimethamine and cycloguanil. A single point mutation (from wild type serine to 
asparagine) at amino acid position 108 in the DHFR domain of the DHFR-TS gene is 
associated with resistance to pyrimethamine, and only marginal decrease in susceptibility to 
cycloguanil. Additional mutations N51I and C59R have been associated with high levels of 
pyrimethamine resistance when they occur in combination with the S108N mutation. A 
mutation S108T, coupled with the mutation A16V, confers resistance to cycloguanil, with 
marginal effect on pyrimethamine sensitivity[71,72]. Cross-resistance to pyrimethamine and 
cycloguanil is conferred by a combination of mutations S108N and I164L, and is even 
heightened when the C59R mutation is also present. 

Polymerase chain reaction (PCR) based assays have been developed, to detect 
pyrimethamine and cycloguanil resistant parasites and their correlation with standard in 
vitro or in vivo drug response profiles have been explored[73,74,75].  

Antifolate Resistance Mutations in the PPPK-DHPS gene 

Mutations conferring resistance to DHPS inhibitors have been also characterized, especially 
for sulfadoxine and sulfamethoxazole, frequently used in synergistic combinations with 
DHFR inhibitors. Point mutations at positions 436, 437, 540, 581 and 613 of the DHPS 
domain of the PPPK-DHPS gene have been implicated[69], with those at positions 436, 437, 
and 581 being reportedly the most common. As with the DHFR inhibitors, a corresponding 
PCR-based assay for detecting PPPK-DHPS mutations conferring resistance to sulfa drugs 
(sulfadoxine and sulfamethoxazole) has been developed.  

4. Point mutations as molecular markers for drug-resistance 
The gold standard approach for monitoring drug resistance is by performing in vivo 
antimalarial drug therapeutic efficacy assessments[35,40]. A complex protocol is 
implemented, where a sentinel group of malaria patients, mostly aged 5 years or less, is 
subjected to supervised drug treatment and followed up for periods usually lasting 28 days. 
Parasitological and clinical response to treatment is monitored during follow-up to ascertain 
whether clearance takes place within the stipulated time consistent with adequate drug 
efficacy. To distinguish persistent or recrudescent parasitaemia from reinfections, pre- and 
post-treatment samples must be subjected to genotyping using polymorphic markers, 
usually P. falciparum MSP1, MSP2 and GLURP genes. This approach is labour-intensive and 
costly, often with losses to follow-up, while some of the patients do not meet eligibility 
criteria at recruitment. Accrual of significant sample sizes on which to base incisive policy 
conclusions is therefore sometimes constrained, especially as malaria cases decrease.  

Needless to say, the molecular detection of point mutations that confer drug resistance has 
proved a highly efficient approach for tracking and containment of drug resistant malaria. 
To date these molecular markers for drug resistance are best characterized for chloroquine 
and antifolate drugs (Table 1). Furthermore, the nature and combination of mutations that 
correlate most closely with clinical failure are characterized by standardizing against the in 
vivo assessment gold standard, making for highly instrumental surveillance tools. In 
antifolate resistance, combinations point mutations (double, triple, quadruple quintuple 
mutants) in the parasite DHFR and DHPS genes confer increasing levels of resistance. 
Research is under way to characterize markers for the other major antimalarials in use.  
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3.1.2 Group II blood schizontocides 

These are monobasic quinoline containing drugs (QCD’s), which include quinine, 
mefloquine and halofantrine. Although their mode of action is thought to be essentially 
similar to that of the chloroquine group in interfering with haemoglobin digestion[62], the 
mechanism of resistance to these antimalarials is not clearly understood.  

Increased drug efflux as seen with chloroquine-resistant P. falciparum, has not been 
demonstrated with the group II blood schizontocides. Moreover, it is believed unlikely that 
group II schizontocides, which are monobasic, can accumulate sufficiently in food vacuoles 
to reach levels required to inhibit haem polymerization[42], yet at least some of these drugs 
are more potent inhibitors of parasite growth than chloroquine. In addition, resistance to 
mefloquine has been associated with Pfmdr1 amplification and cross-resistance to quinine 
and halofantrine, but decreased resistance to chloroquine[63].  

3.2 Resistance to antifolate drugs 

Antifolates include dihydrofolate reductase (DHFR) inhibitors (pyrimethamine, 
trimethoprim, cycloguanil, chlorcycloguanil) and dihydropteroate synthetase (DHPS) 
inhibitors (sulfones and sulfonamides, e.g. sulfadoxine, sulfamethoxazole, dapsone). These 
drugs were also among the first generation of synthetic antimalarials introduced in late 
1940’s [64].  Combinations of pyrimethamine and sulfonamides have been used as second 
line medication to treat chloroquine-resistant P. falciparum infections since the mid-1960's. 
Prophylactic usage was terminated owing to high risk of adverse reactions, except with 
pyrimethamine alone or dapsone/pyrimethamine which remains an alternative 
prophylactic used in a few countries.  

Resistance to pyrimethamine became widespread in large areas soon after introduction of 
the drug, but the potentiating combination with sulfonamides retained effectiveness for 
longer. Resistance to the antifolate combinations initially became a problem in Indochina 
and South America in early 1980's. Pyrimethamine/sulfonamide combinations lost 
therapeutic adequacy in wide areas of South East Asia, western Oceania and South 
America and although they are still relatively effective in Africa, resistance is on the 
increase. Like chloroquine, antifolates have remained useful for relatively longer in Africa 
compared to Asia owing to substantial host immunity reducing the levels of in vivo 
therapeutic failure. 

3.2.1 Mechanism of resistance to antifolate drugs 

Unlike resistance to chloroquine and other quinoline containing drugs, the mechanism of 
antifolate drug resistance is directly related to the mode of drug action. The mechanism is 
also relatively well understood. Resistance to antifolates is known to be due to alterations in 
target enzymes which reduce drug binding affinity[65,66]. These structural alterations are 
caused by point mutations in the dihydrofolate/thymidylate synthetase (DHFR-TS) gene, 
for DHFR inhibitors[67,68] or in the dihydro-6-hydroxymethylpterin pyrophosphokinase-
dihydropteroate synthetase (PPPK-DHPS) gene, for DHPS inhibitors[69,70]. 
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Point mutations conferring resistance to DHFR inhibitors have been well described for 
pyrimethamine and cycloguanil. A single point mutation (from wild type serine to 
asparagine) at amino acid position 108 in the DHFR domain of the DHFR-TS gene is 
associated with resistance to pyrimethamine, and only marginal decrease in susceptibility to 
cycloguanil. Additional mutations N51I and C59R have been associated with high levels of 
pyrimethamine resistance when they occur in combination with the S108N mutation. A 
mutation S108T, coupled with the mutation A16V, confers resistance to cycloguanil, with 
marginal effect on pyrimethamine sensitivity[71,72]. Cross-resistance to pyrimethamine and 
cycloguanil is conferred by a combination of mutations S108N and I164L, and is even 
heightened when the C59R mutation is also present. 

Polymerase chain reaction (PCR) based assays have been developed, to detect 
pyrimethamine and cycloguanil resistant parasites and their correlation with standard in 
vitro or in vivo drug response profiles have been explored[73,74,75].  

Antifolate Resistance Mutations in the PPPK-DHPS gene 

Mutations conferring resistance to DHPS inhibitors have been also characterized, especially 
for sulfadoxine and sulfamethoxazole, frequently used in synergistic combinations with 
DHFR inhibitors. Point mutations at positions 436, 437, 540, 581 and 613 of the DHPS 
domain of the PPPK-DHPS gene have been implicated[69], with those at positions 436, 437, 
and 581 being reportedly the most common. As with the DHFR inhibitors, a corresponding 
PCR-based assay for detecting PPPK-DHPS mutations conferring resistance to sulfa drugs 
(sulfadoxine and sulfamethoxazole) has been developed.  

4. Point mutations as molecular markers for drug-resistance 
The gold standard approach for monitoring drug resistance is by performing in vivo 
antimalarial drug therapeutic efficacy assessments[35,40]. A complex protocol is 
implemented, where a sentinel group of malaria patients, mostly aged 5 years or less, is 
subjected to supervised drug treatment and followed up for periods usually lasting 28 days. 
Parasitological and clinical response to treatment is monitored during follow-up to ascertain 
whether clearance takes place within the stipulated time consistent with adequate drug 
efficacy. To distinguish persistent or recrudescent parasitaemia from reinfections, pre- and 
post-treatment samples must be subjected to genotyping using polymorphic markers, 
usually P. falciparum MSP1, MSP2 and GLURP genes. This approach is labour-intensive and 
costly, often with losses to follow-up, while some of the patients do not meet eligibility 
criteria at recruitment. Accrual of significant sample sizes on which to base incisive policy 
conclusions is therefore sometimes constrained, especially as malaria cases decrease.  

Needless to say, the molecular detection of point mutations that confer drug resistance has 
proved a highly efficient approach for tracking and containment of drug resistant malaria. 
To date these molecular markers for drug resistance are best characterized for chloroquine 
and antifolate drugs (Table 1). Furthermore, the nature and combination of mutations that 
correlate most closely with clinical failure are characterized by standardizing against the in 
vivo assessment gold standard, making for highly instrumental surveillance tools. In 
antifolate resistance, combinations point mutations (double, triple, quadruple quintuple 
mutants) in the parasite DHFR and DHPS genes confer increasing levels of resistance. 
Research is under way to characterize markers for the other major antimalarials in use.  
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Gene Molecular Marker (Point Mutation) Antimalarial Drug 
PfCRT K76T Chloroquine 
DHFR-TS S108N, S108T, N51I, C59R, A16V, I164L DHFR inhibitors 

pyrimethamine, 
cycloguanil 

PPK-DHPS S436A(F/C ), A437G, L540E, A581G, A613S(T) DHPS inhibitors 
Sulfadoxine 

Table 1. Point mutations widely used to track drug-resistant malaria  

With molecular markers, resistant parasites can now be monitored both in the human and 
vector hosts, enabling containment long before escalation to a public health toll (Figure 1). 

 
Fig. 1. Distribution of P. falciparum antifolate drug resistance alleles in human and mosquito 
hosts. Note major differences reflecting drug and immune selection. Using point mutations 
as molecular markers, drug resistance can be tracked in any phase of the parasite, enabling 
pre-emptive interventions before patient clinical failures set in.   

4.1 Parasite bar-coding 

Recently, SNPs located in numerous sections across the parasite genome have been applied 
as a potent tool to finger-print or bar-code malaria infections. This enables sensitive 
detection of changes in population structure or epidemiology of malaria in a given area in 
relation to interventions or re-invasion. 
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A typical bar-code[76] comprises 20-24 SNPs from across all the chromosomes of the malaria 
parasite, enabling medium-high resolution typing of malarial infections.  

5. Conclusion 
P. falciparum drug resistance persists as a key strategy by which malaria frustrates control 
and elimination efforts. The complex genomic blueprint of P. falciparum has repeatedly 
proven its ability to overcome any widely introduced antimalarial with relative ease. It is 
therefore imperative to develop and implement not only new antimalarial drugs, but also 
effective strategies for the surveillance and containment of drug resistance. Combination 
therapy is now stipulated as standard treatment for malaria by WHO, where constituent 
drugs protect each other from resistance development and the chances of resistance to both 
are less likely to occur. Artemisinin-based combination therapy (ACT) is preferred, 
containing artemisinin or its derivative as one of the partner drugs, since it is fast-acting and 
shows signs of relatively slow resistance development.  

Simple point mutations can confer resistance to most antimalarial drugs. In the diverse and 
dynamic epidemiology of malaria, point mutations are increasingly adopted as efficient 
molecular markers  for surveillance of drug resistant malaria in endemic countries. These 
molecular markers are readily standardizable and independent of host immune status, drug 
history or other confounding factors incorporated in the strict eligibility criteria for gold 
standard in vivo drug efficacy assessments. They are also less laborious and require much 
less time to perform once standardized against the gold standard in vivo assessments. Well 
characterized molecular markers for resistance to chloroquine and antifolate drugs have 
become standard surveillance tools, with global data being fed into world resistance 
monitoring programmes such as the World-wide Antimalarial Resistance Network 
(WWARN).  

In recent times point mutations are also being utilized to identify malaria strains and detect 
changes in population structure during interventions or resurgences by bar-coding.   

Furthermore, molecular markers for resistance to other major antimalarial drugs are being 
actively sought, placing the simple point mutation in good stead to be the future of 
surveillance in malaria and other diseases. 
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A typical bar-code[76] comprises 20-24 SNPs from across all the chromosomes of the malaria 
parasite, enabling medium-high resolution typing of malarial infections.  
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proven its ability to overcome any widely introduced antimalarial with relative ease. It is 
therefore imperative to develop and implement not only new antimalarial drugs, but also 
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therapy is now stipulated as standard treatment for malaria by WHO, where constituent 
drugs protect each other from resistance development and the chances of resistance to both 
are less likely to occur. Artemisinin-based combination therapy (ACT) is preferred, 
containing artemisinin or its derivative as one of the partner drugs, since it is fast-acting and 
shows signs of relatively slow resistance development.  

Simple point mutations can confer resistance to most antimalarial drugs. In the diverse and 
dynamic epidemiology of malaria, point mutations are increasingly adopted as efficient 
molecular markers  for surveillance of drug resistant malaria in endemic countries. These 
molecular markers are readily standardizable and independent of host immune status, drug 
history or other confounding factors incorporated in the strict eligibility criteria for gold 
standard in vivo drug efficacy assessments. They are also less laborious and require much 
less time to perform once standardized against the gold standard in vivo assessments. Well 
characterized molecular markers for resistance to chloroquine and antifolate drugs have 
become standard surveillance tools, with global data being fed into world resistance 
monitoring programmes such as the World-wide Antimalarial Resistance Network 
(WWARN).  

In recent times point mutations are also being utilized to identify malaria strains and detect 
changes in population structure during interventions or resurgences by bar-coding.   

Furthermore, molecular markers for resistance to other major antimalarial drugs are being 
actively sought, placing the simple point mutation in good stead to be the future of 
surveillance in malaria and other diseases. 

6. References 
[1] WHO (2010) World Malaria Report. World Health Organization, Geneva. 
[2] Kitua A, Ogundahunsi O, Lines J, Mgone C (2011) Conquering malaria: enhancing the 

impact of effective interventions towards elimination in the diverse and changing 
epidemiology. J Glob Infect Dis 3: 161-165. 

[3] Greenwood B, Mutabingwa T (2002) Malaria in 2002. Nature 415: 670-672. 
[4] Sachs J, Malaney P (2002) The economic and social burden of malaria. Nature 415: 680-

685. 
[5] Nabarro D (1999) Roll Back Malaria. Parassitologia 41: 501-504. 
[6] Bosman A, Mendis KN (2007) A major transition in malaria treatment: the adoption and 

deployment of artemisinin-based combination therapies. Am J Trop Med Hyg 77: 
193-197. 



 
Point Mutation 

 

222 

[7] Chanda E, Masaninga F, Coleman M, Sikaala C, Katebe C, et al. (2008) Integrated vector 
management: the Zambian experience. Malar J 7: 164. 

[8] Nabarro D, Mendis K (2000) Roll back malaria is unarguably both necessary and 
possible. Bull World Health Organ 78: 1454-1455. 

[9] Greenwood B (2009) Can malaria be eliminated? Trans R Soc Trop Med Hyg 103 Suppl 1: 
S2-5. 

[10] Mendis K, Rietveld A, Warsame M, Bosman A, Greenwood B, et al. (2009) From malaria 
control to eradication: The WHO perspective. Trop Med Int Health 14: 802-809. 

[11] Nwagha UI, Ugwu VO, Nwagha TU, Anyaehie BU (2009) Asymptomatic Plasmodium 
parasitaemia in pregnant Nigerian women: almost a decade after Roll Back 
Malaria. Trans R Soc Trop Med Hyg 103: 16-20. 

[12] Babiker HA (1998) Unstable malaria in Sudan: the influence of the dry season. 
Plasmodium falciparum population in the unstable malaria area of eastern Sudan is 
stable and genetically complex. Trans R Soc Trop Med Hyg 92: 585-589. 

[13] Trape JF, Pison G, Spiegel A, Enel C, Rogier C (2002) Combating malaria in Africa. 
Trends Parasitol 18: 224-230. 

[14] Trape JF (2001) The public health impact of chloroquine resistance in Africa. Am J Trop 
Med Hyg 64: 12-17. 

[15] Bjorkman A, Bhattarai A (2005) Public health impact of drug resistant Plasmodium 
falciparum malaria. Acta Trop 94: 163-169. 

[16] Bjorkman A, Phillips-Howard PA (1990) The epidemiology of drug-resistant malaria. 
Trans R Soc Trop Med Hyg 84: 177-180. 

[17] Bloland PB, Ettling M (1999) Making malaria-treatment policy in the face of drug 
resistance. Ann Trop Med Parasitol 93: 5-23. 

[18] Trape JF, Pison G, Preziosi MP, Enel C, Desgrees du Lou A, et al. (1998) Impact of 
chloroquine resistance on malaria mortality. C R Acad Sci III 321: 689-697. 

[19] WHO (1984) Advances in malaria chemotherapy. Report of a WHO Scientific Group. 
Geneva: World Health Organization. 

[20] Wernsdorfer WH (1994) Epidemiology of drug resistance in malaria. Acta Trop 56: 143-
156. 

[21] Ketema T, Getahun K, Bacha K (2011) Therapeutic efficacy of chloroquine for treatment 
of Plasmodium vivax malaria cases in Halaba district, South Ethiopia. Parasit 
Vectors 4: 46. 

[22] Rieckmann KH, Davis DR, Hutton DC (1989) Plasmodium vivax resistance to 
chloroquine  2 1183-1184. . Lancet 2: 1183-1184. 

[23] Brockman A, Price RN, van Vugt M, Heppner DG, Walsh D, et al. (2000) Plasmodium 
falciparum antimalarial drug susceptibility on the north-western border of Thailand 
during five years of extensive use of artesunate-mefloquine. Transactions of the Royal 
Society of Tropical Medicine and Hygiene 94 537-544. 

[24] Noranate N, Durand R, Tall A, Marrama L, Spiegel A, et al. (2007) Rapid dissemination 
of Plasmodium falciparum drug resistance despite strictly controlled antimalarial 
use. PLoS ONE 2: e139. 

[25] Foote SJ, Cowman AF (1994) The mode of action and the mechanism of resistance to 
antimalarial drugs. Acta Trop 56: 157-171. 

 
Point Mutation in Surveillance of Drug-Resistant Malaria 

 

223 

[26] Crabb C (2003) Plasmodium falciparum outwits Malarone, protector of travellers. Bull 
World Health Organ 81: 382-383. 

[27] Fivelman Q, Butcher G, Adagu I, Warhurst D, Pasvol G (2002) Malarone treatment 
failure and in vitro confirmation of resistance of Plasmodium falciparum isolate 
from Lagos, Nigeria. Malaria Journal 1: 1. 

[28] Dondorp AM, Yeung S, White L, Nguon C, Day NP, et al. Artemisinin resistance: 
current status and scenarios for containment. Nat Rev Microbiol 8: 272-280. 

[29] Noedl H, Se Y, Schaecher K, Smith BL, Socheat D, et al. (2008) Evidence of artemisinin-
resistant malaria in western Cambodia. N Engl J Med 359: 2619-2620. 

[30] WHO (1965) Resistance of malaria parasites to drugs. Geneva: World Health 
Organization. 

[31] WHO (1973) Chemotherapy of malaria and resistance to antimalarials. . Geneva: World 
Health Organization. 

[32] Bruce-Chwatt LJ, Black RH, Canfield CJ, Clyde DF, Peters W, et al. (1986) 
Chemotherapy of Malaria, 2nd revised Edition. WHO Monograph Series  

[33] Rieckmann KH, Campbell GH, Sax LJ, Mrema JA (1978) Drug sensitivity of 
Plasmodium falciparum: an in vitro micro technique. Lancet 1: 22-23 

[34] WHO (1990) Practical chemotherapy of malaria. Geneva: World Health Organization. 
[35] WHO (2005) Susceptibility of Plasmodium falciparum to Antimalarial Drugs. Geneva: 

World Health Organization. 
[36] Mutabingwa TK, Malle LN, Mtui SN (1991) Chloroquine therapy still useful in the 

management of malaria during pregnancy in Muheza, Tanzania. Trop Geogr Med 
43: 131-135. 

[37] Henry MC, Docters van Leeuwen W, Watson P, Jansen A, Jacobs K, et al. (1994) In vivo 
sensitivity of Plasmodium falciparum to chloroquine in rural areas of Cote d’Ivoire. 
Acta Tropica 58: 275-281. 

[38] WHO (1994) Antimalaria drug policies: data requirements, treatment of uncomplicated 
malaria and management of malaria in pregnancy. Report of an informal 
consultation, Geneva 14-18 March 1994. Geneva: World Health Organization. 

[39] WHO (1996) Assessment of the Therapeutic Efficacy of Antimalarial Drugs for the 
Treatment of Uncomplicated Malaria in Africa in Areas with Intense Transmission. 
Geneva: World Health Organization. 

[40] WHO (2003) Assessment and Monitoring of Antimalarial Drug Efficacy for the 
Treatment of Uncomplicated Falciparum Malaria . . Geneva: World Health 
Organization. 

[41] Slater AF, Cerami A (1992) Inhibition by chloroquine of a novel haem polymerase 
enzyme activity in malaria trophozoites. Nature 355: 167-169. 

[42] Slater AF (1993) Chloroquine: mechanism of drug action and resistance in Plasmodium 
falciparum. Pharmacol Ther 57: 203-235. 

[43] Krogstad DJ, Gluzman IY, Herwaldt BL, Schlesinger PH, Wellems TE (1992) Energy 
dependence of chloroquine accumulation and chloroquine efflux in Plasmodium 
falciparum. Biochem Pharmacol 43: 57-62. 

[44] Krogstad DJ, Gluzman IY, Kyle DE, Oduola AM, Martin SK, et al. (1987) Efflux of 
chloroquine from Plasmodium falciparum: mechanism of chloroquine resistance. 
Science 238: 1283-1285. 



 
Point Mutation 

 

222 

[7] Chanda E, Masaninga F, Coleman M, Sikaala C, Katebe C, et al. (2008) Integrated vector 
management: the Zambian experience. Malar J 7: 164. 

[8] Nabarro D, Mendis K (2000) Roll back malaria is unarguably both necessary and 
possible. Bull World Health Organ 78: 1454-1455. 

[9] Greenwood B (2009) Can malaria be eliminated? Trans R Soc Trop Med Hyg 103 Suppl 1: 
S2-5. 

[10] Mendis K, Rietveld A, Warsame M, Bosman A, Greenwood B, et al. (2009) From malaria 
control to eradication: The WHO perspective. Trop Med Int Health 14: 802-809. 

[11] Nwagha UI, Ugwu VO, Nwagha TU, Anyaehie BU (2009) Asymptomatic Plasmodium 
parasitaemia in pregnant Nigerian women: almost a decade after Roll Back 
Malaria. Trans R Soc Trop Med Hyg 103: 16-20. 

[12] Babiker HA (1998) Unstable malaria in Sudan: the influence of the dry season. 
Plasmodium falciparum population in the unstable malaria area of eastern Sudan is 
stable and genetically complex. Trans R Soc Trop Med Hyg 92: 585-589. 

[13] Trape JF, Pison G, Spiegel A, Enel C, Rogier C (2002) Combating malaria in Africa. 
Trends Parasitol 18: 224-230. 

[14] Trape JF (2001) The public health impact of chloroquine resistance in Africa. Am J Trop 
Med Hyg 64: 12-17. 

[15] Bjorkman A, Bhattarai A (2005) Public health impact of drug resistant Plasmodium 
falciparum malaria. Acta Trop 94: 163-169. 

[16] Bjorkman A, Phillips-Howard PA (1990) The epidemiology of drug-resistant malaria. 
Trans R Soc Trop Med Hyg 84: 177-180. 

[17] Bloland PB, Ettling M (1999) Making malaria-treatment policy in the face of drug 
resistance. Ann Trop Med Parasitol 93: 5-23. 

[18] Trape JF, Pison G, Preziosi MP, Enel C, Desgrees du Lou A, et al. (1998) Impact of 
chloroquine resistance on malaria mortality. C R Acad Sci III 321: 689-697. 

[19] WHO (1984) Advances in malaria chemotherapy. Report of a WHO Scientific Group. 
Geneva: World Health Organization. 

[20] Wernsdorfer WH (1994) Epidemiology of drug resistance in malaria. Acta Trop 56: 143-
156. 

[21] Ketema T, Getahun K, Bacha K (2011) Therapeutic efficacy of chloroquine for treatment 
of Plasmodium vivax malaria cases in Halaba district, South Ethiopia. Parasit 
Vectors 4: 46. 

[22] Rieckmann KH, Davis DR, Hutton DC (1989) Plasmodium vivax resistance to 
chloroquine  2 1183-1184. . Lancet 2: 1183-1184. 

[23] Brockman A, Price RN, van Vugt M, Heppner DG, Walsh D, et al. (2000) Plasmodium 
falciparum antimalarial drug susceptibility on the north-western border of Thailand 
during five years of extensive use of artesunate-mefloquine. Transactions of the Royal 
Society of Tropical Medicine and Hygiene 94 537-544. 

[24] Noranate N, Durand R, Tall A, Marrama L, Spiegel A, et al. (2007) Rapid dissemination 
of Plasmodium falciparum drug resistance despite strictly controlled antimalarial 
use. PLoS ONE 2: e139. 

[25] Foote SJ, Cowman AF (1994) The mode of action and the mechanism of resistance to 
antimalarial drugs. Acta Trop 56: 157-171. 

 
Point Mutation in Surveillance of Drug-Resistant Malaria 

 

223 

[26] Crabb C (2003) Plasmodium falciparum outwits Malarone, protector of travellers. Bull 
World Health Organ 81: 382-383. 

[27] Fivelman Q, Butcher G, Adagu I, Warhurst D, Pasvol G (2002) Malarone treatment 
failure and in vitro confirmation of resistance of Plasmodium falciparum isolate 
from Lagos, Nigeria. Malaria Journal 1: 1. 

[28] Dondorp AM, Yeung S, White L, Nguon C, Day NP, et al. Artemisinin resistance: 
current status and scenarios for containment. Nat Rev Microbiol 8: 272-280. 

[29] Noedl H, Se Y, Schaecher K, Smith BL, Socheat D, et al. (2008) Evidence of artemisinin-
resistant malaria in western Cambodia. N Engl J Med 359: 2619-2620. 

[30] WHO (1965) Resistance of malaria parasites to drugs. Geneva: World Health 
Organization. 

[31] WHO (1973) Chemotherapy of malaria and resistance to antimalarials. . Geneva: World 
Health Organization. 

[32] Bruce-Chwatt LJ, Black RH, Canfield CJ, Clyde DF, Peters W, et al. (1986) 
Chemotherapy of Malaria, 2nd revised Edition. WHO Monograph Series  

[33] Rieckmann KH, Campbell GH, Sax LJ, Mrema JA (1978) Drug sensitivity of 
Plasmodium falciparum: an in vitro micro technique. Lancet 1: 22-23 

[34] WHO (1990) Practical chemotherapy of malaria. Geneva: World Health Organization. 
[35] WHO (2005) Susceptibility of Plasmodium falciparum to Antimalarial Drugs. Geneva: 

World Health Organization. 
[36] Mutabingwa TK, Malle LN, Mtui SN (1991) Chloroquine therapy still useful in the 

management of malaria during pregnancy in Muheza, Tanzania. Trop Geogr Med 
43: 131-135. 

[37] Henry MC, Docters van Leeuwen W, Watson P, Jansen A, Jacobs K, et al. (1994) In vivo 
sensitivity of Plasmodium falciparum to chloroquine in rural areas of Cote d’Ivoire. 
Acta Tropica 58: 275-281. 

[38] WHO (1994) Antimalaria drug policies: data requirements, treatment of uncomplicated 
malaria and management of malaria in pregnancy. Report of an informal 
consultation, Geneva 14-18 March 1994. Geneva: World Health Organization. 

[39] WHO (1996) Assessment of the Therapeutic Efficacy of Antimalarial Drugs for the 
Treatment of Uncomplicated Malaria in Africa in Areas with Intense Transmission. 
Geneva: World Health Organization. 

[40] WHO (2003) Assessment and Monitoring of Antimalarial Drug Efficacy for the 
Treatment of Uncomplicated Falciparum Malaria . . Geneva: World Health 
Organization. 

[41] Slater AF, Cerami A (1992) Inhibition by chloroquine of a novel haem polymerase 
enzyme activity in malaria trophozoites. Nature 355: 167-169. 

[42] Slater AF (1993) Chloroquine: mechanism of drug action and resistance in Plasmodium 
falciparum. Pharmacol Ther 57: 203-235. 

[43] Krogstad DJ, Gluzman IY, Herwaldt BL, Schlesinger PH, Wellems TE (1992) Energy 
dependence of chloroquine accumulation and chloroquine efflux in Plasmodium 
falciparum. Biochem Pharmacol 43: 57-62. 

[44] Krogstad DJ, Gluzman IY, Kyle DE, Oduola AM, Martin SK, et al. (1987) Efflux of 
chloroquine from Plasmodium falciparum: mechanism of chloroquine resistance. 
Science 238: 1283-1285. 



 
Point Mutation 

 

224 

[45] Geary TG, Divo AD, Jensen JB, Zangwill M, Ginsburg H (1990) Kinetic modelling of the 
response of Plasmodium falciparum to chloroquine and its experimental testing in 
vitro. Implications for mechanism of action of and resistance to the drug. Biochem 
Pharmacol 40: 685-691. 

[46] Geary TG, Jensen JB, Ginsburg H (1986) Uptake of [3H]chloroquine by drug-sensitive 
and -resistant strains of the human malaria parasite Plasmodium falciparum. 
Biochem Pharmacol 35: 3805-3812. 

[47] Martin SK, Oduola AM, Milhous WK (1987) Reversal of chloroquine resistance in 
Plasmodium falciparum by verapamil. Science 235: 899-901. 

[48] Bitonti AJ, McCann PP (1989) Desipramine and cyproheptadine for reversal of 
chloroquine resistance in Plasmodium falciparum. Lancet 2: 1282-1283. 

[49] Bitonti AJ, Sjoerdsma A, McCann PP, Kyle DE, Oduola AM, et al. (1988) Reversal of 
chloroquine resistance in malaria parasite Plasmodium falciparum by desipramine. 
Science 242: 1301-1303. 

[50] Martiney JA, Cerami A, Slater AF (1995) Verapamil reversal of chloroquine resistance in 
the malaria parasite Plasmodium falciparum is specific for resistant parasites and 
independent of the weak base effect. J Biol Chem 270: 22393-22398. 

[51] Warsame M, Wernsdorfer WH, Bjorkman A (1992) Lack of effect of desipramine on the 
response to chloroquine of patients with chloroquine-resistant falciparum malaria. 
Trans R Soc Trop Med Hyg 86: 235-236. 

[52] Sowunmi A, Fehintola FA, Ogundahunsi OA, Arowojolu AO, Oduola AM (1998) 
Efficacy of chloroquine plus chlorpheniramine in chloroquine-resistant falciparum 
malaria during pregnancy in Nigerian women: a preliminary study. J Obstet 
Gynaecol 18: 524-527. 

[53] Sowunmi A, Oduola AM (1997) Comparative efficacy of chloroquine/chlorpheniramine 
combination and mefloquine for the treatment of chloroquine-resistant 
Plasmodium falciparum malaria in Nigerian children. Trans R Soc Trop Med Hyg 
91: 689-693. 

[54] Oduola AM, Sowunmi A, Milhous WK, Brewer TG, Kyle DE, et al. (1998) In vitro and in 
vivo reversal of chloroquine resistance in Plasmodium falciparum with 
promethazine. Am J Trop Med Hyg 58: 625-629. 

[55] Endicott JA, Ling V (1989) The biochemistry of P-glycoprotein-mediated multidrug 
resistance. Annu Rev Biochem 58: 137-171. 

[56] Cowman AF, Karcz S, Galatis D, Culvenor JG (1991) A P-glycoprotein homologue of 
Plasmodium falciparum is localized on the digestive vacuole. J Cell Biol 113: 1033-
1042. 

[57] Wellems TE, Panton LJ, Gluzman IY, do Rosario VE, Gwadz RW, et al. (1990) 
Chloroquine resistance not linked to mdr-like genes in a Plasmodium falciparum 
cross. Nature 345: 253-255. 

[58] Wellems TE (1991) Molecular genetics of drug resistance in Plasmodium falciparum 
malaria. Parasitol Today 7: 110-112. 

[59] Foote SJ, Kyle DE, Martin RK, Oduola AM, Forsyth K, et al. (1990) Several alleles of the 
multidrug-resistance gene are closely linked to chloroquine resistance in 
Plasmodium falciparum. Nature 345: 255-258. 

 
Point Mutation in Surveillance of Drug-Resistant Malaria 

 

225 

[60] Reed MB, Saliba KJ, Caruana SR, Kirk K, Cowman AF (2000) Pgh1 modulates sensitivity 
and resistance to multiple antimalarials in Plasmodium falciparum. Nature 403: 
906-909. 

[61] Djimde A, Doumbo OK, Cortese JF, Kayentao K, Doumbo S, et al. (2001) A molecular 
marker for chloroquine-resistant falciparum malaria. N Engl J Med 344: 257-263. 

[62] Peters W, Howells RE, Portus J, Robinson BL, Thomas S, et al. (1977) The chemotherapy 
of rodent malaria, XXVII. Studies on mefloquine (WR 142,490). Ann Trop Med 
Parasitol 71: 407-418. 

[63] Wilson CM, Volkman SK, Thaithong S, Martin RK, Kyle DE, et al. (1993) Amplification 
of pfmdr 1 associated with mefloquine and halofantrine resistance in Plasmodium 
falciparum from Thailand. Mol Biochem Parasitol 57: 151-160. 

[64] Wernsdorfer WH, Payne D (1991) The dynamics of drug resistance in Plasmodium 
falciparum. Pharmacol Ther 50: 95-121. 

[65] McCutchan TF, Welsh JA, Dame JB, Quakyi IA, Graves PM, et al. (1984) Mechanism of 
pyrimethamine resistance in recent isolates of Plasmodium falciparum. Antimicrob 
Agents Chemother 26: 656-659. 

[66] Chen GX, Mueller C, Wendlinger M, Zolg JW (1987) Kinetic and molecular properties of 
the dihydrofolate reductase from pyrimethamine-sensitive and pyrimethamine-
resistant clones of the human malaria parasite Plasmodium falciparum. Mol 
Pharmacol 31: 430-437. 

[67] Cowman AF, Morry MJ, Biggs BA, Cross GA, Foote SJ (1988) Amino acid changes 
linked to pyrimethamine resistance in the dihydrofolate reductase-thymidylate 
synthase gene of Plasmodium falciparum. Proc Natl Acad Sci U S A 85: 9109-9113. 

[68] Peterson DS, Walliker D, Wellems TE (1988) Evidence that a point mutation in 
dihydrofolate reductase-thymidylate synthase confers resistance to pyrimethamine 
in falciparum malaria. Proc Natl Acad Sci U S A 85: 9114-9118. 

[69] Brooks DR, Wang P, Read M, Watkins WM, Sims PF, et al. (1994) Sequence variation of 
the hydroxymethylpterin pyrophosphokinase-dihydropteroate synthase gene in 
lines of the human malaria parasite, Plasmodium falciparum, with differing 
resistance to sulfadoxine. European Journal of Biochemistry 224: 397-405. 

[70] Triglia T, Cowman AF (1994) Primary structure and expression of the dihydropteroate 
synthetase gene of Plasmodium falciparum. Proc Natl Acad Sci U S A 91: 7149-7153. 

[71] Peterson DS, Milhous WK, Wellems TE (1990) Molecular basis of differential resistance 
to cycloguanil and pyrimethamine in Plasmodium falciparum malaria. Proc Natl 
Acad Sci U S A 87: 3018-3022. 

[72] Foote SJ, Galatis D, Cowman AF (1990) Amino acids in the dihydrofolate reductase-
thymidylate synthase gene of Plasmodium falciparum involved in cycloguanil 
resistance differ from those involved in pyrimethamine resistance. Proc Natl Acad 
Sci U S A 87: 3014-3017. 

[73] Peterson DS, Di Santi SM, Povoa M, Calvosa VS, Do Rosario VE, et al. (1991) Prevalence 
of the dihydrofolate reductase Asn-108 mutation as the basis for pyrimethamine-
resistant falciparum malaria in the Brazilian Amazon. Am J Trop Med Hyg 45: 492-
497. 



 
Point Mutation 

 

224 

[45] Geary TG, Divo AD, Jensen JB, Zangwill M, Ginsburg H (1990) Kinetic modelling of the 
response of Plasmodium falciparum to chloroquine and its experimental testing in 
vitro. Implications for mechanism of action of and resistance to the drug. Biochem 
Pharmacol 40: 685-691. 

[46] Geary TG, Jensen JB, Ginsburg H (1986) Uptake of [3H]chloroquine by drug-sensitive 
and -resistant strains of the human malaria parasite Plasmodium falciparum. 
Biochem Pharmacol 35: 3805-3812. 

[47] Martin SK, Oduola AM, Milhous WK (1987) Reversal of chloroquine resistance in 
Plasmodium falciparum by verapamil. Science 235: 899-901. 

[48] Bitonti AJ, McCann PP (1989) Desipramine and cyproheptadine for reversal of 
chloroquine resistance in Plasmodium falciparum. Lancet 2: 1282-1283. 

[49] Bitonti AJ, Sjoerdsma A, McCann PP, Kyle DE, Oduola AM, et al. (1988) Reversal of 
chloroquine resistance in malaria parasite Plasmodium falciparum by desipramine. 
Science 242: 1301-1303. 

[50] Martiney JA, Cerami A, Slater AF (1995) Verapamil reversal of chloroquine resistance in 
the malaria parasite Plasmodium falciparum is specific for resistant parasites and 
independent of the weak base effect. J Biol Chem 270: 22393-22398. 

[51] Warsame M, Wernsdorfer WH, Bjorkman A (1992) Lack of effect of desipramine on the 
response to chloroquine of patients with chloroquine-resistant falciparum malaria. 
Trans R Soc Trop Med Hyg 86: 235-236. 

[52] Sowunmi A, Fehintola FA, Ogundahunsi OA, Arowojolu AO, Oduola AM (1998) 
Efficacy of chloroquine plus chlorpheniramine in chloroquine-resistant falciparum 
malaria during pregnancy in Nigerian women: a preliminary study. J Obstet 
Gynaecol 18: 524-527. 

[53] Sowunmi A, Oduola AM (1997) Comparative efficacy of chloroquine/chlorpheniramine 
combination and mefloquine for the treatment of chloroquine-resistant 
Plasmodium falciparum malaria in Nigerian children. Trans R Soc Trop Med Hyg 
91: 689-693. 

[54] Oduola AM, Sowunmi A, Milhous WK, Brewer TG, Kyle DE, et al. (1998) In vitro and in 
vivo reversal of chloroquine resistance in Plasmodium falciparum with 
promethazine. Am J Trop Med Hyg 58: 625-629. 

[55] Endicott JA, Ling V (1989) The biochemistry of P-glycoprotein-mediated multidrug 
resistance. Annu Rev Biochem 58: 137-171. 

[56] Cowman AF, Karcz S, Galatis D, Culvenor JG (1991) A P-glycoprotein homologue of 
Plasmodium falciparum is localized on the digestive vacuole. J Cell Biol 113: 1033-
1042. 

[57] Wellems TE, Panton LJ, Gluzman IY, do Rosario VE, Gwadz RW, et al. (1990) 
Chloroquine resistance not linked to mdr-like genes in a Plasmodium falciparum 
cross. Nature 345: 253-255. 

[58] Wellems TE (1991) Molecular genetics of drug resistance in Plasmodium falciparum 
malaria. Parasitol Today 7: 110-112. 

[59] Foote SJ, Kyle DE, Martin RK, Oduola AM, Forsyth K, et al. (1990) Several alleles of the 
multidrug-resistance gene are closely linked to chloroquine resistance in 
Plasmodium falciparum. Nature 345: 255-258. 

 
Point Mutation in Surveillance of Drug-Resistant Malaria 

 

225 

[60] Reed MB, Saliba KJ, Caruana SR, Kirk K, Cowman AF (2000) Pgh1 modulates sensitivity 
and resistance to multiple antimalarials in Plasmodium falciparum. Nature 403: 
906-909. 

[61] Djimde A, Doumbo OK, Cortese JF, Kayentao K, Doumbo S, et al. (2001) A molecular 
marker for chloroquine-resistant falciparum malaria. N Engl J Med 344: 257-263. 

[62] Peters W, Howells RE, Portus J, Robinson BL, Thomas S, et al. (1977) The chemotherapy 
of rodent malaria, XXVII. Studies on mefloquine (WR 142,490). Ann Trop Med 
Parasitol 71: 407-418. 

[63] Wilson CM, Volkman SK, Thaithong S, Martin RK, Kyle DE, et al. (1993) Amplification 
of pfmdr 1 associated with mefloquine and halofantrine resistance in Plasmodium 
falciparum from Thailand. Mol Biochem Parasitol 57: 151-160. 

[64] Wernsdorfer WH, Payne D (1991) The dynamics of drug resistance in Plasmodium 
falciparum. Pharmacol Ther 50: 95-121. 

[65] McCutchan TF, Welsh JA, Dame JB, Quakyi IA, Graves PM, et al. (1984) Mechanism of 
pyrimethamine resistance in recent isolates of Plasmodium falciparum. Antimicrob 
Agents Chemother 26: 656-659. 

[66] Chen GX, Mueller C, Wendlinger M, Zolg JW (1987) Kinetic and molecular properties of 
the dihydrofolate reductase from pyrimethamine-sensitive and pyrimethamine-
resistant clones of the human malaria parasite Plasmodium falciparum. Mol 
Pharmacol 31: 430-437. 

[67] Cowman AF, Morry MJ, Biggs BA, Cross GA, Foote SJ (1988) Amino acid changes 
linked to pyrimethamine resistance in the dihydrofolate reductase-thymidylate 
synthase gene of Plasmodium falciparum. Proc Natl Acad Sci U S A 85: 9109-9113. 

[68] Peterson DS, Walliker D, Wellems TE (1988) Evidence that a point mutation in 
dihydrofolate reductase-thymidylate synthase confers resistance to pyrimethamine 
in falciparum malaria. Proc Natl Acad Sci U S A 85: 9114-9118. 

[69] Brooks DR, Wang P, Read M, Watkins WM, Sims PF, et al. (1994) Sequence variation of 
the hydroxymethylpterin pyrophosphokinase-dihydropteroate synthase gene in 
lines of the human malaria parasite, Plasmodium falciparum, with differing 
resistance to sulfadoxine. European Journal of Biochemistry 224: 397-405. 

[70] Triglia T, Cowman AF (1994) Primary structure and expression of the dihydropteroate 
synthetase gene of Plasmodium falciparum. Proc Natl Acad Sci U S A 91: 7149-7153. 

[71] Peterson DS, Milhous WK, Wellems TE (1990) Molecular basis of differential resistance 
to cycloguanil and pyrimethamine in Plasmodium falciparum malaria. Proc Natl 
Acad Sci U S A 87: 3018-3022. 

[72] Foote SJ, Galatis D, Cowman AF (1990) Amino acids in the dihydrofolate reductase-
thymidylate synthase gene of Plasmodium falciparum involved in cycloguanil 
resistance differ from those involved in pyrimethamine resistance. Proc Natl Acad 
Sci U S A 87: 3014-3017. 

[73] Peterson DS, Di Santi SM, Povoa M, Calvosa VS, Do Rosario VE, et al. (1991) Prevalence 
of the dihydrofolate reductase Asn-108 mutation as the basis for pyrimethamine-
resistant falciparum malaria in the Brazilian Amazon. Am J Trop Med Hyg 45: 492-
497. 



 
Point Mutation 

 

226 

[74] Gyang FN, Peterson DS, Wellems TE (1992) Plasmodium falciparum: rapid detection of 
dihydrofolate reductase mutations that confer resistance to cycloguanil and 
pyrimethamine. Exp Parasitol 74: 470-472. 

[75] Plowe CV, Djimde A, Bouare M, Doumbo O, Wellems TE (1995) Pyrimethamine and 
proguanil resistance-conferring mutations in Plasmodium falciparum 
dihydrofolate reductase: polymerase chain reaction methods for surveillance in 
Africa. Am J Trop Med Hyg 52: 565-568. 

[76] Daniels R, Volkman SK, Milner DA, Mahesh N, Neafsey DE, et al. (2008) A general 
SNP-based molecular barcode for Plasmodium falciparum identification and 
tracking. Malar J 7: 223. 

10 

Correlations with Point Mutations and 
 Severity of Hemolitic Anemias:  

The Example of Hereditary Persistence  
of Fetal Hemoglobin with Sickle Cell  

Anemia and Beta Thalassemia  
Anderson Ferreira da Cunha1, Iran Malavazi1, 

 Karen Simone Romanello1 and Cintia do Couto Mascarenhas2 
1Departamento de Genética e Evolução,  

Centro de Ciências Biológicas e da Saúde,  
Universidade Federal de São Carlos, 

 2Centro de Hematologia e Hemoterapia, 
 Universidade Estadual de Campinas,  

Brazil  

1. Introduction 
Hemolytic anemias are a group of diseases characterized by a reduction in red blood cells 
(RBC) life span mainly caused by a deregulation in the hemoglobin formation. Among these 
diseases, Sickle Cell Disease (SCD) and Beta Thalassemia (Thal) are the most common 
disorders involved in the premature destruction of RBC. Understanding the molecular 
mechanisms involved in the outcome of these diseases as well as the metabolic pathways 
surrounding its onset constitutes a very useful approach to target treatment strategies for 
such diseases. In this chapter we will discuss the state-of-the-art aspects about this theme 
highlighting the importance of several point mutations in hemolytic anemia using  
thalassemia and sickle cell disease as examples. In addition, the molecular aspects involved 
in the Hereditary Persistence of Fetal Hemoglobin (HPFH), also an important disorder 
caused by point mutations and deletions, and its association with the severity of Thal and 
SCD will be also discussed. In this context lies the manifestation of better prognostic to 
patients having an increase in fetal hemoglobin and SCD or Thal concomitantly. Therefore 
a parallel discussion towards the advances currently described in the literature and 
associations of gene expression and different drugs that increase the production of fetal 
hemoglobin (HbF) are pointed out as a mechanism to improve the quality of life of SCD and 
Thal patients.  

2. The erythroid cell 
Erythroid proliferation is a precisely regulated process, in which hematopoietic stem cells 
(HSCs) differentiate into lineage-restricted erythroid progenitors through a process called 
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erythropoiesis. While in adult humans the process occurs basically in the bone marrow 
(BM), the primitive hematopoiesis occurs initially in the yolk sac (YS). (Fig. 01) The 
regulation of cellular proliferation, survival and differentiation is a strictly regulated process 
in all the producing cells and are stimulated by extracellular signaling molecules, 
particularly erythropoietin (EPO), a hormone synthesized by the kidney. This hormone 
functionally activates its receptor called EPOR on the surface of red blood cells (RBCs) 
precursor cells in the BM. The first cell line formed after this stimulus is known as Burst 
Forming Unit-Erythroid (BFU-E) (Hoffman et al. 2008).   

 
Fig. 1. Sites of hematopoesis during the human development. During the very first weeks of 
human development the hematopoiesis occurs in the yolk sac. After the first month, the 
hematopoietic site is switched to spleen and liver and after the seventh month all the 
hematopoiesis occurs in long bones. Following  the birth and during the adult life the 
hematopoesis site is in the axial skeleton. 

After the EPO stimulus, cells undergo several modifications that lead to the formation of 
RBCs. The first step occurs when the Burst forming unit erythroid cells (BFU-E) originates 
the colony-forming units erythroid (CFU-E), which differentiates to the first 
morphologically identifiable stage of the erythroid cells, the proerythroblasts. Successive 
modifications lead the cell to several transforming processes generating the basophilics 
erythroblasts, polychromatophilics erythroblasts, orthochromics erythroblasts. At this stage, 
the nucleus becomes picnotic and is extruded of the cell forming the reticulocyte. This cell 
presents a biconcave shape and contains residual remaining RNA. Reticulocytes are released 
into the blood and develop into mature erythrocytes within about two days (Fig. 02) 
(Hoffman et al. 2008; Tsiftsoglou et al. 2009). 

Under normal conditions, erythrocytes life span is about 120 days. After this time, the 
erythrocytes undergo several morphological changes, specially caused by reduction in its 
metabolic activity and the hemoglobin content oxidation (Ghaffari 2008). These cell 
alterations are ultimately recognized by mononuclear phagocyte system (MPS). The cells are 
then removed from bloodstream in that the majority of the cell components are recycled and 
used in the production of new cells. The MPS consists of phagocytic cells (macrophages and 
monocytes) residents in the liver and spleen which are the major organs responsible for 
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RBCs removal. An increase in RBCs destruction independent from the etiology results in a 
clinical disorder generally called anemia. This unbalanced destruction of the RBC 
population is the most important feature found in several hemolytic diseases like sickle cell 
disease and Thal that will be further discussed in detail later on in this chapter (Telen et al. 
1999; Hoffman et al. 2008). 

 
Fig. 2. Morphological changes during erythropoiesis in humans – After EPO stimulus the 
erythroid cell undergo several morphological changes that lead to the formation of mature 
erythrocytes. For details see the text. Figure was produced using Servier Medical Art, 
http://www.servier.co.uk/medical-art-gallery/SlideKit.asp?kit=18. 

3. The hemoglobin 
The main function of erythrocytes is the transport of oxygen from lung to peripheral tissues 
and carbon dioxide from them to the lung. This function is performed by the hemoglobin 
(Hb) molecule, a protein tetramer which comprises 95% of the whole protein content in 
RBC.  

Hemoglobin synthesis requires the coordinated production of different globin proteins 
combined with a non-protein heme group as a prosthetic group. Heme molecule consists of 
an iron (Fe) ion held in a heterocyclic ring, known as a porphyrin. The protoporphyrin 
present in erithrocytes is the protoporphyrin IX which is a complex structure of a tetrapyrole 
structure. This molecule comprises four pyrole rings having eight sites for side chain groups 
substituents at its periphery. The protoporphyrin IX can then be described as 1,3,5,8 methyl; 
2,4 vinyl; 6,7 propionic acid-porphiryn. The designation of protoporphiryn IX refers to the 
fact that from the 15 possible isomers of protoporphyrin, the ninith one that Hans Fischer 
(the pioneer in the chemical foundations of proptoprphyrin molecules) synthetized was 
exactly the same naturally occurring in the heme molecule. Therefore, the IX isomer is the 
only one found in nature (Greer et al. 2008).  

Iron is the site of oxygen binding when it is in the ferrous (Fe2+) oxidation state. The 
hemoglobin can be saturated with oxygen molecules (oxyhemoglobin), or desaturated 
without oxygen (deoxyhemoglobin). Two distinct globin chains are combined to form 
hemoglobin, the alpha and non-alpha (Fig. 3a). 

The alpha cluster located at chromosome 16 is responsible for the production of  and  
globin. On the other hand, the production of non-alpha chains occurs in the  cluster located 
at chromosome 11. In this latter cluster the , ,  and  globin are produced. (Fig. 3b) (Tang 
et al. 2008). 
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Fig. 3. Formation of hemoglobin during the human development – (A) Schematic 
representation of hemoglobin showing its molecules. (B) The hemoglobin is composed by 
the combination of two alpha and two non-alpha chains. The proteins are produced by the 
expression of several genes located in the  and  cluster at Chromosome 16 and 11 
respectively. 

The ontogeny of globin synthesis during development is complex and dynamic having 
different proteins being produced by different clusters. During the first weeks of 
embryogenesis the predominant globin chain synthetized by  cluster is the  globin. After 
this time, the globin chain produced by the  cluster is always represented by the  globin. 
However, the  cluster can produce several different globin proteins as shown  in Fig. 3. 
During the fetal period, the non-alpha globins produced are the  (2 - 6 weeks) and  (after 
the 6th week). After the birth, the  gene is silenced and the transcription of the  and  gene 
starts indefinitely. The most abundant globin occurring after the birth expressed by  cluster 
is the  globin that represents about 98% of non-alpha chains found in the mature 
erythrocyte The control mechanisms of the transcription modulation of globin genes are not 
completely understood. Some studies showed that the Locus Control Region (LCR) present 
in  cluster and the HS40 (Hypersensitive site 40) region in  cluster bend on the promoter 
of each gene enhancing its transcription. When these regions fold up in the subsequent 
promoter, the silencing of the preceding gene occurs with the consequent activation of 
transcription in the subsequent gene. The transcription factors involved in LCR and HS40 
movements remains unclear but some relevant aspects of this regulation module will be 
discussed later in this section. The combination of two  chains and two non- chains 
produces a complete hemoglobin molecule (Palstra et al. 2003; Hoffman et al. 2008).  

In humans, as for the expression of globin genes, the production of Hb is also 
ontogenetically regulated. Therefore, different types of hemoglobin are produced according 
to the developmental cell stage (i. e. embryonic, fetal and adult). Embryonic Hbs are 
produced early during hematopoiesis when erythropoiesis is predominantly in the yolk sac. 
The first hemoglobin produced in embryo is the gower 1 formed by the combination of two 
 globins and two  globins (22). The hemoglobin Gower 2 is then formed by the 
combination of two  and two  globin (22). The Portland hemoglobin is the third class of 
globins produced in embryos as a result of the association of two  and two  globin (22). 
During the fetal period the first hemoglobin switching takes place when the  globin is 
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combined with  globin (22), producing the fetal hemoglobin (HbF). In this period, the 
hemoglobin is synthesized in the liver. During the first six weeks after the birth, occurs the 
second hemoglobin switching. At this stage the  globin synthesis is drastically decreased 
and the production of  globin starts. The combination of  and the newly  globin 
produced results in the major hemoglobin counterpart found during the adult life which is 
called HbA1 (22). There is also another adult normal hemoglobin formed by the 
combination of  and  globins the HbA2 (22), that represents 1.5-3.5%. The Fig. 4 shows 
the ontogenetic production of hemoglobin depicting the sites of production and the time of 
development where the different globin chains peaks in concentration (Fig. 04) 
(Stamatoyannopoulos 2005). 

 
Fig. 4. The production of different types of hemoglobins during human development – 
During human development different types of hemoglobin are produced.  In  the embryonic 
phase de Hb Gower 1 and 2 and also Hb Portland are produced. In the fetal phase the 
combination of  and  proteins produced the HbF. After the birth, two hemoglobins are 
produced, the HbA2 that represents about 1.5- 3.5% of total hemoglobin in adult blood and 
the HbA that represents 95 - 98% of hemoglobin.  

3.1 The genetic regulation of globin genes 

As discussed earlier, the genetic control of hemoglobin production is not completely 
understood, however several studies showed that globin genes can be expressed and 
repressed upon the regulation of several transcription factor that can interact with the globin 
gene promoters. As mentioned before, in the  globin cluster, the LCR can interact with the 
different globin genes in this cluster forming the different types of hemoglobin. This region 
is comprised of hypersensitive sites, which are DNA stretches with marked sensitivity to in 
vitro DNAse treatment. The precise function of LCR is not still completely clear. Several 
studies have shown that it acts as a “super-enhancer” DNA sequence that is thought to  
interact with each globin gene in the cluster by the interactions with several transcription 
factors. There are some other important regions surrounding the globin genes that are 
probably involved in its own transcription. One of these regions is a sequence spanning -80 
and -120 bp upstream the start codon called the TATA and CAT box, respectively. These 
regulatory regions bind to and interacts with RNA polymerase in the beginning of globin 
gene transcription. Also of seminal importance is the region located at 3’ region of the 
transcription start site, called as the GATA binding sequence. In such region, a transcription 
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factors called GATA, a zinc-nger family of transcription factors (GATA 1-6), interacts with 
DNA and can both activate and repress target genes involved in erythroid development 
(Strauss et al. 1992; Strauss et al. 1992; Cao et al. 2011).   

Specially in - and -globin loci, several binding sites for this family are found, suggesting 
an important role of these proteins in the regulation of these genes. The same motif is also 
found in the promoters of several genes that are also regulated during the erythroid 
development. GATA1 is the main member of these family involved in erythroid cell 
maturation in vivo. Its expression is essential for the formation of erythroid definitive lineage 
and several studies showed that erythroid Gata1-null cells can not mature beyond the 
proerythroblast stage. GATA1 seems to be also involved in the switching of the fetal to adult 
hemoglobin. Mutation in GATA1 gene has been described as involved in congenital 
erythropoietic porphyria and elevated levels of HbF. However the exact mechanism that 
links this gene to the elevation of  globin is still not completely clear (Weiss et al. 1994; 
Blobel et al. 1995; Weiss et al. 1995; Blobel et al. 1996; Weiss et al. 1997; Blobel et al. 1998). 

As mentioned before, these DNA sequences are well recognized as sites of bona fide globin 
gene expression regulation. The presence of mutations in such regions leads to a 
deregulation in the expression of globin genes causing either interruption or a decreased 
expression of such genes. 

Besides this, regulation involving the gene transcription licensing, several other genetic 
factors have been described up to now as involved in the globin gene regulation. The 
BCL11A gene, as the GATA family is a zinc-finger protein, firstly identified as a potentially 
important factor in globin regulation and as a master regulator in the switch of the fetal to 
adult hemoglobin in humans. This gene is under the transcriptional regulation of a 
transcription factor known as KLF1 (Kruppel-like factor). KLF1 binds to a CACCC motif and 
this association is also strictly correlated to  to -globin gene switching. Mutation in this 
binding motif is associated with human Thal and Hereditary Persistence of Fetal 
Hemoglobin that will be discussed later on (Sankaran et al. 2008; Xu et al. 2010). 

Another important set of genes involved in the erythroid terminal differentiation is SOX6 
and ALAS2. SOX6 is a transcription factor expressed in several human tissues. Specifically 
in erythroid cells, it has been reported that SOX6 expression is crucial to promote erythroid 
final maturation, since an increased number of nucleated and immature red cells are 
observed in blood stream when this gene is deleted in mouse. ALAS2 is the enzyme 
catalysing the first and regulatory step of heme synthesis. Its expression is restricted to 
erythroid precursor cells. Therefore, reported mutations in ALAS2 have been linked to 
ineffective erythropoiesis and associated to X-linked sideroblastic anaemia (Ducamp et al. 
2010; Wilber et al. 2011). 

3.2 Hemolytic anemia 

Despite many studies focusing on the understanding of the complete regulation of 
hemoglobin formation highlighted in the previous section, many aspects of this regulation 
are still to be addressed. Deregulation of hemoglobin formation is involved in the reduction 
of red blood cells leading to a important disorder called hemolytic anemia After the normal 
life span of about 120 days, the red blood cells need to be removed from the circulation. 
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Spleen and liver are the most important tissues responsible for the destruction and recycling 
of red blood cells components. In normal conditions, the destruction of these cells is 
balanced with their production in the bone marrow and the number of circulating red blood 
cells is physiologically maintained (Hoffman et al. 2008).   

An unbalanced rate of destruction and production of RBC can increase or reduce the 
population of circulating cells. The increase of these cells is denominated policytemia and 
this clinical condition is present in several proliferative disorders. On the other hand, the 
reduction of RBC number consists of anemia and can be developed by several reasons, 
including some erythroid diseases including sickle cell disease and Thal. In these cases, the 
anemia is called hemolytic because the established condition is caused by an increase in 
hemolysis of the RBC. 

The anemia is most often diagnosed through hematological tests in which a decrease in 
hemoglobin concentration and in RBC cell count are detected. Despite the laboratory 
diagnosis, the clinical history and physical examination can provide important clues about the 
presence of hemolysis and its underlying cause. The patient may complain of dyspnea or 
fatigue (caused by anemia). Dark urine and, occasionally, back pain may be reported by 
patients with intravascular hemolysis. The skin may appear jaundiced or pale. A resting 
tachycardia with a flow murmur may be present if the anemia is pronounced. Leg ulcers occur 
in some chronic hemolytic states, such as sickle cell anemia. Hepatosplenomegaly suggest an 
abnormal RBC destruction caused by accentuated hemolysis (Hoffman et al. 2008). 

Besides the anemia, another important laboratory feature that indicates an accelerated 
hemolysis is reticulocytosis which is characterized by an increase in reticulocytes in 
peripheral blood (see Fig. 02). This increased prevalence of reticulocytes is the physiological 
bone marrow response attempting to the restoration (in number) of the cells loosen. In the 
absence of concomitant bone marrow disease, a brisk reticulocytosis should be observed 
within three to five days after a decline in hemoglobin. After this period, in a normal 
condition the RBCs production is compensated, leading to a normal and stable hemoglobin 
concentration.  

In contrast, in the hemolytic anemia, although a marked reticulocytosis is observed after the 
RBCs destruction, the bone marrow is not able in compensate the formation of normal RBCs. 
The main cause for this fail is the fact that the primary event affecting RBCs involves an 
absence, reduction or malformation of hemoglobin. In the next sections we will discuss two 
important erythroid diseases that culminate to chronic hemolytic anemias whose main 
genetic alteration is accounted by a point mutation: the sickle cell disease and Thal. We will 
also discuss another important disorder generated by a point mutation that importantly has 
beneficial effects on the described diseases: the Hereditary Persistence of Fetal Hemoglobin.   

4. Sickle Cell Disease 
Sickle cell disease (SCD) is a worldwide health problem and one of the most common 
inherited disorders firstly reported in America by James Herrick in 1910. In 1949, Linus 
Pauling and colleagues demonstrated that sickle hemoglobin had a different migration 
compared to the normal hemoglobin in an electrophoretic field and recognized that this 
disease must be associated with a variant hemoglobin molecule (Pauling et al. 1949) The 
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factors called GATA, a zinc-nger family of transcription factors (GATA 1-6), interacts with 
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genetic alteration that leads to this autosomal recessive inherited disorder was described in 
1957 by Ingram and colleagues, as a missense mutation (A – T) that introduces a substitution 
of a glutamic acid, a polar negatively charged aminoacid (in hemoglobin A) to valine, non 
polar aminoacid (in hemoglobin S) at position 6 of the globin -chain causing an impairment 
in hemoglobin structure and function (Ingram 1957). 

Since SCD has a Mendelian segregation, individuals can be homozygous or heterozygous. 
The genetic diagnostic of the disease can identify an important prognostic in the 
homozygous for the sickle gene (SS) once their erythrocytes contain at least 90% hemoglobin 
S. Those who are heterozygous (AS) have sickle cell trait and their erythrocytes contain both 
hemoglobin A (about 50-60%) and hemoglobin S (about 30-40%). Sickle cell trait is a clinical 
state that is clinically benign except under conditions of severe acidosis or low partial 
oxygen pressure (Pace 2007). 

An important piece of information about the prognostic of patients carrying SCD was 
described by several studies that identified single nucleotide polymorphism (SNPs) in the  
globin locus. These haplotypes were firstly defined in African population and identified in 
different regions that could be linked to different gene mutations. These regions are Benin, 
Senegal, Central African Republic (Bantu) and Cameroon. Another important haplotype was 
described in Saudi Arabia and India. The identification of these haplotypes was possible by 
digesting the  globin locus with several restriction enzymes. The pattern of each haplotype 
can be seen in Fig. 05. The occurrence of these is very broad worldwide but mainly in 
America, what is a direct consequence of the forced migration of Africans to America as 
slavers. The identification of these haplotypes is a very important tool for evaluating the 
prognostic of the disease, since several studies showed that different haplotypes accounts 
for different clinical evolution of the disease. For example, the Bantu haplotype is associated 
with a worse prognostic than others in the majority of cases (Pagnier et al. 1984; Nagel et al. 
1985; Pace 2007). 

 
Fig. 5. Different haplotypes found in association with Sickle Cell Disease (SCD). Using 
different restriction enzymes, several haplotypes could be found and associated with the 
better or worse prognostic in SCD. 
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A significant association between endemic regions of malaria infestation and spontaneous  
globin mutation were described by Carlson et al based on natural selection, since people 
with sickle cell trait are more resistant to malaria than people with two normal  globin 
genes. This is a very elegant example of a point mutation as a factor eliciting a direct 
consequence in the adaptation of a pathogen to the host (Carlson et al. 1994). 

Under oxygenated conditions both hemoglobin S and hemoglobin A have similar function. 
However, when hemoglobin is in the deoxygenated state, cells carrying hemoglobin S 
become deformed and acquire sickle shape. The alterations observed in the HbS cell 
morphology is due the appearance of a new hydrophobic site in hemoglobin S that interact 
with another HbS protein leading to a formation of a long and multi-stranded fibers. This 
leads to several alterations such as red cell membrane damage, chronic hemolysis, altered 
interactions between sickle red blood cells and vascular endothelial cells, and inammatory 
responses from such interactions (Fig. 6) (Pace 2007; Hoffman et al. 2008). 

 
Fig. 6. Pathophysiology of sickle cell disease – The single point mutation (GAG – GTG) at  
globin gene leads to a formation of sickle hemoglobin(HbS). This alteration is caused by a 
change of a Glutamic acid by a Valine at position six of the protein (A). Under oxygenation 
state the HbS have the same function than a normal Hb, however at absence of oxygen these 
cells interact with other HbS cells forming a HbS polimer that adhere to blood vessels 
leading to several alterations observed in this disease (B). Figure was produced using 
Servier Medical Art, http://www.servier.co.uk/medical-art-gallery/SlideKit.asp?kit=18.  

Another hallmark event caused by the alteration in red blood cells shape is the sequestration 
of blood cells in the spleen and liver, resulting in a preeminent hepatosplenomegaly 
typically observed in SCD patients. In a first moment, the bone marrow increases the 
production of reticulocytes. As a consequence, the level of these cells that normally 
represents about 1% can be as high as 10% under these conditions. With the continued 
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destruction of red blood cells associated to the hemolysis in the bloodstream, a great 
decrease in the number of circulating red blood cells can be observed culminating with  an 
anemic condition (Pace 2007). 

The primary event involved in the pathophysiology of SCD is the vaso-occlusion outcome 
that can promote strokes, resulting in tissues infarctation, painful episodes, acute chest 
syndromes and thrombosis of cerebral vessels (Shapiro et al. 1995). 

Several studies support the idea that exists a genetic predisposition to stroke associated with 
the different  globin haplotypes (Powars et al. 1994). The increase of sequenced data from 
Human Genome Project, associated with the improvement of bioinformatics tools and high-
throughput genotyping platforms and sequencing, called as the “genomic revolution”, 
accelerated the identification and association of SNPs with several diseases, including SCD. 
The association of this information is a powerful tool in the discovery of new associations 
between novel haplotypes and SCD prognostic (Pace 2007). 

Red cell transfusion and therapy with the use of Hydroxyurea (HU) are methods used to 
prevent the complications of SCD. The use of HU, a chemotherapy agent largely used in the 
treatment of mieloproliferative disease, in the SCD treatment was first demonstrated by the 
Multicenter Study of Hydroxyurea in Sickle Cell Anemia (MSH). This study showed that by 
the use of this pharmacological agent, the rate of painful episodes and the need for 
transfusions were decreased. Another important finding is the correlation of HU treatment 
and the increase of HbF. This point will be discussed later on in this chapter (Steinberg et al. 
2003). 

The only curative therapy for SCD is the hematopoietic stem cell transplantation, but this 
therapy has some important complications such as acute and late toxicities that need to be 
considered before its use. The evolution of the transplantation method with the possibility 
of alternate use of stem cell source such as cord blood could be improve the cure of this 
disease for a large number of individuals (Pace 2007).  

5. Thalassemia 
The thalassemia term was first used for anemia often found in Italian people and the Greek 
shores and nearby islands. Today the term is used to refer to inherited defects in the 
biosynthesis of globin chains (Hoffman et al. 2008; Cao et al. 2010). 

The thalassemias are a group of inherited disorders characterized by alterations in the 
synthesis of one or more globin chain subunits in the hemoglobin tetramer. The clinical 
features associated with thalassemia arise due to an imbalanced production of globin, which 
leads to ineffective erythropoiesis and consequently hemolytic anemia. Thalassemic 
individuals may be asymptomatic or the clinical manifestations can vary from a 
hypochromic and microcytic anemia to changes that become incompatible with life.  

These differences in clinical manifestations arise from defects of varying severity in primary 
biosynthesis and modulation inherited factors, such as increased synthesis of fetal globin 
subunits. In more severe forms of disease, iron overload can occurs as a consequence of 
either blood transfusions (which is used as palliative treatment) or alloimmunization and 
blood-borne infections (Thein 1998).  
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Thalassemias represent one of the most common group of genetic disorders known, thus 
constituting a public health problem. Molecular analysis of these disorders, mainly the 
study of molecular changes underlying the thalassemia syndromes, has led to fundamental 
advances in understanding the structure and function of eukaryotic genes. The 
classification, pathophysiology and genetic basis of this disease were used as a model to 
understand the production and the formation of hemoglobin and their main function as 
carriers of oxygen molecules bounded to heme group.  

The thalassemia syndromes are named according to the globin chain whose synthesis is 
affected. Therefore, the -globin chains are absent or reduced in patients with -thalassemia, 
and -globin chain production is altered in patients with Thal, the  and  chains globin 
production are altered in patients with -thalassemia among others. This nomenclature is 
also important to subdivide the patients depending on the level of production of each globin 
chain, which can be reduced (eg  or +- thalassemia) or absent (eg  or  0- thalassemia). In 
this topic we will focus on Thal (Hoffman et al. 2008).  

Heterozygote individuals for  thalassemia, called thalassemia trait, may develop anemia, 
yet can have a normal life. Whereas individuals who are homozygous can be classified into 
different groups: (i) thalassemia intermedia - in which individuals has moderate anemia due 
to reduced production of -globin, and (ii) thalassemia major or Cooley's anemia - 
characterized by severe reduction or absence of production of -globin. These patients with 
Thal major are dependent on periodic blood transfusions and as a consequence of this 
procedure, they may have a significant accumulation of iron in multiple organs and tissues. 
Thus, the treatment with iron chelating drugs, such as deferoxamine is mandatory, and can 
also cause death. Currently the only curative treatment available for these patients is bone 
marrow transplantation (Wheatherall et al. 2001). 

5.1 Beta talassemia 

Strikingly, more than two hundred mutations have been described to date as associated 
with this disease. Total gene deletion which could account for the total absence of  chain 
synthesis is rarely observed in Thal. The majority of the mutations found so far are mainly 
either single nucleotide substitutions and  deletions or insertions of nucleotides on 
frameshift leading. Although there are several mutations described, only about nine of them 
usually represent more than 90% of cases of Thal in a particular ethnic group or region. 
Mutations can be divided into those that affect the transcription of mRNA (mutation on the 
promoter region and termination codon), those affecting mRNA processing (splicing 
junctions mutations, new signs of splicing, cleavage and recombination deficient) and those 
affecting the translation (Cao et al. 2011).  

As we discussed before, different types and amounts of human hemoglobin are determined by 
the selective expression of specific genes encoding each globin chain. Also encoded within the 
genes are the signals that permit the enzymatic machinery within the nucleus to excise 
precisely the introns from the mRNA precursor and bring together the exons to form a mature 
mRNA. Many mutations are related to transcription of the  globin genes. These mutations 
alter the promoter region upstream of the -globin mRNA coding sequence. In addition, other 
mutations can alter the sequence used for signaling the addition of the tail poly (A) of mRNA 
upstream of the  globin mRNA coding sequence. These events ultimately affects the mRNA 
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synthesis resulting in abnormal division and polyadenylation of mRNA precursor leading to 
reduction of mature mRNA (Table 1 and fig. 7) (Hoffman et al. 2008).  
 

             
       DEFECT 

 
TYPE OF THALASSEMIA 

mRNA non-functional  
1. Premature Finish Codon 
a. CD 15 G→A,   
b. CD 17 A→T,   
c. CD 35 C→A,   
d. CD 39 C→T,   
e. CD 43 G→T,    
f. CD 121 A→T 

 
 
 0 

2. Short Deletion Shift Base (frameshift) 
a. CD 5 -CT,   
b. CD 6 -C,  
c. CD 8/9 +G,  
d. CD 16 -C ,  
e. CD 35 -C,  
f. CD 41/42 -TTCT,  
g. CD 76 -C,   
h. CD 109/110 1nt del 
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3. Mutation of the Start Codon ATG 
a. ATG→AGG,   
b. ATG→ACG 

 
0 

Abnormal Processing RNA 
1. Mutations Inside Introns 
a. IVS-1 nt 110 G→A,   
b. IVS-2 nt  705 T→G,  
c.  IVS-2  745 C→G  
d. IVS-1 nt 116 T→G,   
e. IVS-2 nt 654 C→T 

 
 
+ 

2. Activation of Cryptic Sites of Splicing 
a. CD 19 A→G,   
b. CD 26 G→A,   
c. CD 27 C→T 

 +* 

3. Mutations in exon-intron limits 
a. IVS-1 nt 1 G→A,  
b. IVS-1 nt 1  G→T,   
c. IVS-1 nt 2 T→G,   
d. IVS-2 nt 849 A→G,  
e. IVS-2 nt 849 A→C 
f. IVS-1 nt 5 C→G,   
g. IVS-1 nt 5 G→T,  
h. IVS-1 nt 128 T→G,  
i. IVS-2 nt 843 T→G  
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b. AATAAG,   
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e. A (del AATAA) 

 
 
+ 

Structural Mutations (elongated chains or hyperunstable)   
a. CD 49 +TG (Hb Agnana),  
b. CD 110 TC (Hb Showa- Yakushiji),  
c. CD 114 -CT +G (Hb Genebra) 

+ 

Table 1. Frequent examples of point mutations causing thalassemias in humam population, 
according to their location in the molecule, the functional defect associated and the 
consequence on globin synthesis. 

 
Fig. 7. Different types of point mutation involved in the development of Thal – Point 
mutations can alter the start of translation, RNA capping, the frameshift of protein 
translation and the RNA stability. The creation of a stop codon, as in the CD39 type of 
Thal, is responsible by a formation of a non-functional protein that is degraded causing 0 

thalassemia. 

Specifically in the splicing process, which is necessary the recognition of specific sequences 
by the spliceosome in the intronic region, point mutations are responsible by the impaired 
globin production. In fact, various forms of Thal are caused by mutations that either 
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damage the process of splicing of the mRNA precursor to mature mRNA in the nucleus or 
block translation of mRNA in the cytoplasm.  

Some point mutations change the dinucleotide (GT) or (AG), which are extremely important 
in the exon-intron junctions on the conventional processing, completely block the 
production of mature RNA. Therefore, the -globin molecules are not produced, leading to 
the appearance of a 0 thalassemia.  

Other mutations can change the consensus sequences surrounding the invariant 
dinucleotide AG and GT. This consequently decreases the efficiency of conventional splicing 
which shall occur at a level between 70% and 95%, resulting in  + talassemia. Another 
mechanism of change is the result of splicing mutations that do not occur close to any 
normal splice site. Such changes could occur in a region located in intron region which is 
crucial for regular splicing of the gene, called crypt splice sites. They resemble the consensus 
sequences of local splice, but usually do not support splicing . The mutations are able to 
activate these sites through the alteration to GT or AG site, generating a consensus sequence 
that stimulate the splicing machinery (Fig. 8) (Hoffman et al. 2008). 

There may be mutations that suppres the translation in several regions along the mRNA, 
and it is a common cause of thalassemia. The most common form of thalassemia in 
people of the region of Sardinia (Italy) is the result of a base substitution, which changes the 
codon encoding the amino acid 39 of the  globin gene (CAG-TAG), whose sequence 
equivalent (UAG) characterizes the termination of translation of the mRNA, forming a 
premature stop codon that prevents the ability of mRNA to be translated into normal -
globin. This phenomenon can also result in frameshift mutations causing small deletions or 
insertions of a few bases, or multiples of 3, which alter the sequence of nucleotides that is 
read during translation (see Fig. 7). 

Two groups of partial deletions of the  gene are known: (i) loss of 600 bases before the start 
of the gene, including the exon 1, intron 1 and part of exon 2, and (ii) loss of 619 nucleotides 
at the end of  gene. In both cases, the synthesis of  chain does not occur. This type of Thal 
is common in northwestern India and on Pakistan (Khan et al. 1998; Madan et al. 1998). 

A study in Turkey aiming  to determine the origin of some of the mutations related to Thal 
identified twelve haplotypes, demonstrating a remarkable level of heterogeneity. From 22 
analyzed mutations in the -globin gene, 18 were related to a single sequence haplotype. 
This simple association encouraged an attempt to determine the origin of these mutations by 
comparing their frequencies in Turkey with other countries and / or the worldwide 
distribution of haplotype carrying them. However, the presence of several exceptions to 
"one haplotype / one mutation" cluster showed that the -globin gene is not static. Each of 
the mutations - IVS-I-10 (G -> A), Cd 39 (C -> T), IVS-I-6 (T -> C) and -30 (T -> A) - in the  
globin was associated with a minimum of two sequences of haplotypes. This fact can be 
explained by the potential existence of recombination mechanisms which are continuously 
activated (Bilgen et al. 2011). 

Some genetic factors may reduce phenotypic effects of some cases of Thal. A mechanism 
that exerts positive effects on Thal phenotypic traits is the decrease of the unbalanced 
production of the globin chains making the precipitation of these chains lower. 
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Fig. 8. Point mutations in the splicing sites are  responsible for the formation of a non-
functional  hemoglobin – The introduction of point mutations in the splicing sites at  intronic 
regions can create a new splicing site (highlighted in black) that can alter the structure of the 
 globin through the retention of a portion of intron forming an non-functional globin 
polypeptide. 

This feature leads to reduced production of  chains thus reducing the overall imbalance of 
 and  chains. The persistence in the production of  globin also acts reducing the 
imbalance between the globin chains. This persistence of HbF production relies on the 
transmission co-genetic factors. Hereditary persistence of fetal hemoglobin (HPFH) in adults 
can be present in two forms according to the distribution of HbF within red blood cells, i. e. 
homogeneous or heterogeneous distribution. The aspects of this disorder will be discussed 
in the next section below. 
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6. Hereditary persistence of fetal hemoglobin  
The hereditary persistence of fetal hemoglobin (HPFH) is a group of genetic disorders 
characterized by continued expression of fetal hemoglobin (HbF) in adulthood. HPFH could 
be divided in (i) pancellular with homogeneus distribution of HbF among all red cells and 
(ii) heterocellular with an increase in HbF in some cells called F cells (Pace 2007). 

On a molecular point of view, pancellular HPFH is in the most of cases caused by extensive 
deletions in the group , called deletional HPFH (dHPFH). Point mutations in the promoter 
region of both  globin genes, called non-deletional HPFH (ndHPFH) are found in the most 
of cases diagnosed as heterocellular HPFH (Hoffman et al. 2008).  

6.1 Deletional HPFH 

The increase in HbF caused by dHPFH is associated with deletions in DNA sequences in the 
 globin cluster, with the preservation of the A and G globin gene. Heterozygous 
individuals for delecional HPFH have an increase in the HbF up to 20% to 30% of total 
hemoglobin in the erythrocytes with homogeneous distribution (pancellular).  

The mechanism responsible for the increase in HbF in dHPFH has not been completely 
elucidated. Some hypotheses have been proposed to explain these mechanisms and the more 
accepted  one is that the deletion removes competitive regions of  globin gene like the  and  
globin genes that under normal conditions would interact with the LCR, silencing the  globin 
expression and starting the HbA production. Together with the deletion of these genes, the 
removal of the silencer elements located in the region between genes A and  globin helps in 
the increment of HbF observed in this hematological disorder (Pace 2007; Ngo et al. 2011).  

To date, six different types of dHPFHs have been characterized: The HPFH-1 and HPFH-2 is 
characterized as a large deletion of approximately 105 kb in DNA sequence of the  and  
globin gene region; in the HPFH-3 and HPFH-4 the deletions are shorter with 
approximately 50 kb of DNA sequence from  to  globin removed; HPFH-5 is the smaller 
deletion characterized by the  removal of approximately 3 kb upstream to  globin until  0.7 
kb downstream from the  globin gene. Finally HPFH-6 had similar deletions profiles 
observed in type 1 and 2 with the involvement of A globin gene deletion (Fig. 9) 

 
Fig. 9. The deletional form of HPFH – Position of deletions involved in the increase of fetal 
hemoglobin after the birth are shown in the  globin gene cluster.  
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6.2 Non delecional HPFH 

The non deletional HPFH is characterized by a point mutation in the promoter region of the 
G globin gene or the A globin gene. In contrast to dHPFH there are several mutations 
involved in the increment of fetal globin in the ndHPFH that are clustered in three regions 
of the  gene promoters centered around positions -200, -175, and -115 of both A and G, 
relative to the transcriptional start site Some examples of ndHPFHs described in the 
literature are: Georgiana type (A -114 C-T), Greek type (A -117 G-A); African type (A -175 
T-C), Brazilian type (A -195 C-G), Italian type (A -196 C-T), English type (A –198 T-C), 
African type (A –202 C-T), Switzerland type (G –110 A-C), Algeria type (G –114 C-A), 
Japanese type (G –114 C-T), Australian type (G –114 C-G) Sardinian type (G –175 T-C) and 
African type (G – 202 C-G) (as summarized in (Pace 2007).  

The mechanisms involved in the reactivation of  globin were not completely understood for 
the most mutations described. It is suggested that these mutations interfere with the specific 
binding of some elements, mainly transcription factors, restricting or facilitating the 
connection of elements, suppressing the binding of transcription activators. 

Some studies support this hypothesis, since several authors identified many transcription 
factors that could interact with these regions which are able to activate the  globin 
promoter. In the ndHPFH English type, –198 T-C, the creation of a new site of interaction, 
CACCC box occurs which has high affinity for the transcription factor SP1 therefore 
increasing the strength of the A globin gene promoter (Ronchi et al. 1989; Fischer et al. 1990; 
Gumucio et al. 1991). This event allows the CACCC box interaction with the LCR, increasing 
the production of mRNA for  globin production. Besides SP1, Olave and colleagues 
identified in the same mutation (-198 T-C) another activator protein complex formed by 
DNMT1, CDC5-like protein, RAP74, SNEV and P52, that can bind to the promoter region of 
the A globin gene, also reactivating the expression of this gene (Olave et al. 2007). 

In the Greek type ndHPFH, the –117 G-A mutation deletes the repressor binding site of the 
transcription factor NF-E3, reducing its interaction with the globin gene promoter A 
allowing the interaction of CP-1, an activator of transcription (Mantovani et al. 1989). 

Mutations –175 T-C and –173 T-C prevents the formation of the protein complex containing 
GATA-1, OCT-1 and other transcriptional factors. It is suggested that this protein complex 
contributes to the formation of a repressive chromatin structure in the region -170 to -191  of 
the globin A promoter, leading to the silencing of this gene in erythrocytes. In addition, 
Magis and Martin hypothesized in 1995 that the transcription factor HMG1 binds in the 
region -175 of the A gene promoter and interacts with the GATA-1 (Magis et al. 1995). 

The -195 mutation, that characterize the ndHPFH Brazilian type, was identified by Costa 
and colleagues in 1990, through the study of a Caucasian patient bearer of hereditary 
spherocytosis and splenectomized, with HbF levels of 7% (13.9% of chains G and 86.1% of 
chains A). Two brothers of these individuals also had elevated HbF (4.5% and 4.7%) with 
predominance of the A chains, however, they were not suffering from spherocytosis (Costa 
et al. 1990). Analysis of DNA-protein interaction demonstrated that the increased synthesis 
of HbF, due to the –195 C-G mutation is not mediated by the protein and SP1 or a new site 
CACCC box creation (Takahashi et al. 2003). Thus, the mechanism of increased levels of 
HbF in patients with ndHPFH Brazilian type is different from the -198 mutation that occurs 
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in the ndHPFH English type. In order to evaluate if the -195 mutation is able to increase the 
HbF in vivo, Cunha and colleagues in 2009 developed an in vivo study in which the -195 
mutation was inserted into the  globin gene promoter at a  globin cluster cloned in a cosmid. 
This construction was inserted in a transgenic mouse and through RT-PCR and RNAse 
Protection Assay (RPA) the authors demonstrated that the -195 mutation, together with all the 
 globin cluster is enough to raise levels of HbF in all phases of development of transgenic 
mice. This observation was supported by an increase in  globin gene expression in yolk sac, 
fetal liver and other organs of these mice compared to expression in mice carrying the wild  
globin cluster. The results showed that the presence of the mutation -195 together with the 
entire   globin cluster is sufficient to develop the phenotype of ndHPFH-B in mice (da Cunha 
et al. 2009). Even with these detailed studies, the complete mechanism involved in the 
reactivation of the globin gene in the Brazilian type A ndHPFH is not elucidated.  

Understanding the mechanisms involved in these mutations may be important for the 
development of new therapies based on reactivation of  globin gene which can assist in the 
treatment of hemoglobinopathies. 

7. Expression of gamma globin and the regulation of severity of sickle cell 
disease and beta thalassemia 
As we discussed above, in SCD a point mutation leads to a structural alteration in  globin 
protein, that in absence of oxygen acquires the ability of  forming  long and multi-stranded 
fibers that alters the red blood cell shape increasing the destruction of these cells in spleen 
and liver and finally causing an important hemolytic anemia. In Thal, the point mutations 
or deletions observed in  globin gene are responsible for altering the production of  globin 
protein. In the most severe form of Thal, the  thalassemia major, there is no production of 
this protein. As a result, the  globin normally produces precipitates inside the red blood 
cells leading to an increased destruction of these cells causing hemolytic anemia, as also 
observed in SCD patients. In both cases, when a high expression of  globin is observed, the 
patient has  a very mild clinical disorder when compared to patients with a low expression 
of this protein. This better condition is due to the increment of production of fetal 
hemoglobin (HbF), as we have presented before as caused by the assembly of two  chains 
with 2  chains (22). The clinical benefit induced by the increase of HbF in SCD patients 
has been repeatedly demonstrated by several authors. In this disease, the beneficial effects of 
HbF is due to its interaction with the HbS polypeptide, that form an asymmetric hybrid 
hemoglobin, referred to as HbF/S (2S). This molecul directly affects the stability of the 
sickle hemoglobin polymer, preventing its deleterious alteration in cell morphology. 
Moreover, the premature destruction of sickle erythrocytes increases the number of cells 
where HbF concentration is high (Pace 2007). 

Several studies over the last 20 years attempted to identify pharmacological agents able to 
increase the HbF in these patients. Several compounds that broadly influence epigenetic 
modifications, including DNA methylation and histone deacetylation were  tested.  

In the beginning of 1990, the use of Hydroxyurea (HU) was proposed for the treatment of 
SCD patients. This compound was firstly synthesized in 1869 and is widely used as an 
antineoplastic drug mainly employed to traet myeloproliferative disorders. During the 90’s 
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several experiments were conducted mainly by the Multicenter Study of Hydroxyurea in 
Sickle Cell Anemia (MSH) and the results showed that HU were able to decrease the 
morbidity of SCA in adults, reducing the incidence of painful episodes and acute chest 
syndrome. These studies also revealed that this compound could be used to increase fetal 
hemoglobin (HbF) concentration therefore reducing the vaso-occlusive complications and 
diminishing hemolysis (Steinberg et al. 2003). The ability of HU in the generation of Nitric 
Oxide (NO) is reported as the main property which can partially explain the augment of  
globin production. In this sense, NO could act as a second messenger in a signaling cascade 
leading to the activation of several important genes. The results found in these first studies 
triggered other trials that used HU in Thal. Although the results were considered very 
promising, the augment of HbF in Thal was not observed in all patients (Lou et al. 2009). 

To date, HU is the most widely used drug for adult SCD patients and is also highly used in 
 thalassemia patients. Despite of several studies addressing this issue, the metabolic 
pathways and the set of genes expressed upon induction by HU are not completely known. 
Recently, some studies have evaluated patients and cultured cells before and after HU 
treatment in order to identify metabolic pathways and genes that could shed some light in 
the mechanism of action of this drug. In one of these studies conducted in 2006 by Costa et 
al, the mechanisms surrounding the in vivo action of HU were evaluated using a global 
gene expression analysis in cells obtained from the bone marrow of a SCD patient before 
and after HU treatment. The results suggested that HU induced significant changes in the 
gene expression pattern of SCD patient, mainly in global signal transduction pathways. 
This gene expression alteration may have a direct effect in the induction of globin genes 
and in genes associated with channel or pore class transporter. These pore transporter 
genes are thought to interfere in the hydratation status of cells, interfering with the 
rheological properties of them, what is very important in SCD (Costa et al. 2007). Having 
the same objectives and similar experimental design, another important study was 
conducted by Moreira et al (2007) using suppression subtractive hybridization (SSH) in 
HU-treated and -untreated reticulocytes of patients with SCD . In this report, similar 
pathways initially described by Costa were also identified after HU treatment. 
Additionally were also found some genes involved in chromatin modifications like 
SUDS3, FZD5 and PHC3. Although these studies have contributed to elucidate the 
transcriptional response influenced by HU, the molecular mechanisms involved in HU 
treatment remain unclear (Moreira et al. 2008). 

After the demonstration that some chemical agents are able to increase HbF concentration 
many efforts have been developed in order to find other inducers or a combination of agents 
able in ameliorate the symptoms of SCD and Thal. Several potential therapeutic agents and 
its combination have been investigated to use in these hemoglobinopathies. Table 2 shows 
some clinical trials used in Thal patients and their hematologic responses. 

Despite the clear beneficial effects observed after HU treatment, the use of this 
pharmacological agent is limited since long-term treatment has been associated with several 
deleterious effects. In order to diminish the HU treatment effects many efforts are made to 
find new therapeutic alternatives to treat SCD symptoms without side effects. Recently, dos 
Santos et al designed a new molecule by molecular hybridization combining portions of 
thalidomide and HU and tested as potential use in the oral treatment of sickle cell disease 
symptoms. The results showed that this molecule was able to increase the levels of NO 
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several experiments were conducted mainly by the Multicenter Study of Hydroxyurea in 
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hemoglobin (HbF) concentration therefore reducing the vaso-occlusive complications and 
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globin production. In this sense, NO could act as a second messenger in a signaling cascade 
leading to the activation of several important genes. The results found in these first studies 
triggered other trials that used HU in Thal. Although the results were considered very 
promising, the augment of HbF in Thal was not observed in all patients (Lou et al. 2009). 

To date, HU is the most widely used drug for adult SCD patients and is also highly used in 
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pathways and the set of genes expressed upon induction by HU are not completely known. 
Recently, some studies have evaluated patients and cultured cells before and after HU 
treatment in order to identify metabolic pathways and genes that could shed some light in 
the mechanism of action of this drug. In one of these studies conducted in 2006 by Costa et 
al, the mechanisms surrounding the in vivo action of HU were evaluated using a global 
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and after HU treatment. The results suggested that HU induced significant changes in the 
gene expression pattern of SCD patient, mainly in global signal transduction pathways. 
This gene expression alteration may have a direct effect in the induction of globin genes 
and in genes associated with channel or pore class transporter. These pore transporter 
genes are thought to interfere in the hydratation status of cells, interfering with the 
rheological properties of them, what is very important in SCD (Costa et al. 2007). Having 
the same objectives and similar experimental design, another important study was 
conducted by Moreira et al (2007) using suppression subtractive hybridization (SSH) in 
HU-treated and -untreated reticulocytes of patients with SCD . In this report, similar 
pathways initially described by Costa were also identified after HU treatment. 
Additionally were also found some genes involved in chromatin modifications like 
SUDS3, FZD5 and PHC3. Although these studies have contributed to elucidate the 
transcriptional response influenced by HU, the molecular mechanisms involved in HU 
treatment remain unclear (Moreira et al. 2008). 

After the demonstration that some chemical agents are able to increase HbF concentration 
many efforts have been developed in order to find other inducers or a combination of agents 
able in ameliorate the symptoms of SCD and Thal. Several potential therapeutic agents and 
its combination have been investigated to use in these hemoglobinopathies. Table 2 shows 
some clinical trials used in Thal patients and their hematologic responses. 

Despite the clear beneficial effects observed after HU treatment, the use of this 
pharmacological agent is limited since long-term treatment has been associated with several 
deleterious effects. In order to diminish the HU treatment effects many efforts are made to 
find new therapeutic alternatives to treat SCD symptoms without side effects. Recently, dos 
Santos et al designed a new molecule by molecular hybridization combining portions of 
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donor, as observed in HU treatment, and also demonstrated that different from what is 
observed in HU treatment, this new molecule had analgesic and anti-inflamatory properties, 
reducing the levels of tumor necrosis factor  (TNF ) thus representing an alternative 
approach to HU treatment (dos Santos et al. 2011). 

 
Terapeutic Agent Action Thalassemia 

Syndromes 
Increase in Total 
Hb (g/dl) (range) 

Responses 

5- Azacytidine Hypomethylation 
+/- cytotoxicity 

Thalassemia 
Intermedia 

2.5 [1.5 – 4] 1/1 
1/1 
3/3 

Hydroxyurea 
(HU) 

Cytotoxicity and 
erythroid regeration 
→high- F BFU- E 

HbE/β- 
talassemia 
 
Thalassemia 
Intermedia 
HbE/β- 
talassemia 

20 [1-3.3] 
27 [2.2 – 3.2] 
0.6 [0 – 1.7] 
1.0 
0.9 

3/3 
2/2 (β globin) 
11/13 
3/8 
7/19 
 

Sodium 
Phenybutyrate 
(SPB) 

? HDACi effect Thalassemia 
Intermedia and 
Major 

2.1 [1.2 – 2.8] 4/8 untransfused 

Arginine Butyrate 
and AB+ 
Erithropoietin 
(EPO) 

Activates γ globin 
gene promoter, (SSP 
binding),     (? 
HDACi effect) 

Thalassemia 
Intermedia and 
Major 

2.7 [0 .6 – 5] 7/10 (AB +/- EPO) 

Isobutyramide Activates γ globin 
gene promoter 

Thalassemia 
Intermedia and 
Major 

Increase in HbF, 
Reduced 
Transfusion 
Requeriments 

6/10 
2/4 

EPO Stimulates Erythroid 
Proliferation, 
promotes erythroid 
cell survival 

Thalassemia 
Intermedia and 
Major 

2 [1 – 3] 
2.5 
2 
Reduced 
Transfusion 
Requeriments 

5 – 7/10 
4/4 
8/10 
3/26 
5/10 

Darbepoietin Stimulates 
Erythropoiesis 

Thalassemia 
Intermedia 

1.6 [0.7 – 3.8] 4/6 

HU+EPO As Above Thalassemia 
Intermedia 
HbE/β- 
talassemia 

1.7 [0.5 – 4] 
1.2 

 
1/5 

HU+SPB As Above β Lepore  3 [2 – 4] 2/2 

 

Table 2. Hematologic Responses to Fetal Globin Gene Inducers or Erithropoietin (EPO) in 
Thal Patients (Perrine 2005). 
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8. Molecular biology and the identification of targets to treat SCD and beta 
thalassemia diseases  
It has been a very well established concept the benefits in the increment of -globin levels in 
the treatment of patients SCD or Thal (Cao et al. 2011; Ngo et al. 2011). 

Therefore the development of new therapies targeting the increment of  globin production 
can become possible through the identification of the molecular mechanisms involved in 
fetal globin gene silencing and its reactivation which needs to be known in depth. An 
excellent model to study these mechanisms is the HPFH, a disorder in which the  globin 
production is not silenced, as described above. The mechanisms involved in the reactivation 
of  globin have been scrutinized in several studies. Olave et al. studied the proteins able to 
bind at the  globin promoter in the presence of a point mutation that leads to an English 
form of HPFH (–198TC). The results showed that a protein complex binds to this region 
and is able to increase the HbF production. The authors suggested that DNMT1 protein, one 
member of this putative complex, acts as a chromatin remodeling protein opening the 
chromatin and triggering the  globin expression (Olave et al. 2007). In another interesting 
study developed by Andrade et al., the pattern of gene expression was evaluated in 
reticulocytes of an individual with the deletional form of PHHF. In this study the authors 
also identified the up-regulation of chromatin remodeling proteins (ARID1B and TSPYL1 ) 
as also involved in the reactivation of  globin (de Andrade et al. 2006).  

Despite the studies with HPFH, several authors have described the interaction of genes with 
the activation or silencing of  globin promoter. Among these genes EKLF has been pointed 
out in numerous  reports as the main responsible for the regulation of  globin expression. 
The increase in the expression of this gene occurs in accordance with the increase of  globin 
producing and  globin silencing. The main function of this protein seems to be in the 
activation of another gene called BCL11A whose gene product is able to bind at  globin 
genes promoter repressing its transcription (Figure 10). The control of EKLF and BCL11A 
production could be further explored as a therapeutical strategy to increase the production 
of HbF and ameliorate hemoglobin disorders such as Thal and sickle cell disease (Sankaran 
et al. 2008; Xu et al. 2010; Jawaid et al. 2011; Wilber et al. 2011). 

Another important contribution aiming to clarify the understanding of -globin genes 
silencing is the results found in the analysis of the hematopoietic transcription factor GATA-
1. This gene, as we discussed before is a zinc finger protein that binds to WGATAR  
elements located mainly in the regulatory regions of  erythroid genes, including the   and  
globin genes (Weiss et al. 1995; Weiss et al. 1997).  

A direct interaction between GATA1 and -globin silencing was highlighted in two different 
studies. In the first one, the authors showed the importance of a 352-bp region harboring a 
conserved GATA element at position -566 5’of the HBG1 is required for -globin silencing in 
transgenic mice. In the second report, the authors correlated a mutation found in GATA site 
in the HBG2 gene with the increase in  globin expression in a family with HPFH. These 
results showed that GATA-1 can act as a repressor of  globin gene despite its widely 
described role in the literature as an activator of   and  globin genes. The mechanism 
whereby GATA-1 exerts these distinct functions remains unresolved. Some evidences  
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donor, as observed in HU treatment, and also demonstrated that different from what is 
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excellent model to study these mechanisms is the HPFH, a disorder in which the  globin 
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studies. In the first one, the authors showed the importance of a 352-bp region harboring a 
conserved GATA element at position -566 5’of the HBG1 is required for -globin silencing in 
transgenic mice. In the second report, the authors correlated a mutation found in GATA site 
in the HBG2 gene with the increase in  globin expression in a family with HPFH. These 
results showed that GATA-1 can act as a repressor of  globin gene despite its widely 
described role in the literature as an activator of   and  globin genes. The mechanism 
whereby GATA-1 exerts these distinct functions remains unresolved. Some evidences  
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Fig. 10. EKLF levels coordinate the hemoglobin switching. The activation of globin genes  is 
dependent of the production of EKLF protein. A low level of EKLF is observed during the 
fetal stage. Since EKLF is essential for the activation of BCL11A, low levels of this gene is 
also reduced. The lowly expressed BCL11A is unable to repress γ-globin genes and EKLF 
with the recruitment of the NFE4 and CP2, preferentially interacts with the γ-globin 
promoters. This interaction stimulates the assembly of LCR elements activating the 
production of γ-globin protein and consequently the HbF formation. In the adult stage, high 
levels of EKLF is observed. The increase of this protein promotes an overexpression of 
BCL11A ultimately repressing the γ-globin genes under these circunstances. In this situation 
the EKLF binds preferentially to the β-globin promoter activating the β-globin gene with the 
recruitment of the LCR. This figure was adapted from  (Wilber et al. 2011). 

showed that this repression mechanisms could occurs via two other genes: FOG-1 and 
NuRD. FOG-1 is also a zinc finger protein that binds to GATA-1 acting as an important 
player in both activation and repression of genes modulated by GATA-1. FOG-1 interacts 
with several protein complexes, including NuRD (nucleosome remodeling and histone 
deacetylase), that is a co-repressor complex that interacts with several N-terminal motifs 
found in other transcriptional repressors, for instance, the BCL11A gene. In an experiment 
using transgenic mice bearing three different mutations that completely abrogate the 
binding between NuRD and FOG-1, the authors showed that animals homozygous for these 
mutations were  anemic and  displayed defects in platelet formation. These results indicate 
that this interaction is essential for normal erythroid and megakaryocyte development. The 
same authors concluded that the FOG-1/NuRD interaction is indispensable for the 
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expression of -globin gene and this interaction was not required for the repression of 
human -globin in vivo (Miccio et al. 2010; Xu et al. 2010).  

Despite several attempts, the complete molecular mechanism involved in the switching of 
globins and the reactivation of  globin remains to be elucidated. Is clear that chromatin 
remodeling in the  globin region is the main process whereby HbF reactivation occurs, once 
the expression of genes involved in this process are found in most of gene expression 
profiling studies using HPFH as a model. However, additional studies are necessary in 
order to identify a complete overview of metabolic pathways able to increase the HbF 
production and raise the possibility for the identification of new targets that could be used 
as therapeutical agents to treat SCD and Thal.  

9. Conclusion 
The mechanisms underlying the hemolytic anemia are very complex and the prognosis of 
this group of diseases is greatly influenced by the gain or loss-of function in key genes 
involved in the regulation of synthesis and destruction of globin proteins. Several molecular 
events can be linked to the alteration in gene function. In this chapter, we focused on point 
mutations interfering in the nature and the severity of SCD and Thal. The comprehension 
of the molecular basis and the identification of proteins involved in the onset and 
development of a disease can enable the development of drugs specially designed to 
targeted therapy. There are some well succeeded examples of the use of molecular biology 
to design drugs to treat a specific disease. One of the most classical examples comes from 
the study of another hematological disease: the Chronic Myeloid Leukemia (CML). The 
development of this CML is characterized by the expression of a BCR-ABL protein 
produced by a genetic translocation event. Using molecular biology approaches, the BCR-
ABL inhibitor imatinib was the first molecular targeted cancer therapy designed to bind 
inactive the translocated product of BCR-ABL protein. The employment of such molecular 
approach in the field of hemolytic anemias can open up new avenues of investigation taking 
advantage of the large scale studies to found new point mutation in genes involved in these 
diseases and correlate with the prognosis of each patient. Although many decades of efforts 
have been devoted to the mechanism elucidation of these diseases, much more remains to be 
done concerning to the identification of new point mutations conferring function on the 
disease progression,. In this context, the current scenery worldwide seen to be very prolific 
due to the recent large investments in  the genomic revolution of next generation sequencing 
approaches. These approachs can be easely  exploited through the large scale transcriptome 
(RNAseq) dissecation of hemolytic anemias. It may provide interesting links between the 
expressed genes by a specific disease, such as SCD and thal, and help in better 
understanding the association between the mutations and the metabolic pathways activated 
in each case. Thus the dissection of the involved metabolic pathways can identify key genes 
responsible for the disease development and progression. In addition, although important 
studies using molecular biology techniques highlighted the function of several genes 
involved in the hemolytic anemias, several questions are currently partially understood. For 
example, what are the transcriptome and proteome difference between patients that have 
the same mutations causing Thal but that have different phenotypes (major and 
intermedia)? The answer for this question is a promising strategy to identify new genes 
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fetal stage. Since EKLF is essential for the activation of BCL11A, low levels of this gene is 
also reduced. The lowly expressed BCL11A is unable to repress γ-globin genes and EKLF 
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production of γ-globin protein and consequently the HbF formation. In the adult stage, high 
levels of EKLF is observed. The increase of this protein promotes an overexpression of 
BCL11A ultimately repressing the γ-globin genes under these circunstances. In this situation 
the EKLF binds preferentially to the β-globin promoter activating the β-globin gene with the 
recruitment of the LCR. This figure was adapted from  (Wilber et al. 2011). 

showed that this repression mechanisms could occurs via two other genes: FOG-1 and 
NuRD. FOG-1 is also a zinc finger protein that binds to GATA-1 acting as an important 
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expression of -globin gene and this interaction was not required for the repression of 
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produced by a genetic translocation event. Using molecular biology approaches, the BCR-
ABL inhibitor imatinib was the first molecular targeted cancer therapy designed to bind 
inactive the translocated product of BCR-ABL protein. The employment of such molecular 
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(RNAseq) dissecation of hemolytic anemias. It may provide interesting links between the 
expressed genes by a specific disease, such as SCD and thal, and help in better 
understanding the association between the mutations and the metabolic pathways activated 
in each case. Thus the dissection of the involved metabolic pathways can identify key genes 
responsible for the disease development and progression. In addition, although important 
studies using molecular biology techniques highlighted the function of several genes 
involved in the hemolytic anemias, several questions are currently partially understood. For 
example, what are the transcriptome and proteome difference between patients that have 
the same mutations causing Thal but that have different phenotypes (major and 
intermedia)? The answer for this question is a promising strategy to identify new genes 
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involved in the severity of these  disease. Also, which are the genes that are modulated in 
each type of HPFH? The identification of these genes could help in the elaboration of new 
therapies to increase the fetal hemoglobin in SCD and Thal. Once the modulation and 
severity of these diseases is strictly correlated with mutations and haplotypes, this feature 
make them a very interesting and fruitful model for study of point mutation and genome 
plasticity using molecular biology approach seeking for further improvements for patients 
built on the field regenerative medicine and genetic therapy. 
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1. Introduction 
Oxygen transport is a primary goal of erythrocytes. The high maintenance of oxygen in 
erythrocytes defines high speed of formation of active forms of oxygen – superoxide (O2⎯), a 
hydrogen peroxide (H2O2) and a hydroxyl radical (·OH). A constant source of active forms 
of oxygen in erythrocytes is hemoglobin oxidation in a methemoglobin with formation of 
superoxide (O2⎯). Therefore erythrocytes should have a powerful antioxidant system, which 
prevents the toxic action of active forms of oxygen on hemoglobin and erythrocyte 
membrane. Mature erythrocytes have neither cytoplasmic organelles nor a nucleus and 
consequently are not capable to synthesize proteins and lipids, to carry out oxidative 
phosphorylation or to maintain tricarboxylic acid cycle reactions. The energy of erythrocytes 
comes for the most part from anaerobic glycolysis – via the Embden-Meyerhof-Parnas 
pathway (EMP pathway). Thus, glucose catabolism provides preservation of structure and 
function of hemoglobin, integrity of an erythrocyte membrane and formation of energy for 
the work of ionic pumps. Anaerobic glycolysis in itself is a power-consuming process. 
Glucose arrives in erythrocytes by the facilitated diffusion by glucose transporter type 1. 
Hexokinase is the first enzyme of EMP pathway, it provides glucose phosphorylation. 
Further during consecutive reactions with participation of glucose-6-phosphate isomerase, 
phosphofructokinase, aldolase, glyceraldehydes 3-phosphate dehydrogenase, 
phosphoglycerate kinase, phosphoglycerate mutase, enolase, pyruvate kinase  one molecule 
of glucose gives 4 molecules of  adenosine triphosphate (ATP) and 2 molecules of restored 
nicotinamide adenine dinucleotide (NADH), and at the same time, 2 ATP  molecules are 
spent at the initial stage of EMP pathway. A certain quantity of glucose with formation of 
restored compounds – glutathione (GSH) and nicotinamide adenine dinucleotide phosphate 
(NADPH) is taken away through pentose phosphate pathway (aerobic glycolysis). Glucose-
6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase provide the stages of 
pentose phosphate pathway. The hydroxyl radical, the most active component of oxidative 
stress, is neutralized by GSH. Methemoglobin reductase restores a methemoglobin into 
hemoglobin, NADPH being the donor of hydrogen, which is formed in EMP pathway and 
NADPH is in its turn formed in pentose phosphate pathway. Superoxide dismutase 1 
enzyme contributes superoxide (O2⎯) to turn into hydrogen peroxide. The hydrogen 
peroxide is destroyed by catalase and glutathione peroxidase, GSH being the donor of 
hydrogen. Peroxiredoxin 2 is an antioxidant enzyme that uses cystein residues to 
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decompose peroxides. Peroxiredoxin 2 is the third most abundant protein in erythrocytes, 
and competes effectively with catalase and glutathione peroxidase to scavenge low levels of 
hydrogen peroxide, including that derived from hemoglobin autoxidation. GSH reductase 
restores oxidized GSH at the expense of NADPH energy. The final step in GSH synthesis is 
catalysed by the glutathione synthetase. Thus, resistance of erythrocytes to oxidative stress 
will depend on the activity of glucose transporter type 1, glycolysis enzymes, glutathione 
synthetase, glutathione reductase, glutathione peroxidase, peroxiredoxin 2, superoxide 
dismutase 1, catalase and nucleotide metabolism. Activation of oxidative stress occurs in 
case of infection, hypoxic ischemia, acidosis, effect of some medications and toxins. Low 
resistance of erythrocytes to oxidative stress leads to hemoglobin precipitation and 
erythrocytes hemolysis. Thus, erythrocytes become sources of active forms of oxygen. 
Oxidative stress has been implicated in many human diseases. Activity of erythrocyte 
antioxidant enzymes is closely studied to reveal oxidative stress status in various 
pathological conditions. 

Herein we describe the recent updates regarding point mutations, which contribute to the 
decrease of antioxidant protection of erythrocytes. 

2. Point mutations in proteins and enzymes providing a metabolism of 
erythrocytes 
2.1 Point mutation in glucose transporter GLUT 1 

GLUT1 was the first glucose transporter isoform to be identified, and is one of 13 proteins 
that comprise the human equilibrative glucose transporter family. GLUT1 is a membrane-
spanning glycoprotein of 492 amino acids, containing 12 transmembrane domains with both 
N- and C-termini located in cytosol, and its gene being located on chromosome 1 (1p35-31.3) 
is composed of ten exons and nine introns. GLUT1 is expressed at the highest levels in the 
plasma membranes of proliferating cells forming the early developing embryo, in cells 
forming the blood-tissue barriers, in human erythrocytes and astrocytes, and in cardiac 
muscle (Carruthers еt al., 2009). Heterozygous mutations in the GLUT1 gene have been 
reported in sporadic patients and results in autosomal dominant pedigrees. Expression of 
mutant transporters resulted in a significant decrease in transport activity of GLUT1. 
Impaired glucose transport across brain tissue barriers is reflected by hypoglycorrhachia 
and results in epilepsy, mental retardation and motor disorders. The first autosomal 
dominant missense mutation (G272A) has been reported within the human GLUT1 gene 
and wos shared by three affected family members. Substitution of glycine-91 by site-
directed mutagenesis with either aspartate or alanine was studied in oocytes. The data agree 
with 3-O-methyl-glucose uptake into patient erythrocytes and indicate that the loss of 
glycine rather than a hydrophilic side chain (Gly91→Asp) defines the functional 
consequences of this mutation. (Klepper еt al., 2001). Recently, mutations in GLUT1 gene 
have been identified as a cause in some patients with autosomal dominant paroxysmal 
exercise-induced dyskinesias (PED). PED are involuntary intermittent movements triggered 
by prolonged physical exertion. Some patients had a predating history of childhood absence 
epilepsy and a current history of hemiplegic migraine as well as a family history of migraine 
(Schneider еt al., 2009). In certain cases PED was accompanied by hemolytic anemia with 
echinocytosis, and altered erythrocyte ion concentrations. Using a candidate gene approach, 
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a causative deletion of 4 highly conserved amino acids (Q282_S285del) in the pore region of 
GLUT1 was identified. Functional studies in Xenopus oocytes and human erythrocytes 
revealed that this mutation decreased glucose transport and caused a cation leak that alters 
intracellular concentrations of sodium, potassium, and calcium. In families where PED is 
combined with epilepsy, developmental delay, or migraine, but not with hemolysis or 
echinocytosis 2 GLUT1 mutations were identified (A275T, G314S) that decreased glucose 
transport but did not affect cation permeability (Weber еt al., 2008). The causative mutations 
for some forms of hereditary stomatocytosis have been found to result from mutations in 
SLC2A1, encoding GLUT1. Stomatocytosis was associated with a cold-induced cation leak, 
hemolytic anemia and hepatosplenomegaly but also with cataracts, seizures, mental 
retardation and movement disorder (Flatt  еt al., 2011).  

2.2 Point mutation in glycolysis enzymes 

2.2.1 Point mutation in hexokinase 

Hexokinase (HK) catalyses the phosphorylation of glucose to glucose-6-phosphate using 
adenosine triphosphate as a phosphoryl donor. The four isozymes of the HK family (HK1, 
HK2, HK3, and glucokinase) contribute to commit glucose to the glycolytic pathway, each of 
which is encoded by a separate gene. The predominant HK1 isozyme is expressed in the 
vast majority of cells and tissues, including cells that are strictly dependent on glucose 
uptake for their metabolic needs. While most tissues express more than one HK isozyme, 
erythrocytes glucose metabolism only depends on HK1 activity. HK1 is one of the rate-
limiting enzymes in erythrocytes glycolysis. Gene structure and exon-intron organization of 
the HK1 gene have been elucidated from a sequence of three contiguous genomic clones 
localized at human chromosome 10. The sequence spans about 131 kb, and consists of 25 
exons, which include 6 testis- and 1 erythroid-specific exons. The HK1 and erythroid-
specific HK-R transcripts being produced by using two distinct promoters. Thus, the first 
and second exons are specifically utilized for the erythroid-specific HK-R and ubiquitously 
expressed HK1 isozymes respectively (Kanno 2000; Murakami еt al., 2002; van Wijk at al., 
2003; Bonnefond еt al., 2009). In humans, mutations including nonsynonymous substitutions 
in the active site of HK1 and intragenic deletions have been shown to cause HK1 enzymatic 
deficiency associated with autosomal recessive severe nonspherocytic hemolytic anemia 
(Bonnefond еt al., 2009). Mutation affecting the substrate affinites of the enzyme, regulatory 
properties, heat stability have been described (Rijksen еt al., 1983; Magnani еt al., 1985). HK 
deficiency is a very rare disease with a clinical phenotype of hemolysis. PCR amplification 
and sequence of the cDNA in patients with HK deficiency revealed the presence of a 
deletion and of a single nucleotide substitution, both in heterozygous form. In particular, the 
deletion, 96 bp long, concerns nucleotides 577 to 672 in the HK cDNA sequence and was not 
found in the cDNAs of 14 unrelated normal subjects. The sequence of the HK allele without 
deletion showed a single nucleotide substitution from T to C at position 1667 which causes 
the amino acid change from Leu529 to Ser (Bianchi еt al., 1995). The T1667→C substitution, 
causing the amino acid change Leu529→Ser, is responsible for the complete loss of the 
hexokinase catalytic activity, while the 96 bp deletion causes a drastic reduction of the 
hexokinase activity (Bianchi еt al., 1997). A homozygous missense mutation in exon 15 
(2039C→G, HK Utrecht) of HK1, the gene that encodes red blood cell-specific hexokinase-R, 
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in a patient previously diagnosed with hexokinase deficiency has been reported. The 
Thr680→Ser substitution predicted by this mutation affects a highly conserved residue in 
the enzyme's active site that interacts with phosphate moieties of adenosine diphosphate, 
adenosine triphosphate, and glucose-6-phosphate inhibitor (van Wijk еt al. 2003). On the 
paternal allele in a patient with chronic hemolysis two mutations in the erythroid-specific 
promoter of HKI: 373A→C and 193A→G were identified. Transfection of promoter reporter 
constructs showed that the 193A→G mutation reduced promoter activity to 8%. Hence, 
193A→G is the first mutation reported to affect red blood cell-specific hexokinase specific 
transcription. On the maternal allele there was a missense mutation in exon 3: 278G→A, 
encoding an arginine to glutamine substitution at residue 93 (Arg93→Glu), affecting both 
hexokinase-1 and erytrocytes specific-hexokinase. This missense mutation was shown to 
compromise normal pre-mRNA processing. Reduced erythroid transcription of HK1 
together with aberrant splicing of both hexokinase-1 and erytrocytes specific-hexokinase 
results in HK deficiency and mild chronic hemolysis (de Vooght еt al. 2009). 

2.2.2 Point mutation in glucose-6-phosphate isomerase 

Glucose-6-phosphate isomerase (GPI) catalyzes interconversion of glucose-6-phosphate and 
fructose 6-phosphate in the Embden-Meyerhof glycolytic pathway. GPI is an essential 
enzyme for carbohydrate metabolism in all tissues. In humans, the GPI gene locus is located 
on chromosome 19, and the gene spans more than 40 kb, including 18 exons and 17 introns. 
The cDNA sequence encodes 558 amino acid residues. The enzyme consists of two identical 
subunits. In mammals, GPI can also act as an autocrine motility factor, neuroleukin, and 
maturation factor. GPI deficiency is a well-known congenital autosomal recessive disorder 
with the typical manifestation of nonspherocytic hemolytic anemia of variable severity in 
humans. GPI deficiency is one of the most common cause of congenital nonspherocytic 
hemolytic anemia caused by deficiency of glycolytic enzymes, the commonest being 
deficiency of glucose-6-phosphate dehydrogenase and pyruvate kinase. Patients with 
inherited GPI deficiency present with nonspherocytic anemia of variable severity and with 
neuromuscular dysfunction. Mutations in the GPI gene usually have negative influences on 
catalytic parameters, particularly k(cat), as well as structure stability. Mutations at or close 
to the active site, including R273H, H389R, and S278L, cause great damage to the catalytic 
function, yet those at distance can still reduce the magnitude of k(cat). At the nucleotide 
level, 29 mutations have been reported. Mutations decrease the enzyme tolerance to heat by 
mechanisms of decreasing packing efficiency (V101M, T195I, S278L, L487F, L339P, T375R, 
I525T), weakening network bonding (R75G, R347C, R347H, R472H, E495K), increasing 
water-accessible hydrophobic surface (R83W), and destabilizing the ternary structure 
(T195I, R347C, R347H, and I525T). A300P, L339P, and E495K mutations may also negatively 
affect the protein folding efficiency (Merkle S. at al., 1993; Kanno H. at al., , 1996; Kugler W. 
at al., 2000; Haller J.F. еt al., 2009; Haller J.F., еt al., 2010). The neurologically affected patient 
(GPI Homburg) is compound heterozygous for a 59 A→C (H20P) and a 1016 T→C (L339P) 
exchange. Owing to the insertion of proline, the H20P and L339P mutations are likely to 
affect the folding and activity of the enzyme. Point mutations identified at 1166 A→G 
(H389R) and 1549 C→G (L517V), which are located at the subunit interface showed no 
neurological symptoms. Thus mutations that lead to incorrect folding destroy both catalytic 

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

259 

(GPI) and neurotrophic activities, thereby leading to the observed clinical symptoms (GPI 
Homburg). Those alterations at the active site, however, that allow correct folding retain the 
neurotrophic properties of the molecule (GPI Calden) (Kugler, 1998). The similarity of the 
mutant enzymes to the allozymes found in human GPI deficiencies indicates the GPI 
deficient mouse mutants to be excellent models for the human disease (Padua et al., 1978; 
Pretsch et al., 1990). A heterozygous mouse mutant exhibiting approximately 50% of wild-
type GPI activity. Biochemical and immunological studies revealed no differences in 
physicochemical, kinetic and immunological properties between the erythrocytic enzyme of 
heterozygous and wild-type mouse. The genetic and physiological analyses provided no 
indications for further altered traits in heterozygous animals including fertility, viability and 
several other traits. Homozygous null mutants died at an early post-implantation stage of 
embryogenesis (West et al., 1990; Merkle et al., 1992). Homozygous GPI deficiency in 
humans are responsible for chronic nonspherocytic hemolytic anemia. The homozygous 
missense A346H mutation replacement in cDNA position 1040G→A, which causes a loss of 
GPI capacity to dimerize, which renders the enzyme more susceptible to thermolability and 
produces significant changes in erythrocyte metabolism was described in patient with 
chronic nonspherocytic hemolytic anemia (Repiso et al., 2005). Biochemical and molecular 
genetic studies performed with the enzyme variants of GPI Zwickau and GPI Nordhorn 
showed that in both cases the simultaneous occurrence of a single amino acid substitution 
affecting the active site, together with a nonsense mutation leading to the loss of major parts 
of the enzyme probably explains the severe clinical course of the disease (Huppke et al., 
1997). Molecular characteristics of erythrocytes GPI deficiency were described in Spanish 
patients with chronic nonspherocytic hemolytic anemia. Residual GPI activity in 
erythrocytes of around 7% (GPI-Catalonia), in an individual is homozygous for the missense 
mutation 1648A→G (Lys550→Glu) in exon 18 was described and residual activity in 
erythrocytes of around 20% (GPI-Barcelona), was found in a compound heterozygote for 
two different missense mutations: 341A→T (Asp113→Val) in exon 4 and 663T→G 
(Asn220→Lys) in exon 7. Molecular modeling using the human crystal structure of GPI as a 
model was performed to determine how these mutations could affect enzyme structure and 
function (Repiso et al., 2006). Chinese hamster (CHO) cell lines with ethylmethane sulfonate 
induced mutations in GPI and consequent loss of GPI activity have been reported. GPI 
activity was reduced by 87% in GroD1 isolated from this population. Expression cloning 
and sequencing of the cDNA obtained from GroD1 revealed a point mutation Gly189→ Glu. 
This resulted in a temperature sensitivity and severe reduction in the synthesis of 
glycerolipids due to a reduction in phosphatidate phosphatase (PAP). Overexpression of 
lipin 1 in the GPI-deficient cell line, GroD1 resulted in increased PAP activity, however it 
failed to restore glycerolipid biosynthesis. Fluorescent microscopy showed a failure of GPI-
deficient cells to localize lipin 1α to the nucleus. Glucose-6-phosphate levels in GroD1 cells 
were 10-fold over normal. Lowering glucose levels in the growth medium partially restored 
glycerolipid biosynthesis and nuclear localization of lipin 1α. Thus, GPI deficiency results in 
an accumulation of glucose-6-phosphate, and possibly other glucose-derived metabolites, 
leading to activation of mTOR and sequestration of lipin 1 to the cytosol, preventing its 
proper functioning. These results may also help to explain neuromuscular symptoms 
associated with inherited GPI deficiency (Haller et al., 2010; 2011). GPI deficiency was found 
to be the cause of recurrent haemolytic crises that has required frequent blood transfusion. 



 
Point Mutation 

 

258 

in a patient previously diagnosed with hexokinase deficiency has been reported. The 
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transcription. On the maternal allele there was a missense mutation in exon 3: 278G→A, 
encoding an arginine to glutamine substitution at residue 93 (Arg93→Glu), affecting both 
hexokinase-1 and erytrocytes specific-hexokinase. This missense mutation was shown to 
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maturation factor. GPI deficiency is a well-known congenital autosomal recessive disorder 
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water-accessible hydrophobic surface (R83W), and destabilizing the ternary structure 
(T195I, R347C, R347H, and I525T). A300P, L339P, and E495K mutations may also negatively 
affect the protein folding efficiency (Merkle S. at al., 1993; Kanno H. at al., , 1996; Kugler W. 
at al., 2000; Haller J.F. еt al., 2009; Haller J.F., еt al., 2010). The neurologically affected patient 
(GPI Homburg) is compound heterozygous for a 59 A→C (H20P) and a 1016 T→C (L339P) 
exchange. Owing to the insertion of proline, the H20P and L339P mutations are likely to 
affect the folding and activity of the enzyme. Point mutations identified at 1166 A→G 
(H389R) and 1549 C→G (L517V), which are located at the subunit interface showed no 
neurological symptoms. Thus mutations that lead to incorrect folding destroy both catalytic 
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(GPI) and neurotrophic activities, thereby leading to the observed clinical symptoms (GPI 
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neurotrophic properties of the molecule (GPI Calden) (Kugler, 1998). The similarity of the 
mutant enzymes to the allozymes found in human GPI deficiencies indicates the GPI 
deficient mouse mutants to be excellent models for the human disease (Padua et al., 1978; 
Pretsch et al., 1990). A heterozygous mouse mutant exhibiting approximately 50% of wild-
type GPI activity. Biochemical and immunological studies revealed no differences in 
physicochemical, kinetic and immunological properties between the erythrocytic enzyme of 
heterozygous and wild-type mouse. The genetic and physiological analyses provided no 
indications for further altered traits in heterozygous animals including fertility, viability and 
several other traits. Homozygous null mutants died at an early post-implantation stage of 
embryogenesis (West et al., 1990; Merkle et al., 1992). Homozygous GPI deficiency in 
humans are responsible for chronic nonspherocytic hemolytic anemia. The homozygous 
missense A346H mutation replacement in cDNA position 1040G→A, which causes a loss of 
GPI capacity to dimerize, which renders the enzyme more susceptible to thermolability and 
produces significant changes in erythrocyte metabolism was described in patient with 
chronic nonspherocytic hemolytic anemia (Repiso et al., 2005). Biochemical and molecular 
genetic studies performed with the enzyme variants of GPI Zwickau and GPI Nordhorn 
showed that in both cases the simultaneous occurrence of a single amino acid substitution 
affecting the active site, together with a nonsense mutation leading to the loss of major parts 
of the enzyme probably explains the severe clinical course of the disease (Huppke et al., 
1997). Molecular characteristics of erythrocytes GPI deficiency were described in Spanish 
patients with chronic nonspherocytic hemolytic anemia. Residual GPI activity in 
erythrocytes of around 7% (GPI-Catalonia), in an individual is homozygous for the missense 
mutation 1648A→G (Lys550→Glu) in exon 18 was described and residual activity in 
erythrocytes of around 20% (GPI-Barcelona), was found in a compound heterozygote for 
two different missense mutations: 341A→T (Asp113→Val) in exon 4 and 663T→G 
(Asn220→Lys) in exon 7. Molecular modeling using the human crystal structure of GPI as a 
model was performed to determine how these mutations could affect enzyme structure and 
function (Repiso et al., 2006). Chinese hamster (CHO) cell lines with ethylmethane sulfonate 
induced mutations in GPI and consequent loss of GPI activity have been reported. GPI 
activity was reduced by 87% in GroD1 isolated from this population. Expression cloning 
and sequencing of the cDNA obtained from GroD1 revealed a point mutation Gly189→ Glu. 
This resulted in a temperature sensitivity and severe reduction in the synthesis of 
glycerolipids due to a reduction in phosphatidate phosphatase (PAP). Overexpression of 
lipin 1 in the GPI-deficient cell line, GroD1 resulted in increased PAP activity, however it 
failed to restore glycerolipid biosynthesis. Fluorescent microscopy showed a failure of GPI-
deficient cells to localize lipin 1α to the nucleus. Glucose-6-phosphate levels in GroD1 cells 
were 10-fold over normal. Lowering glucose levels in the growth medium partially restored 
glycerolipid biosynthesis and nuclear localization of lipin 1α. Thus, GPI deficiency results in 
an accumulation of glucose-6-phosphate, and possibly other glucose-derived metabolites, 
leading to activation of mTOR and sequestration of lipin 1 to the cytosol, preventing its 
proper functioning. These results may also help to explain neuromuscular symptoms 
associated with inherited GPI deficiency (Haller et al., 2010; 2011). GPI deficiency was found 
to be the cause of recurrent haemolytic crises that has required frequent blood transfusion. 
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Hemolysis is often ameliorated by splenectomy (Neubauer et al., 1990; Shalev et al., 1994; 
Alfinito et al., 1994). GPI deficiency can become a clinically relevant consequence of the 
administration of drugs. GPI deficiency can lead to impairment of the system that removes 
free radicals generated by amoxicillin, thereby resulting in oxidation of hemoglobin and 
destabilization of erythrocytes membranes, with acute hemolysis and severe 
hemoglobinuria (Rossi et al., 2010). 

2.2.3 Point mutation in phosphofructokinase 

Phosphofructo-1-kinase (PFK) is a tetrameric enzyme that phosphorylates fructose-6-
phosphate to fructose-1,6-bisphosphate, committing glucose to glycolysis. Three PFK 
isoenzymes, encoded by separate genes, have been identified in mammals: muscle-type 
(PFKM), liver-type (PFKL), and platelet-type (PFKP), all of which are expressed in a tissue 
specific manner. Skeletal muscle expresses only PFKM homotetramers, liver mainly PFKL 
homotetramers, while erythrocytes contain PFKM and PFKL heterotetramers (Vora et al., 
1983). Inherited deficiency of muscle PFK is known to occur in man and dog (Vora et al., 
1983; Skibild et al., 2001). PFK deficiency was the first recognized disorder that directly 
affects glycolysis. Ever since the discovery of the disease in 1965, a wide range of 
biochemical, physiological and molecular studies of the disorder have been carried out 
(Nakajima et al., 2002). Several mutations in PFKM cause type VII glycogen storage disease 
(GSDVII), which is a rare disease described by Tarui (Tarui’s disease). GSDVII is 
characterized by the coexistence of a muscle disease and a hemolytic process. Clinical 
manifestations of the disease range from the severe infantile form, leading to death during 
childhood, to the classical form, which presents mainly with exercise intolerance. Typically, 
the disease begins in early childhood and consists of easy fatigability, transient weakness 
and muscle cramps and myoglobinuria after vigorous exercises (Vora et al., 1987; García et 
al., 2009). A G-to-A transition at codon 209-in exon 8 of the PFK-M gene, changing an 
encoded Gly to Asp, is responsible for the GSDVII in a homozygous French Canadian 
patient. The Swiss patient is a genetic compound, carrying a G-to-A transition at codon 100 
in exon 6 (Arg to Gln) and a G-to-A transition at codon 696 in exon 22 (Arg to His) (Raben et 
al., 1995). PFK deficiency include isolated hemolytic anemia, compensated hemolysis or 
asymptomatic state (Etiemble et al., 1983; Fogelfeld et al., 1990). The concomitant haemolysis 
in patients with inherited PFK deficiency of the muscle isoenzyme may be explained by a 
diminished erythrocyte deformability due to Ca2+ overload (Ronquist et al., 2001). PFK 
deficiency include early-onset neonatal seizures (Al-Hassnan et al., 2007). Portal and 
mesenteric vein thrombosis in patient with a known case of PFK deficiency has been 
described (Madhoun et al., 2011). 

2.2.4 Point mutation in aldolase 

Aldolase, a homotetrameric protein encoded by the ALDOA gene, converts fructose-1,6-
bisphosphate to dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. Three 
isozymes are encoded by distinct genes. The sole aldolase present in erythrocytes and 
skeletal muscle is the A isozyme. Aldolase B is mainly expressed in the liver, kidney and 
small intestine, where it plays a role in exogenous fructose utilization. Aldolase C is 
expressed predominantly in the brain. Aldolase B deficiency has been widely described in 
humans, because it causes hereditary fructose intolerance, which is an autosomal recessive 
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disease that may induce severe liver damage, leading, in extreme cases, to death if fructose 
is not eliminated from the diet. To date, nearly 25 HFI-related aldolase B mutants have been 
identified. In contrast, cases of aldolase A deficiency, which has been associated with 
nonspherocytic haemolytic anemia, are much rarer (Esposito et al., 2004). Human aldolase A 
is composed of four identical subunits encoded by a single gene located on chromosome 16 
(16q22–q24). Aldolase A deficiency has been reported as a rare, autosomal recessive 
disorder (Kreuder et al., 1996; Yao et al., 2004). Alterations in the aldolase A gene leading to 
amino acid substitutions: Asp128→Gly (Kishi et al., 1987), Glu206→Lys (Kreuder et al., 
1996), Gly346→Ser (Esposito et al., 2004) have been described. The Glu206→Lys mutation 
destabilizes the aldolase A tetramer at the subunit interface, the Gly346→Ser mutation limits 
the flexibility of the C-terminal region. Biochemical and thermodynamic data are available 
for the Asn128→Gly mutant have never been characterized. Yao D.C. et al. described the 
case of a girl of Sicilian descent with aldolase A deficiency. Clinical manifestations included 
transfusion-dependent anemia until splenectomy at age 3 and increasing muscle weakness, 
with death at age 4 associated with rhabdomyolysis and hyperkalemia. Sequence analysis of 
the ALDOA coding regions revealed 2 novel heterozygous ALDOA mutations in conserved 
regions of the protein. The paternal allele encoded a nonsense mutation, Arg303X, in the 
enzyme-active site. The maternal allele encoded a missense mutation, Cys338→Tyr, 
predicted to cause enzyme instability as reported (Yao et al., 2004). Hemolytic crisis in 
patients with aldolase A deficiency can be provoked by fever (Kiriyama et al., 1993) and  
upper respiratory infections (Miwa et al., 1981). 

2.2.5 Housekeeping genes in glyceraldehyde 3-phosphate dehydrogenase 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) specifically catalyzes the 
simultaneous phosphorylation and oxidation of glyceraldehyde-3-phosphate to 1,3-
biphosphoglycerate. GAPDH comprises a polypeptide chain of 335 amino acids. Structural 
studies identified two regions, namely the glyceraldehyde-3-phosphate catalytic site and the 
nicotinamide adenine dinucleotide binding site. The glycolytic function mainly relies on 
critical amino acids that include Cys152 and His179, and on its tetrameric structure 
composed of four identical 37-kDa subunits (Colell et al., 2009).  GAPDH was considered a 
classical glycolytic protein involved exclusively in cytosolic energy production. However, 
recent evidence suggests that it is a multifunctional protein displaying diverse activities 
distinct from its conventional metabolic role. New investigations establish a primary role for 
GAPDH in a variety of critical nuclear pathways apart from its already recognized role in 
apoptosis. These new roles include its requirement for transcriptional control of histone 
gene expression, its essential function in nuclear membrane fusion, its necessity for the 
recognition of fraudulently incorporated nucleotides in DNA, and its mandatory 
participation in the maintenance of telomere structure. Other investigations relate a 
substantial role for nuclear GAPDH in hyperglycemic stress and the development of 
metabolic syndrome. GAPDH is a highly conserved gene and protein, with a single mRNA 
transcribed from a unique gene (Sirover 1997, 2005, 2011). GAPDH has been referred to as a 
"housekeeping" protein and based on the view that GAPDH gene expression remains 
constant under changing cellular conditions, the levels of GAPDH mRNA have frequently 
been used to normalize northern blots (Tatton, 2000). Evidence of an impairment of GAPDH 
glycolytic function in Alzheimer's and Huntington's disease subcellular fractions despite 
unchanged gene expression has been reported (Mazzola & Sirover, 2001). 
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Hemolysis is often ameliorated by splenectomy (Neubauer et al., 1990; Shalev et al., 1994; 
Alfinito et al., 1994). GPI deficiency can become a clinically relevant consequence of the 
administration of drugs. GPI deficiency can lead to impairment of the system that removes 
free radicals generated by amoxicillin, thereby resulting in oxidation of hemoglobin and 
destabilization of erythrocytes membranes, with acute hemolysis and severe 
hemoglobinuria (Rossi et al., 2010). 

2.2.3 Point mutation in phosphofructokinase 

Phosphofructo-1-kinase (PFK) is a tetrameric enzyme that phosphorylates fructose-6-
phosphate to fructose-1,6-bisphosphate, committing glucose to glycolysis. Three PFK 
isoenzymes, encoded by separate genes, have been identified in mammals: muscle-type 
(PFKM), liver-type (PFKL), and platelet-type (PFKP), all of which are expressed in a tissue 
specific manner. Skeletal muscle expresses only PFKM homotetramers, liver mainly PFKL 
homotetramers, while erythrocytes contain PFKM and PFKL heterotetramers (Vora et al., 
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1983; Skibild et al., 2001). PFK deficiency was the first recognized disorder that directly 
affects glycolysis. Ever since the discovery of the disease in 1965, a wide range of 
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(GSDVII), which is a rare disease described by Tarui (Tarui’s disease). GSDVII is 
characterized by the coexistence of a muscle disease and a hemolytic process. Clinical 
manifestations of the disease range from the severe infantile form, leading to death during 
childhood, to the classical form, which presents mainly with exercise intolerance. Typically, 
the disease begins in early childhood and consists of easy fatigability, transient weakness 
and muscle cramps and myoglobinuria after vigorous exercises (Vora et al., 1987; García et 
al., 2009). A G-to-A transition at codon 209-in exon 8 of the PFK-M gene, changing an 
encoded Gly to Asp, is responsible for the GSDVII in a homozygous French Canadian 
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al., 1995). PFK deficiency include isolated hemolytic anemia, compensated hemolysis or 
asymptomatic state (Etiemble et al., 1983; Fogelfeld et al., 1990). The concomitant haemolysis 
in patients with inherited PFK deficiency of the muscle isoenzyme may be explained by a 
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disease that may induce severe liver damage, leading, in extreme cases, to death if fructose 
is not eliminated from the diet. To date, nearly 25 HFI-related aldolase B mutants have been 
identified. In contrast, cases of aldolase A deficiency, which has been associated with 
nonspherocytic haemolytic anemia, are much rarer (Esposito et al., 2004). Human aldolase A 
is composed of four identical subunits encoded by a single gene located on chromosome 16 
(16q22–q24). Aldolase A deficiency has been reported as a rare, autosomal recessive 
disorder (Kreuder et al., 1996; Yao et al., 2004). Alterations in the aldolase A gene leading to 
amino acid substitutions: Asp128→Gly (Kishi et al., 1987), Glu206→Lys (Kreuder et al., 
1996), Gly346→Ser (Esposito et al., 2004) have been described. The Glu206→Lys mutation 
destabilizes the aldolase A tetramer at the subunit interface, the Gly346→Ser mutation limits 
the flexibility of the C-terminal region. Biochemical and thermodynamic data are available 
for the Asn128→Gly mutant have never been characterized. Yao D.C. et al. described the 
case of a girl of Sicilian descent with aldolase A deficiency. Clinical manifestations included 
transfusion-dependent anemia until splenectomy at age 3 and increasing muscle weakness, 
with death at age 4 associated with rhabdomyolysis and hyperkalemia. Sequence analysis of 
the ALDOA coding regions revealed 2 novel heterozygous ALDOA mutations in conserved 
regions of the protein. The paternal allele encoded a nonsense mutation, Arg303X, in the 
enzyme-active site. The maternal allele encoded a missense mutation, Cys338→Tyr, 
predicted to cause enzyme instability as reported (Yao et al., 2004). Hemolytic crisis in 
patients with aldolase A deficiency can be provoked by fever (Kiriyama et al., 1993) and  
upper respiratory infections (Miwa et al., 1981). 

2.2.5 Housekeeping genes in glyceraldehyde 3-phosphate dehydrogenase 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) specifically catalyzes the 
simultaneous phosphorylation and oxidation of glyceraldehyde-3-phosphate to 1,3-
biphosphoglycerate. GAPDH comprises a polypeptide chain of 335 amino acids. Structural 
studies identified two regions, namely the glyceraldehyde-3-phosphate catalytic site and the 
nicotinamide adenine dinucleotide binding site. The glycolytic function mainly relies on 
critical amino acids that include Cys152 and His179, and on its tetrameric structure 
composed of four identical 37-kDa subunits (Colell et al., 2009).  GAPDH was considered a 
classical glycolytic protein involved exclusively in cytosolic energy production. However, 
recent evidence suggests that it is a multifunctional protein displaying diverse activities 
distinct from its conventional metabolic role. New investigations establish a primary role for 
GAPDH in a variety of critical nuclear pathways apart from its already recognized role in 
apoptosis. These new roles include its requirement for transcriptional control of histone 
gene expression, its essential function in nuclear membrane fusion, its necessity for the 
recognition of fraudulently incorporated nucleotides in DNA, and its mandatory 
participation in the maintenance of telomere structure. Other investigations relate a 
substantial role for nuclear GAPDH in hyperglycemic stress and the development of 
metabolic syndrome. GAPDH is a highly conserved gene and protein, with a single mRNA 
transcribed from a unique gene (Sirover 1997, 2005, 2011). GAPDH has been referred to as a 
"housekeeping" protein and based on the view that GAPDH gene expression remains 
constant under changing cellular conditions, the levels of GAPDH mRNA have frequently 
been used to normalize northern blots (Tatton, 2000). Evidence of an impairment of GAPDH 
glycolytic function in Alzheimer's and Huntington's disease subcellular fractions despite 
unchanged gene expression has been reported (Mazzola & Sirover, 2001). 
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2.2.6 Point mutation in phosphoglycerate kinase 

Phosphoglycerate kinase (PGK) plays a key role for ATP generation in the glycolytic 
pathway. The PGK, which exists universally in various tissues of various organisms, is 
encoded by a single structural gene on the X-chromosome q13 in humans. The PGK consists 
of 417 amino acid residues with acetylserine at the NH2-terminal and isoleucine at the 
COOH-terminal and is a monomeric enzyme that is expressed in all tissues (Huang et al. 
1980; Maeda et al. 1991). PGK deficiency is generally associated with chronic hemolytic 
anemia, although it can be accompanied by either mental retardation or muscular disease 
(Cohen-Solal et al. 1994). The structure of some PGK mutants has been described. PGK 
Matsue variant is a point mutation, a T/A→C/G transition in exon 3, that cause Leu88→Pro 
substitution associated with severe enzyme deficiency, congenital nonspherocytic hemolytic 
anemia, and mental disorders (Maeda et al. 1991). PGK Shizuoka variant is a single 
nucleotide substitution from guanine to thymine at position 473 of PGK messenger RNA, 
associated with chronic hemolysis and myoglobinuria. This nucleotide change causes a 
single amino acid substitution from Gly157→Val (Fujii et al. 1992). PGK Créteil variant 
arises from a G→A nucleotide interchange at position 1022 in cDNA (exon 9), resulting in 
amino acid substitution Asp314→Asn associated with rhabdomyolysis crises but not with 
hemolysis or mental retardation. PGK Amiens/New York variant, which is associated with 
chronic hemolytic anemia and mental retardation is a point mutation, an A→T nucleotide 
interchange at position 571 in cDNA (exon 5); this leads to amino acid substitution 
Asp163→Val (Cohen-Solal et al., 1994; Flanagan et al., 2006). Variants of PGK Barcelona and 
PGK Murcia are described in Spain. PGK Barcelona variant, which causes chronic hemolytic 
anemia associated with progressive neurological impairment is a point mutation, 140 T→A 
substitution that produces an Ile46→Asn change. The increase of 2,3-bisphosphoglycerate 
and the decrease of adenosine triphosphate levels in erythrocytes are the detected metabolic 
changes that could cause hemolytic anemia. PGK Murcia variant is a point mutation, 958 
G→A transition that cause a Ser319→Asn substitution. The crystal structure of porcine PGK 
was used as a molecular model to investigate how these mutations may affect enzyme 
structure and function. In both cases – the mutations did not modify any of the PGK binding 
sites for ATP or 3PG, so their effect is probably related to a loss of enzyme stability rather 
than a decrease of enzyme catalytic function (Noel N. et al., 2006; Ramírez-Bajo M.J. et al., 
2011). Mutants PGK München (Krietsch et al., 1980), PGK Herlev (Valentin et al., 1998), PGK 
Uppsala (Hjelm et al., 1980), PGK San Francisco (Guis et al., 1987), PGK II (Huang et al., 
1980), PGK Michigan, PGK Tokyo (Cohen-Solal et al., 1994) are also described. 

2.2.7 Point mutation in phosphoglycerate mutase 

Phosphoglycerate mutase (PGAM) is a glycolytic enzyme that catalyses the interconversion 
of 2-phosphoglycerate and 3-phosphoglycerate, with 2,3-bisphosphoglycerate being 
required, in mammals, as a co-factor. In mammals, PGAM is present in three isozymes 
which result from the homodimeric and heterodimeric combinations of two different 
subunits, M and B, coded by two different genes, although the gene coding subunit B is 
unknown. Only the homodimer BB is present in erythrocytes. Only one PGAM BB 
deficiency has been reported. In a patient with clinical diagnosis of Hereditary 
Spherocytosis and partial deficiency (50%) of erythrocytes PGAM activity, a homozygous 
point mutation with cDNA 690G→A substitution that produces a Met230→Ile change has 
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recently been reported. The mutated PGAM shows an abnormal behaviour on ion-exchange 
chromatography and is more thermo-labile that the native enzyme. The increased instability 
of the mutated enzyme can account for the decreased erythrocytes PGAM activity (Repiso et 
al., 2005; de Atauri et al., 2005).  

2.2.8 Point mutation in enolase 

Enolase, an essential enzyme of glycolysis and gluconeogenesis, catalyses the 
interconversion of 2-hosphoglyceric acid and phosphoenolpyruvate. Enolases from most 
species are dimeric, with subunit molecular masses of 40000–50000 Da. Mammals have three 
genes for enolase, coding for the α, β and γ subunits; the subunits associate to form both 
homo- and heterodimers. The α gene is expressed in many tissues, γ primarily in neurones 
and β in muscle (Zhao et al., 2008). Erytrocytes enolase deficiency is rare, and its 
pathogenesis, inheritance and clinical manifestation have not been firmly established. 
Enolase deficiency is known to be associated with chromosome 1p locus mutations (1 pter-
p36.13) and to cause chronic nonspecific hemolytic anemia (Boulard-Heitzmann et al., 1984). 
Lachant et al. (1986) described four generations of a Caucasian family with hereditary 
erytrocytes enolase deficiency. Stefanini (1972) described chronic hemolytic anemia 
associated with erythrocyte enolase deficiency exacerbated by ingestion of nitrofurantoin. 

2.2.9 Point mutation in pyruvate kinase 

Pyruvate kinase (PK) catalyses the last step of the Embden–Meyerhof metabolic pathway, in 
which an ATP molecule is produced. Among the four PK isozymes present in humans (M1, 
M2, L and R), both PK-L (found in the liver, kidney and gut) and PK-R present in 
erythrocytes are encoded by the same gene, which is localised on hromosome 1q21. The 
respective expression of these two isozymes is under the control of specific promoters 
leading to structural differences in the N-terminal part of the protein. PK-R is a 574 amino 
acid-long protein, which associates into tetramers according to a double dyad symmetry 
pattern, resulting in allosteric enzymatic kinetics. PK deficiency is the most frequent red cell 
enzymatic defect responsible for hereditary nonspherocytic hemolytic anemia and is 
transmitted according to a recessive autosomal mode. Based on the gene frequency of the 
1529A mutation in the white population and on its relative abundance in patients with 
hemolytic anemia caused by PK deficiency, the prevalence of PK deficiency is estimated at 
51 cases per million white population (Beutler et al., 2000). The degree of haemolysis varies 
widely, ranging from very mild or fully compensated forms, to life-threatening neonatal 
anemia and jaundice necessitating exchange transfusions. Heterozygous carriers usually 
display very mild symptoms. Therefore, the defect is frequently ignored and its prevalence 
is difficult to establish. Severe disorders are described in homozygous or compound 
heterozygous patients (Zanella et al., 2005). According to the most recent database, more 
than 180 mutations have been reported on the PK-LR gene. Two mutations, both located in 
exon 11, are recurrent (Arg510 → Gln, Arg486 → Trp). Arg510→ Gln is the most frequent 
mutation found in northern Europe, central Europe and the USA (Pissard S. at al., 2006, as 
citated Wang et al., 2001) and Arg486 → Trp in southern Europe (Spain, Portugal and Italy) 
and in France (Pissard et al., 2006, as citited Zanella et al, 1997; Zarza et al, 1998; Pissard et 
al., 2006). The most frequent mutations of PKLR gene in the Indian population appear to be 
1436G→A (19.44%), followed by 1456C→T (16.66%) and 992A→G (16.66%) (Kedar et al., 
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2.2.6 Point mutation in phosphoglycerate kinase 

Phosphoglycerate kinase (PGK) plays a key role for ATP generation in the glycolytic 
pathway. The PGK, which exists universally in various tissues of various organisms, is 
encoded by a single structural gene on the X-chromosome q13 in humans. The PGK consists 
of 417 amino acid residues with acetylserine at the NH2-terminal and isoleucine at the 
COOH-terminal and is a monomeric enzyme that is expressed in all tissues (Huang et al. 
1980; Maeda et al. 1991). PGK deficiency is generally associated with chronic hemolytic 
anemia, although it can be accompanied by either mental retardation or muscular disease 
(Cohen-Solal et al. 1994). The structure of some PGK mutants has been described. PGK 
Matsue variant is a point mutation, a T/A→C/G transition in exon 3, that cause Leu88→Pro 
substitution associated with severe enzyme deficiency, congenital nonspherocytic hemolytic 
anemia, and mental disorders (Maeda et al. 1991). PGK Shizuoka variant is a single 
nucleotide substitution from guanine to thymine at position 473 of PGK messenger RNA, 
associated with chronic hemolysis and myoglobinuria. This nucleotide change causes a 
single amino acid substitution from Gly157→Val (Fujii et al. 1992). PGK Créteil variant 
arises from a G→A nucleotide interchange at position 1022 in cDNA (exon 9), resulting in 
amino acid substitution Asp314→Asn associated with rhabdomyolysis crises but not with 
hemolysis or mental retardation. PGK Amiens/New York variant, which is associated with 
chronic hemolytic anemia and mental retardation is a point mutation, an A→T nucleotide 
interchange at position 571 in cDNA (exon 5); this leads to amino acid substitution 
Asp163→Val (Cohen-Solal et al., 1994; Flanagan et al., 2006). Variants of PGK Barcelona and 
PGK Murcia are described in Spain. PGK Barcelona variant, which causes chronic hemolytic 
anemia associated with progressive neurological impairment is a point mutation, 140 T→A 
substitution that produces an Ile46→Asn change. The increase of 2,3-bisphosphoglycerate 
and the decrease of adenosine triphosphate levels in erythrocytes are the detected metabolic 
changes that could cause hemolytic anemia. PGK Murcia variant is a point mutation, 958 
G→A transition that cause a Ser319→Asn substitution. The crystal structure of porcine PGK 
was used as a molecular model to investigate how these mutations may affect enzyme 
structure and function. In both cases – the mutations did not modify any of the PGK binding 
sites for ATP or 3PG, so their effect is probably related to a loss of enzyme stability rather 
than a decrease of enzyme catalytic function (Noel N. et al., 2006; Ramírez-Bajo M.J. et al., 
2011). Mutants PGK München (Krietsch et al., 1980), PGK Herlev (Valentin et al., 1998), PGK 
Uppsala (Hjelm et al., 1980), PGK San Francisco (Guis et al., 1987), PGK II (Huang et al., 
1980), PGK Michigan, PGK Tokyo (Cohen-Solal et al., 1994) are also described. 

2.2.7 Point mutation in phosphoglycerate mutase 

Phosphoglycerate mutase (PGAM) is a glycolytic enzyme that catalyses the interconversion 
of 2-phosphoglycerate and 3-phosphoglycerate, with 2,3-bisphosphoglycerate being 
required, in mammals, as a co-factor. In mammals, PGAM is present in three isozymes 
which result from the homodimeric and heterodimeric combinations of two different 
subunits, M and B, coded by two different genes, although the gene coding subunit B is 
unknown. Only the homodimer BB is present in erythrocytes. Only one PGAM BB 
deficiency has been reported. In a patient with clinical diagnosis of Hereditary 
Spherocytosis and partial deficiency (50%) of erythrocytes PGAM activity, a homozygous 
point mutation with cDNA 690G→A substitution that produces a Met230→Ile change has 
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recently been reported. The mutated PGAM shows an abnormal behaviour on ion-exchange 
chromatography and is more thermo-labile that the native enzyme. The increased instability 
of the mutated enzyme can account for the decreased erythrocytes PGAM activity (Repiso et 
al., 2005; de Atauri et al., 2005).  

2.2.8 Point mutation in enolase 

Enolase, an essential enzyme of glycolysis and gluconeogenesis, catalyses the 
interconversion of 2-hosphoglyceric acid and phosphoenolpyruvate. Enolases from most 
species are dimeric, with subunit molecular masses of 40000–50000 Da. Mammals have three 
genes for enolase, coding for the α, β and γ subunits; the subunits associate to form both 
homo- and heterodimers. The α gene is expressed in many tissues, γ primarily in neurones 
and β in muscle (Zhao et al., 2008). Erytrocytes enolase deficiency is rare, and its 
pathogenesis, inheritance and clinical manifestation have not been firmly established. 
Enolase deficiency is known to be associated with chromosome 1p locus mutations (1 pter-
p36.13) and to cause chronic nonspecific hemolytic anemia (Boulard-Heitzmann et al., 1984). 
Lachant et al. (1986) described four generations of a Caucasian family with hereditary 
erytrocytes enolase deficiency. Stefanini (1972) described chronic hemolytic anemia 
associated with erythrocyte enolase deficiency exacerbated by ingestion of nitrofurantoin. 

2.2.9 Point mutation in pyruvate kinase 

Pyruvate kinase (PK) catalyses the last step of the Embden–Meyerhof metabolic pathway, in 
which an ATP molecule is produced. Among the four PK isozymes present in humans (M1, 
M2, L and R), both PK-L (found in the liver, kidney and gut) and PK-R present in 
erythrocytes are encoded by the same gene, which is localised on hromosome 1q21. The 
respective expression of these two isozymes is under the control of specific promoters 
leading to structural differences in the N-terminal part of the protein. PK-R is a 574 amino 
acid-long protein, which associates into tetramers according to a double dyad symmetry 
pattern, resulting in allosteric enzymatic kinetics. PK deficiency is the most frequent red cell 
enzymatic defect responsible for hereditary nonspherocytic hemolytic anemia and is 
transmitted according to a recessive autosomal mode. Based on the gene frequency of the 
1529A mutation in the white population and on its relative abundance in patients with 
hemolytic anemia caused by PK deficiency, the prevalence of PK deficiency is estimated at 
51 cases per million white population (Beutler et al., 2000). The degree of haemolysis varies 
widely, ranging from very mild or fully compensated forms, to life-threatening neonatal 
anemia and jaundice necessitating exchange transfusions. Heterozygous carriers usually 
display very mild symptoms. Therefore, the defect is frequently ignored and its prevalence 
is difficult to establish. Severe disorders are described in homozygous or compound 
heterozygous patients (Zanella et al., 2005). According to the most recent database, more 
than 180 mutations have been reported on the PK-LR gene. Two mutations, both located in 
exon 11, are recurrent (Arg510 → Gln, Arg486 → Trp). Arg510→ Gln is the most frequent 
mutation found in northern Europe, central Europe and the USA (Pissard S. at al., 2006, as 
citated Wang et al., 2001) and Arg486 → Trp in southern Europe (Spain, Portugal and Italy) 
and in France (Pissard et al., 2006, as citited Zanella et al, 1997; Zarza et al, 1998; Pissard et 
al., 2006). The most frequent mutations of PKLR gene in the Indian population appear to be 
1436G→A (19.44%), followed by 1456C→T (16.66%) and 992A→G (16.66%) (Kedar et al., 
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2009). Erythrocyte PK plays an important role as an antioxidant during erythroid 
differentiation. Glycolytic inhibition by erythrocyte PK gene mutation augmented oxidative 
stress, leading to activation of hypoxia-inducible factor-1 as well as downstream 
proapoptotic gene expression (Aisaki et al., 2007). Extended molecular analysis is useful for 
studying how several interacting gene mutations contribute to the clinical variability of 
pyruvate kinase deficiency (Perseu et al., 2010). 

2.2.10 Point mutation in glucose-6-phosphate dehydrogenase 

Glucose 6-phosphate dehydrogenase (G6PD) is a ubiquitous  enzyme, which is critical in the 
redox metabolism of all aerobic cells. It catalyzes the first, rate-limiting step of the pentose 
phosphate pathway, coupled to NADPH synthesis and to ribose availability which is 
essential for the production of nucleotide coenzymes and replication of nucleic acids 
(Sodiende O., 1992). The pentose phosphate pathway is the unique source of NADPH, 
which enables erytrocytes to counterbalance the oxidative stress triggered by several 
oxidant agents preserving the reduced form of glutathione. GSH protects the sulfhydryl 
groups in hemoglobin and in the red cell membrane from oxidation (Mason et al., 2007). 
G6PD is a dimer and each subunit contains a single active site. G6PD-enzyme is encoded by 
a human X-linked gene (Xq2.8) consisting of 13 exons and 12 introns, spanning nearly 20 kb 
in total. G6PD gene is probably the most polymorphic locus in humans, with over 400 allelic 
variants known (Minucci et al., 2009). G6PD, the most common enzyme deficiency 
worldwide, causes a spectrum of disease including neonatal hyperbilirubinemia, acute 
hemolysis, and chronic hemolysis. Persons with this condition also may be asymptomatic. 
Approximately 400 million people are affected worldwide. Homozygotes and heterozygotes 
can be symptomatic, although the disease typically is more severe in persons who are 
homozygous for the deficiency. Different gene mutations cause different levels of enzyme 
deficiency, with classes assigned to various degrees of deficiency and disease manifestation. 
Acute hemolysis is caused by exposure to an oxidative stressor such as infection, some foods 
(fava beans), drugs or various chemicals. The variant that causes chronic hemolysis is 
uncommon because it is related to sporadic gene mutation rather than the more common 
inherited gene mutation (Frank, 2005). About 160 mutations have been reported, most of 
which are single-base substitutions leading to amino acid replacements (Minucci et. al., 
2009). Mutations are classified into four types, according to their clinical effects. Several 
variants, such as the the Mediterranean variant, reach the polymorphism (Wajcman et. al., 
2004). The Mediterranean variant of G6PD deficiency is due to the C563CT point mutation, 
leading to replacement of Ser with Phe at position 188, resulting in acute haemolysis 
triggered by oxidants (Ingrosso et. al., 2002). Individuals with such mutations seem to have 
enjoyed a selective advantage because of resistance to falciparum malaria. Different 
mutations, each characteristic of certain populations are found.The most common African 
mutation G6PD is 202A376G. G6PD Mediterranean (563T) is found in Southern Europe, the 
Middle East and in the Indian subcontinent (Beulter, 1996). 

2.2.11 Point mutation in 6-phosphogluconate dehydrogenase 

The 6-phosphogluconate dehydrogenase (6PGDH) is the third enzyme of the oxidative 
branch of the pentose phosphate pathway. This pathway has two major functions: the 
production of ribulose 5-phosphate which is required for nucleotide synthesis, and the 
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generation of NADPH which provides the major reducing power essential to protect the cell 
against oxidative stress and a variety of reductive biosynthetic reactions, particularly lipid 
production. Thus, 6PGDH plays a critical role in protecting cells from oxidative stress (He et 
al., 2007). Few cases of erytrocytes 6PGD deficiency in humans have been described. The 
episodic hemolytic events with jaundice in patients with 6PGD deficiency may be the result 
of a defective erythrocytes ability to counteract conditions of marked oxidative stress as 
happens at birth and following traumatic events. The presence of 6PGD deficiency could be 
mistaken for a partial G6PD deficiency if the assay of G6PD activity was performed without 
correcting for 6PGD activity (Vives Corrons et al., 1996; Caprari et al., 2001). 

2.3 Point mutation in glutathione synthetase 

Glutathione (GSH) is the most abundant intracellular thiol in living aerobic cells. GSH is 
present in millimolar concentrations in most mammalian cells and it is involved in several 
fundamental biological functions, including free radical scavenging, detoxification of 
xenobiotics and carcinogens, redox reactions, biosynthesis of DNA, proteins and 
leukotrienes, as well as neurotransmission/neuromodulation. It has been assigned several 
critical functions: protection of cells against oxidative damage; involvement in amino acid 
transport; participation in the detoxification of foreign compounds; maintenance of protein 
sulfhydryl groups in a reduced state; and as a cofactor for a number of enzymes. GSH is 
found in low levels in diseases in which increasing evidence implicate oxidative stress in the 
development of the disease, for example retinopathy of prematurity, necrotizing 
enterocolitis, bronchopulmonary dysplasia, patent ductus arteriosus and asthma. GSH is 
metabolised via the gamma-glutamyl cycle, which is catalyzed by six enzymes (Polekhina  
at al., 1999; Njålsson et al., 2005; Norgren et al., 2007). GSH is synthesized from glutamate, 
cysteine and glycine. The final step in its synthesis is catalysed by the enzyme glutathione 
synthetase (GS) The human GS enzyme is a homodimer with 52 kDa of subunits containing 
474 amino acid residues, encoded by a single-copy gene located on chromosome 20q11.2 
(Webb et al., 1995; Njålsson et al., 2005). 

GS deficiency is a rare autosomal recessive disorder. Since the human genome contains only 
one GS gene, the various clinical forms of GS deficiency reflect different mutations or 
epigenetic modifications in the GS gene. Thus GSH acts as a feedback inhibitor of the initial 
step in its biosynthesis, in patients with hereditary deficiency of GS the lack of GSH leads to 
the formation of increased amounts of g-glutamylcysteine which is converted into 5-
oxoproline by g-glutamyl cyclotransferase and excreted in massive amounts. Shi et al. 
identified seven mutations at the GS locus on six alleles: one splice site mutation, two 
deletions and four missense mutations and in patients with 5-Oxoprolinuria (pyroglutamic 
aciduria) resulting in GS deficiency and homozygous missense mutation in an individual 
affected by a milder-form of the GS deficiency, which is apparently restricted to erythrocytes 
and only associated with haemolytic anaemia (Shi, et al., 1996). Japanese patients with 
chronic nonspherocytic hemolytic anemia were found to have decreased GS activity and the 
others were moderately deficient in GCS. Hemolytic anemia was their only manifestation, 
and neither 5-oxoprolinemia nor 5-oxoprolinuria, which are usually associated with to 
generalized type of glutathione synthetase deficiency, was noted in patients. (Hirono et al., 
1996). Dahl N. at al. described thirteen different point mutations. In vitro analysis of 
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2009). Erythrocyte PK plays an important role as an antioxidant during erythroid 
differentiation. Glycolytic inhibition by erythrocyte PK gene mutation augmented oxidative 
stress, leading to activation of hypoxia-inducible factor-1 as well as downstream 
proapoptotic gene expression (Aisaki et al., 2007). Extended molecular analysis is useful for 
studying how several interacting gene mutations contribute to the clinical variability of 
pyruvate kinase deficiency (Perseu et al., 2010). 

2.2.10 Point mutation in glucose-6-phosphate dehydrogenase 

Glucose 6-phosphate dehydrogenase (G6PD) is a ubiquitous  enzyme, which is critical in the 
redox metabolism of all aerobic cells. It catalyzes the first, rate-limiting step of the pentose 
phosphate pathway, coupled to NADPH synthesis and to ribose availability which is 
essential for the production of nucleotide coenzymes and replication of nucleic acids 
(Sodiende O., 1992). The pentose phosphate pathway is the unique source of NADPH, 
which enables erytrocytes to counterbalance the oxidative stress triggered by several 
oxidant agents preserving the reduced form of glutathione. GSH protects the sulfhydryl 
groups in hemoglobin and in the red cell membrane from oxidation (Mason et al., 2007). 
G6PD is a dimer and each subunit contains a single active site. G6PD-enzyme is encoded by 
a human X-linked gene (Xq2.8) consisting of 13 exons and 12 introns, spanning nearly 20 kb 
in total. G6PD gene is probably the most polymorphic locus in humans, with over 400 allelic 
variants known (Minucci et al., 2009). G6PD, the most common enzyme deficiency 
worldwide, causes a spectrum of disease including neonatal hyperbilirubinemia, acute 
hemolysis, and chronic hemolysis. Persons with this condition also may be asymptomatic. 
Approximately 400 million people are affected worldwide. Homozygotes and heterozygotes 
can be symptomatic, although the disease typically is more severe in persons who are 
homozygous for the deficiency. Different gene mutations cause different levels of enzyme 
deficiency, with classes assigned to various degrees of deficiency and disease manifestation. 
Acute hemolysis is caused by exposure to an oxidative stressor such as infection, some foods 
(fava beans), drugs or various chemicals. The variant that causes chronic hemolysis is 
uncommon because it is related to sporadic gene mutation rather than the more common 
inherited gene mutation (Frank, 2005). About 160 mutations have been reported, most of 
which are single-base substitutions leading to amino acid replacements (Minucci et. al., 
2009). Mutations are classified into four types, according to their clinical effects. Several 
variants, such as the the Mediterranean variant, reach the polymorphism (Wajcman et. al., 
2004). The Mediterranean variant of G6PD deficiency is due to the C563CT point mutation, 
leading to replacement of Ser with Phe at position 188, resulting in acute haemolysis 
triggered by oxidants (Ingrosso et. al., 2002). Individuals with such mutations seem to have 
enjoyed a selective advantage because of resistance to falciparum malaria. Different 
mutations, each characteristic of certain populations are found.The most common African 
mutation G6PD is 202A376G. G6PD Mediterranean (563T) is found in Southern Europe, the 
Middle East and in the Indian subcontinent (Beulter, 1996). 

2.2.11 Point mutation in 6-phosphogluconate dehydrogenase 

The 6-phosphogluconate dehydrogenase (6PGDH) is the third enzyme of the oxidative 
branch of the pentose phosphate pathway. This pathway has two major functions: the 
production of ribulose 5-phosphate which is required for nucleotide synthesis, and the 
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generation of NADPH which provides the major reducing power essential to protect the cell 
against oxidative stress and a variety of reductive biosynthetic reactions, particularly lipid 
production. Thus, 6PGDH plays a critical role in protecting cells from oxidative stress (He et 
al., 2007). Few cases of erytrocytes 6PGD deficiency in humans have been described. The 
episodic hemolytic events with jaundice in patients with 6PGD deficiency may be the result 
of a defective erythrocytes ability to counteract conditions of marked oxidative stress as 
happens at birth and following traumatic events. The presence of 6PGD deficiency could be 
mistaken for a partial G6PD deficiency if the assay of G6PD activity was performed without 
correcting for 6PGD activity (Vives Corrons et al., 1996; Caprari et al., 2001). 

2.3 Point mutation in glutathione synthetase 

Glutathione (GSH) is the most abundant intracellular thiol in living aerobic cells. GSH is 
present in millimolar concentrations in most mammalian cells and it is involved in several 
fundamental biological functions, including free radical scavenging, detoxification of 
xenobiotics and carcinogens, redox reactions, biosynthesis of DNA, proteins and 
leukotrienes, as well as neurotransmission/neuromodulation. It has been assigned several 
critical functions: protection of cells against oxidative damage; involvement in amino acid 
transport; participation in the detoxification of foreign compounds; maintenance of protein 
sulfhydryl groups in a reduced state; and as a cofactor for a number of enzymes. GSH is 
found in low levels in diseases in which increasing evidence implicate oxidative stress in the 
development of the disease, for example retinopathy of prematurity, necrotizing 
enterocolitis, bronchopulmonary dysplasia, patent ductus arteriosus and asthma. GSH is 
metabolised via the gamma-glutamyl cycle, which is catalyzed by six enzymes (Polekhina  
at al., 1999; Njålsson et al., 2005; Norgren et al., 2007). GSH is synthesized from glutamate, 
cysteine and glycine. The final step in its synthesis is catalysed by the enzyme glutathione 
synthetase (GS) The human GS enzyme is a homodimer with 52 kDa of subunits containing 
474 amino acid residues, encoded by a single-copy gene located on chromosome 20q11.2 
(Webb et al., 1995; Njålsson et al., 2005). 

GS deficiency is a rare autosomal recessive disorder. Since the human genome contains only 
one GS gene, the various clinical forms of GS deficiency reflect different mutations or 
epigenetic modifications in the GS gene. Thus GSH acts as a feedback inhibitor of the initial 
step in its biosynthesis, in patients with hereditary deficiency of GS the lack of GSH leads to 
the formation of increased amounts of g-glutamylcysteine which is converted into 5-
oxoproline by g-glutamyl cyclotransferase and excreted in massive amounts. Shi et al. 
identified seven mutations at the GS locus on six alleles: one splice site mutation, two 
deletions and four missense mutations and in patients with 5-Oxoprolinuria (pyroglutamic 
aciduria) resulting in GS deficiency and homozygous missense mutation in an individual 
affected by a milder-form of the GS deficiency, which is apparently restricted to erythrocytes 
and only associated with haemolytic anaemia (Shi, et al., 1996). Japanese patients with 
chronic nonspherocytic hemolytic anemia were found to have decreased GS activity and the 
others were moderately deficient in GCS. Hemolytic anemia was their only manifestation, 
and neither 5-oxoprolinemia nor 5-oxoprolinuria, which are usually associated with to 
generalized type of glutathione synthetase deficiency, was noted in patients. (Hirono et al., 
1996). Dahl N. at al. described thirteen different point mutations. In vitro analysis of 
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naturally occurring missense mutations showed that mutations could affect the stability, 
catalytic capacity and substrate affinities of the enzyme. Four mutant cDNAs were 
investigated with the mutations resulting in Leu188→Pro, Tyr270→Cys, Tyr270→His and 
Arg283→Cys, respectively. Each of the four mutations resulted in a considerable decrease of 
enzymatic activity to levels corresponding to 1 to 12% of the wild-type control value, 
confirming that these mutations were pathogenic. Clinically affected patients present with 
severe metabolic acidosis, 5-oxoprolinuria, increased rate of hemolysis, hemolytic anemia, 
neonatal jaundice and defective function of the central nervous system. A milder form of GS 
deficiency apparently restricted to erythrocytes, is associated with decreased erythrocyte 
GSH levels and hemolytic disease, which is usually well compensated. Complete loss of 
function of both GS alleles is probably lethal. Missense mutations will account for the 
phenotype in the majority of patients with severe GS deficiency (Dahl et al., 1997). A 141-bp 
deletion corresponding to the entire exon 4, whilst the corresponding genomic DNA 
showed a G491→A homozygous splice site mutation, and a C847→T (Arg283→ Cys) 
mutation in exon 9 are described in patients with GS deficiency and Fanconi nephropathy 
(Al-Jishi et al., 1999). A homozygous state for 656 A→G, a 808 T→C mutation of GS gene in 
patients with chronic haemolysis and markedly reduced erythrocytes was found in Spain 
(Corrons, et al., 2001). Patients with GS deficiency can be divided into three groups. Mildly 
affected patients have mutations affecting the stability of the enzyme, causing a 
compensated haemolytic anaemia; moderately affected patients have, in addition, metabolic 
acidosis; and severely affected patients also develop neurological defects and show 
increased susceptibility to bacterial infections. Moderately and severely affected patients 
have mutations that compromise the catalytic properties of the enzyme. 5-Oxoprolinuria 
appears in all three groups, but is more pronounced in the two latter groups (Njålsson .et al., 
2005). 5-Oxoproline is able to promote both lipid and protein oxidation, to impair brain 
antioxidant defenses and to enhance hydrogen peroxide content, thus promoting oxidative 
stress, and is a mechanism that may be involved in the neuropathology of GS deficiency 
(Pederzolli et al., 2010). Approximately 25% of patients with hereditary GS deficiency die 
during childhood. Even though the correlation between phenotype and genotype in these 
patients is complex, an indication of the phenotype can be based on the type of mutation 
involved (Njålsson et al., 2005). Severe GS deficiency is associated with progressive retinal 
dystrophy of the rod-cone type, affecting the central retina with advanced macular edema in 
adulthood. The retinal degenerative changes in GS deficiency may be the result of the 
increased oxidative stress accumulated generally in the retina and also apparent in the 
macular area, and an insufficient level of the free radical scavenger GSH. Patients with GS 
deficiency may represent a model of the retinal response to oxidative stress in humans 
(Burstedt et al., 2009). Recently 30 different mutations in the GSS gene have been identified 
(Njålsson et al., 2005). The severe form of GS deficiency usually present in the neonatal 
period, is characterized by acute metabolic acidosis, hemolytic anemia and progressive 
encephalopathy (Iyori et al., 1996; Yapicioğlu et al., 2004). Diagnosis of GS deficiency is 
made by clinical presentation and detection of elevated concentrations of 5-oxoproline in 
urine and low GS activity in erythrocytes or cultured skin fibroblasts. Diagnosis can be 
confirmed by mutational analysis. The most important determinants for outcome and 
survival in patients with GS deficiency are early diagnosis and early initiation of treatment. 
Presently, GS deficiency is not included in newborn screening programmes in Europe. As 
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outcome depends significantly on early start of treatment, routine inclusion of this 
disorder in newborn screening panels should be considered. Treatment consists of the 
correction of acidosis, blood transfusion, and supplementation with antioxidants (Simon 
et al., 2009). Patients with GS deficiency are given vitamins C and E to boost their 
antioxidant levels, and bicarbonate to correct metabolic acidosis (Jain et al.,1994; Ristoff et 
al., 2001; Njålsson et al., 2005). 

2.4 Point mutation in glutathione reductase 

Glutathione reductase (GR) is a key enzyme required for the conversion of oxidized 
glutathione (GSSG) to reduced glutathione (GSH) concomitantly oxidizing reduced 
nicotinamide adenine dinucleotide phosphate (NADPH). GR is a homodimeric flavoprotein 
with a subunit Mr of 52.4 kDa. Its 2 identical redox active sites are formed by residues from 
both subunits, implying that monomeric GR is not active. Human GR is encoded by a single 
gene, located on chromosome 8p21.1 and consisting of 13 exons. GR consists of 
apoglutathione reductase (apoGR) and flavin adenine dinucleotide (FAD) as a prosthetic 
group (Kamerbeek et al., 2007).  

Acquired FAD deficiency due to low amounts of riboflavin (vitamin B2) in the diet (or 
failure to convert it sufficiently to FAD) may result in inactive apoGR. In that case GR 
activity can be restored by riboflavin administration. Due to inherited mutations, the GR 
protein can be absent or exhibit low catalytic activity. Whereas inherited glutathione 
reductase deficiency is rare, FAD deficiency is common in malnourished populations. The 
clinical symptoms of GR deficiency include reduced lifespan of erythrocytes, cataract, and 
favism (hemolytic crises after eating fava beans). A 2246-bp deletion in DNA, which results 
in unstable and inactive GR and a premature stop codon on one allele and a substitution of 
glycine 330, a highly conserved residue in the superfamily of NAD(P)H-dependent disulfide 
reductases, into alanine on the other allele were described in the GR gene in patients with 
clinical GR deficiency (Kamerbeek et al., 2007). GR deficiency may alter the clinical 
manifestation of an unstable hemoglobinopathy (Mojzikova at al., 2010) and  may be the 
cause of neonatal hyperbilirubinemia (Casado et al., 1995). GR deficiency state can be 
asymptomatic as the residual enzyme activity might be sufficient to maintain the reduced 
glutathione level to prevent oxidative stress (Nakashima et al., 1978). A study on 1691 
individuals from Saudi Arabia to determine the overall frequency of GR deficiency has been 
conducted. The overall frequency of genetic GR deficiency was 24.5% and 20.3% in males 
and females respectively. In addition, 17.8% of males and 22.4% of females suffered from GR 
deficiency due to riboflavin deficiency. This could be easily corrected by dietary 
supplementation with riboflavin. No cases of severe GR deficiency were identified (el-
Hazmi et al., 1989; Warsy et al., 1999). 

2.5 Point mutation in glutathione peroxidase 

Glutathione peroxidase (GPx) is the general name of an enzyme family with peroxidase 
activity whose main biological role is to protect the organism from oxidative damage. There 
are eight well-characterized mammalian selenoproteins, including thioredoxin reductase 
and four isozymes of glutathione peroxidase. GPx1 is a homotetrameric selenoprotein and 
one of a family of peroxidases that reductively inactivate peroxides using glutathione as a 
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naturally occurring missense mutations showed that mutations could affect the stability, 
catalytic capacity and substrate affinities of the enzyme. Four mutant cDNAs were 
investigated with the mutations resulting in Leu188→Pro, Tyr270→Cys, Tyr270→His and 
Arg283→Cys, respectively. Each of the four mutations resulted in a considerable decrease of 
enzymatic activity to levels corresponding to 1 to 12% of the wild-type control value, 
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severe metabolic acidosis, 5-oxoprolinuria, increased rate of hemolysis, hemolytic anemia, 
neonatal jaundice and defective function of the central nervous system. A milder form of GS 
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GSH levels and hemolytic disease, which is usually well compensated. Complete loss of 
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outcome depends significantly on early start of treatment, routine inclusion of this 
disorder in newborn screening panels should be considered. Treatment consists of the 
correction of acidosis, blood transfusion, and supplementation with antioxidants (Simon 
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2.4 Point mutation in glutathione reductase 
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apoglutathione reductase (apoGR) and flavin adenine dinucleotide (FAD) as a prosthetic 
group (Kamerbeek et al., 2007).  
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asymptomatic as the residual enzyme activity might be sufficient to maintain the reduced 
glutathione level to prevent oxidative stress (Nakashima et al., 1978). A study on 1691 
individuals from Saudi Arabia to determine the overall frequency of GR deficiency has been 
conducted. The overall frequency of genetic GR deficiency was 24.5% and 20.3% in males 
and females respectively. In addition, 17.8% of males and 22.4% of females suffered from GR 
deficiency due to riboflavin deficiency. This could be easily corrected by dietary 
supplementation with riboflavin. No cases of severe GR deficiency were identified (el-
Hazmi et al., 1989; Warsy et al., 1999). 

2.5 Point mutation in glutathione peroxidase 

Glutathione peroxidase (GPx) is the general name of an enzyme family with peroxidase 
activity whose main biological role is to protect the organism from oxidative damage. There 
are eight well-characterized mammalian selenoproteins, including thioredoxin reductase 
and four isozymes of glutathione peroxidase. GPx1 is a homotetrameric selenoprotein and 
one of a family of peroxidases that reductively inactivate peroxides using glutathione as a 
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source of reducing equivalents. GPx1 is found in the cytoplasm and mitochondria of all cell 
types, whose preferred substrate is hydrogen peroxide (Dimastrogiovanni et al., 2010). 

GPx1 has been implicated in the development and prevention of many common and 
complex diseases, including cancer and cardiovascular disease (Lubos at al., 2011). The T 
allele of the GPx1 rs1050450 (C→ T) gene variant is associated with reduced enzyme 
activity. Significant association between the T allele and peripheral neuropathy in subjects 
with diabetes is observed (Tang et al., 2010). Takapoo at al. using a murine model of GPx1 
deficiency (Gpx1(+/-)) found elevated hydrogen peroxide levels and increased secretion of 
the pro-inflammatory immunomodulator cyclophilin A (CyPA) in both arterial segments 
and cultured smooth muscle cells as compared to wild type. Reduction in vascular cell GPx1 
activity and the associated increase in oxidative stress cause CyPA-mediated paracrine 
activation of smooth muscle cells. These findings identify a mechanism by which an 
imbalance in antioxidant capacity may contribute to vascular disease (Takapoo et al., 2011). 
Mice with a disrupted GPx1 gene (Gpx1 0/0) developed myocarditis after coxsackievirus B3 
infection, whereas infected wild-type mice (Gpx1 +/+) were resistant. Thus, GPx1 provides 
protection against viral-induced damage in vivo due to mutations in the viral genome of a 
benign virus (Beck et al., 1998). The deficiency of GPx1 promotes atherogenesis (Lubos et al., 
2011). Severe acute hemoglobinemia and hemoglobinuria were described as a result a 
hereditary heterozygous GPx deficiency in Japan (Gondo et al., 1992). Patients with reduced 
GPx activity are at a high risk of developing carbamazepine-induced hemolytic crisis 
and/or aplastic crisis (Yamamoto et al., 2007). 

2.6 Point mutation in peroxiredoxin 

Peroxiredoxin (Prx) is a scavenger of hydrogen peroxide and alkyl hydroperoxides in living 
organisms. Six distinct mammalian Prx isozymes, types 1 to 6, have been detected in a 
wide range of tissues, and these have been shown to have strong antioxidant activities in 
vitro. In addition to their antioxidant activity, Prxs have been implicated in a number of 
cellular functions (Lee et al., 2003). Prx2 is an antioxidant enzyme that uses cysteine 
residues to decompose peroxides. Prx2 is the third most abundant protein in erythrocytes, 
and competes effectively with catalase and glutathione peroxidase to scavenge low levels 
of hydrogen peroxide, including that derived from hemoglobin autoxidation (Low, et al., 
2008). Mice lacking Prdx1 are viable and fertile but have a shortened lifespan owing to the 
development of severe haemolytic anaemia and several malignant cancers, both of which 
are also observed at increased frequency in heterozygotes. The haemolytic anaemia is 
characterized by an increase in erythrocyte reactive oxygen species, leading to protein 
oxidation, haemoglobin instability, Heinz body formation and decreased erythrocyte 
lifespan (Neumann et al., 2003). Point mutations in gene Prx2 in humans are not 
described.  

2.7 Point mutation in superoxide dismutase 1 

Superoxide dismutase 1 (SOD1) is a primarily cytosolic enzyme of the cellular oxidative 
defense and acts as a protein homodimer with each monomer containing one complexed 
copper and zinc ion. Point mutations scattered throughout the sequence of Cu,Zn 
superoxide dismutase 1 (SOD1) cause a subset of amyotrophic lateral sclerosis (ALS) 
cases. ALS is a progressive neurodegenerative disorder affecting motor neurons (Ip et al., 
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2011). The 140 Cu,Zn SOD1 gene mutations associated with ALS is described (Giannini et 
al., 2010). Variable penetrance and predominant lower motor neuron involvement are 
common characteristics in patients bearing mutations in exon 3 of the SOD1 gene (del 
Grande et al., 2011). Some mutations are associated with a long survival time, while 
others are linked to a very rapid progression (Syriani et al., 2009). With mild mechanical 
trauma which causes no major tissue damage, the G93A-SOD1 gene mutation alters the 
balance between pro-apoptotic and pro-survival molecular signals in the spinal cord 
tissue, leading to a premature activation of molecular pathways implicated in the natural 
development of ALS (Jokic et al., 2010). Mitochondria have shown to be an early target in 
ALS pathogenesis and contribute to the disease progression. Morphological and 
functional defects in mitochondria were found in both human patients and ALS mice 
overexpressing mutant SOD1. Axonal transport of mitochondria along microtubules is 
disrupted in ALS (Shi et al., 2010). Abnormal neuronal connectivity in primary motor 
cortex resulting from the G93A-SOD1 mutation might extend to adjacent regions and 
promote development of cognitive/dementia alterations frequently associated with ALS 
(Spalloni et al. 2011). Mutant SOD1 can alter cell cycle in a cellular model of ALS. 
Modifications in cell cycle progression could be due to an increased interaction between 
mutant G93A SOD1 and Bcl-2 through the cyclin regulator p27 (Cova et al., 2010). The 
D90A mutation has been identified in recessive, dominant, and apparently sporadic cases. 
A→C exchange at position 272 in the SOD1 gene is detected. This mutation results in an 
amino acid substitution of alanine for aspartate at position 90 (D90A). D90A in 
heterozygous state may cause predominant upper motor neuron phenotype with very 
slow progression (Luigetti et al., 2009). Oxidative stress markers have been found in 
nervous and peripheral tissues of familial and sporadic ALS patients (Cova et al., 2010). 
Lipid peroxidation in the erythrocytes of ALS patients was significantly increased with 
respect to controls (Babu et al., 2008). Recently described chronic, but moderate 
regenerative, haemolytic anaemia of aged SOD1-knockout mice is associated with 
erythrocytes modifications and sensitivity to both intra- and extra-vascular haemolysis 
(Starzyński et al., 2009). Deficiency of the SOD1 gene causes anemia and autoimmune 
responses against erythrocytes. Severity of anemia and levels of intracellular reactive 
oxygen species are positively correlated. Oxidation-mediated autoantibody production 
may be a more general mechanism for autoimmune hemolytic anemia and related 
autoimmune diseases. Shift in glucose metabolism to the pentose phosphate pathway and 
decrease in the energy charge potential of erythrocytes, increase in reactive oxygen 
species due to SOD1 deficiency accelerate erythrocytes destruction by affecting carbon 
metabolism and increasing oxidative modification of lipids and proteins. The resulting 
oxidation products are antigenic and, consequently, trigger autoantibody production, 
leading to autoimmune responses (Iuchi et al., 2007, 2009, 2010). 

2.8 Point mutation in catalase 

Catalase is an important anti-oxidant enzyme and physiologically maintains tissue and 
cellular redox homeostasis, thus plays a central role in defense against oxidative stress, it is 
the main regulator of hydrogen peroxide metabolism. Catalase is a tetramer of four 
polypeptide chains, each over 500 amino acids, it contains four porhyrin heme (iron) groups 
that allow the enzyme to react with hydrogen peroxide (Uchida et al., 2011). 
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source of reducing equivalents. GPx1 is found in the cytoplasm and mitochondria of all cell 
types, whose preferred substrate is hydrogen peroxide (Dimastrogiovanni et al., 2010). 
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the pro-inflammatory immunomodulator cyclophilin A (CyPA) in both arterial segments 
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activity and the associated increase in oxidative stress cause CyPA-mediated paracrine 
activation of smooth muscle cells. These findings identify a mechanism by which an 
imbalance in antioxidant capacity may contribute to vascular disease (Takapoo et al., 2011). 
Mice with a disrupted GPx1 gene (Gpx1 0/0) developed myocarditis after coxsackievirus B3 
infection, whereas infected wild-type mice (Gpx1 +/+) were resistant. Thus, GPx1 provides 
protection against viral-induced damage in vivo due to mutations in the viral genome of a 
benign virus (Beck et al., 1998). The deficiency of GPx1 promotes atherogenesis (Lubos et al., 
2011). Severe acute hemoglobinemia and hemoglobinuria were described as a result a 
hereditary heterozygous GPx deficiency in Japan (Gondo et al., 1992). Patients with reduced 
GPx activity are at a high risk of developing carbamazepine-induced hemolytic crisis 
and/or aplastic crisis (Yamamoto et al., 2007). 

2.6 Point mutation in peroxiredoxin 

Peroxiredoxin (Prx) is a scavenger of hydrogen peroxide and alkyl hydroperoxides in living 
organisms. Six distinct mammalian Prx isozymes, types 1 to 6, have been detected in a 
wide range of tissues, and these have been shown to have strong antioxidant activities in 
vitro. In addition to their antioxidant activity, Prxs have been implicated in a number of 
cellular functions (Lee et al., 2003). Prx2 is an antioxidant enzyme that uses cysteine 
residues to decompose peroxides. Prx2 is the third most abundant protein in erythrocytes, 
and competes effectively with catalase and glutathione peroxidase to scavenge low levels 
of hydrogen peroxide, including that derived from hemoglobin autoxidation (Low, et al., 
2008). Mice lacking Prdx1 are viable and fertile but have a shortened lifespan owing to the 
development of severe haemolytic anaemia and several malignant cancers, both of which 
are also observed at increased frequency in heterozygotes. The haemolytic anaemia is 
characterized by an increase in erythrocyte reactive oxygen species, leading to protein 
oxidation, haemoglobin instability, Heinz body formation and decreased erythrocyte 
lifespan (Neumann et al., 2003). Point mutations in gene Prx2 in humans are not 
described.  

2.7 Point mutation in superoxide dismutase 1 

Superoxide dismutase 1 (SOD1) is a primarily cytosolic enzyme of the cellular oxidative 
defense and acts as a protein homodimer with each monomer containing one complexed 
copper and zinc ion. Point mutations scattered throughout the sequence of Cu,Zn 
superoxide dismutase 1 (SOD1) cause a subset of amyotrophic lateral sclerosis (ALS) 
cases. ALS is a progressive neurodegenerative disorder affecting motor neurons (Ip et al., 
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2011). The 140 Cu,Zn SOD1 gene mutations associated with ALS is described (Giannini et 
al., 2010). Variable penetrance and predominant lower motor neuron involvement are 
common characteristics in patients bearing mutations in exon 3 of the SOD1 gene (del 
Grande et al., 2011). Some mutations are associated with a long survival time, while 
others are linked to a very rapid progression (Syriani et al., 2009). With mild mechanical 
trauma which causes no major tissue damage, the G93A-SOD1 gene mutation alters the 
balance between pro-apoptotic and pro-survival molecular signals in the spinal cord 
tissue, leading to a premature activation of molecular pathways implicated in the natural 
development of ALS (Jokic et al., 2010). Mitochondria have shown to be an early target in 
ALS pathogenesis and contribute to the disease progression. Morphological and 
functional defects in mitochondria were found in both human patients and ALS mice 
overexpressing mutant SOD1. Axonal transport of mitochondria along microtubules is 
disrupted in ALS (Shi et al., 2010). Abnormal neuronal connectivity in primary motor 
cortex resulting from the G93A-SOD1 mutation might extend to adjacent regions and 
promote development of cognitive/dementia alterations frequently associated with ALS 
(Spalloni et al. 2011). Mutant SOD1 can alter cell cycle in a cellular model of ALS. 
Modifications in cell cycle progression could be due to an increased interaction between 
mutant G93A SOD1 and Bcl-2 through the cyclin regulator p27 (Cova et al., 2010). The 
D90A mutation has been identified in recessive, dominant, and apparently sporadic cases. 
A→C exchange at position 272 in the SOD1 gene is detected. This mutation results in an 
amino acid substitution of alanine for aspartate at position 90 (D90A). D90A in 
heterozygous state may cause predominant upper motor neuron phenotype with very 
slow progression (Luigetti et al., 2009). Oxidative stress markers have been found in 
nervous and peripheral tissues of familial and sporadic ALS patients (Cova et al., 2010). 
Lipid peroxidation in the erythrocytes of ALS patients was significantly increased with 
respect to controls (Babu et al., 2008). Recently described chronic, but moderate 
regenerative, haemolytic anaemia of aged SOD1-knockout mice is associated with 
erythrocytes modifications and sensitivity to both intra- and extra-vascular haemolysis 
(Starzyński et al., 2009). Deficiency of the SOD1 gene causes anemia and autoimmune 
responses against erythrocytes. Severity of anemia and levels of intracellular reactive 
oxygen species are positively correlated. Oxidation-mediated autoantibody production 
may be a more general mechanism for autoimmune hemolytic anemia and related 
autoimmune diseases. Shift in glucose metabolism to the pentose phosphate pathway and 
decrease in the energy charge potential of erythrocytes, increase in reactive oxygen 
species due to SOD1 deficiency accelerate erythrocytes destruction by affecting carbon 
metabolism and increasing oxidative modification of lipids and proteins. The resulting 
oxidation products are antigenic and, consequently, trigger autoantibody production, 
leading to autoimmune responses (Iuchi et al., 2007, 2009, 2010). 

2.8 Point mutation in catalase 

Catalase is an important anti-oxidant enzyme and physiologically maintains tissue and 
cellular redox homeostasis, thus plays a central role in defense against oxidative stress, it is 
the main regulator of hydrogen peroxide metabolism. Catalase is a tetramer of four 
polypeptide chains, each over 500 amino acids, it contains four porhyrin heme (iron) groups 
that allow the enzyme to react with hydrogen peroxide (Uchida et al., 2011). 
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Catalase deficiency in blood is known as acatalasemia. Deficiency of catalase may cause 
high concentrations of hydrogen peroxide and increase the risk of the development of 
pathologies for which oxidative stress is a contributing factor. Hydrogen peroxide at high 
concentrations is a toxic agent, while at low concentrations it appears to modulate some 
physiological processes such as signaling in cell proliferation, apoptosis, carbohydrate 
metabolism, and platelet activation. Benign catalase gene mutations in 5' noncoding region 
and intron 1 have no effect on catalase activity and are not associated with a disease. 
Decreases in catalase activity in patients with tumors is more likely to be due to decreased 
enzyme synthesis rather than to catalase mutations. Acatalasemia, the inherited deficiency 
of catalase has been detected in 11 countries (Góth et al., 2004). The molecular defects in the 
catalase gene, levels of m-RNA and properties of the residual catalase studied by scientists 
are reviewed in human (Japanese, Swiss and Hungarian) and non-human (mouse and 
beagle dog) acatalasemia. Japanese acatalasemia-I, the G to A transition at the fifth position 
of intron 4 of the catalase gene, limits the correct splicing of the mRNA, resulting in trace 
quantities of catalase with normal properties. The bicistronic microRNA miR-144/451 can 
influence gene expression by altering the activity of a key transcriptional program factor, 
impacting anti-oxidant-encoding genes like catalase (Yu et al., 2010). Hungarian 
acatalasemia type C showed a splicing mutation. In the Japanese acatalasemia II and the 
type A and B of Hungarian acatalasemia, deletion or insertion of nucleotides was observed 
in the coding regions, and a frame shift altered downstream amino acid sequences and 
formed truncated proteins. In the Hungarian acatalasemia D, substitution of an exon 
nucleotide was found. In mouse and beagle dog acatalasemia, substitution of nucleotides in 
the coding regions was also observed. Studies of residual catalase in Swiss mouse and 
beagle dog acatalasemia showed that aberrant catalase protein degrades more quickly than 
normal catalase in cells (Ogata et al., 2008). Japanese-type acatalasemia (Takarara disease) is 
characterized by the almost total loss of catalase activity in erythrocytes and is often 
associated with ulcerating oral lesions (Hirono et al, 1995). Polymerization of hemoglobin 
and aggregation of the acatalasemic erythrocytes observed upon the addition of hydrogen 
peroxide сan be the mechanism for the onset of Takarara disease (Masuoka et al., 2006). 
Catalase deficiency in Hungary has been reported to be associated with increased frequency 
of diabetes mellitus (Vitai et al, 2005). That is human acatalasemia may be a risk factor for 
the development of diabetes mellitus. Catalase plays a crucial role in the defense against 
oxidative-stress-mediated pancreatic beta cell death (Kikumoto et al., 2009). Exon 2 and 
neighboring introns of the catalase gene may be minor hot spots for type 2 diabetes mellitus 
susceptibility mutations (Vitai et al., 2005). The catalase gene was selected as a candidate 
gene because of the reduction of catalase enzyme activity and concomitant accumulation of 
excess hydrogen peroxide observed in the entire epidermis of vitiligo patients. One of three 
catalase genetic markers studied was found to be informative for genotypic analysis of 
Caucasian vitiligo patients and control subjects. Both case/control and family-based genetic 
association studies of the T/C single nucleotide polymorphism (SNP) in exon 9 of the 
catalase gene, which is detectable with the restriction endonuclease BstX I, suggest possible 
association between the catalase gene and vitiligo susceptibility. The observations that T/C 
heterozygotes are more frequent among vitiligo patients than controls and that the C allele 
is transmitted more frequently to patients than controls suggest that linked mutations in or 
near the catalase gene might contribute to a quantitative deficiency of catalase activity in the 
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epidermis and the accumulation of excess hydrogen peroxide (Casp et al., 2002). The 
increased plasma homocysteine and inherited catalase deficiency together could promote 
oxidative stress via hydrogen peroxide. The patients with inherited catalase deficiency are 
more sensitive to oxidative stress of hydrogen peroxide than the normocatalasemic family 
members (Góth et al., 2003). The normal activity of glutathione peroxidase could prevent the 
lysis of the erythrocytes in acatalasemic patients. In the presence of extremely high levels of 
hydrogen peroxide acute hemolysis may not be excluded; therefore, follow-up of these 
patients is required (Góth et al., 1995). Patients with low (inherited and acquired) catalase 
activities who are treated with infusion of uric acid oxidase because they are at risk of 
tumour lysis syndrome may experience very high concentrations of hydrogen peroxide. 
They may suffer from methemoglobinaemia and haemolytic anaemia which may be 
attributed either to deficiency of glucose-6-phosphate dehydrogenase or to other unknown 
circumstances. Data have not been reported from catalase deficient patients who were 
treated with uric acid oxidase. It may be hypothesized that their decreased blood catalase 
could lead to an  increased concentration of hydrogen peroxide which may cause 
haemolysis and formation of methemoglobin. Blood catalase activity should be measured 
for patients at risk of tumour lysis syndrome prior to uric acid oxidase treatment. (Góth et 
al., 2007). Acatalasic erythrocytes metabolized glucose through the hexosemonophosphate 
shunt at three times the normal rate and increased this rate many times when exposed to 
levels of peroxide-generating drugs that had negligible effect on normal erythrocytes. When 
erythrocytes lacked both their hexosemonophosphate shunt and catalase, oxidative damage 
was greater than with either deficiency alone (Harry Jacobt et al., 1965). Under acatalasemic 
conditions, it was suggested that NAD(P)H is an important factor to prevent oxidative 
degradation of hemoglobin (Masuoka et al., 2003). 

2.9 Point mutation in adenylate kinase and pyrimidine 5'-nucleotidase 

Erythrocytes adenylate kinase (AK) deficiency is a rare hereditary erythroenzymopathy 
associated with moderate to severe nonspherocytic hemolytic anemia and, in some cases, 
with mental retardation and psychomotor impairment. To date, diagnosis of AK deficiency 
depends on demonstration of low enzyme activity in erythrocytes and detection of 
mutations in AK1 gene. Five variants of AK1 isoenzyme-bearing mutations (118G→A, 
190G→A, 382C→T, 418-420del, and 491A→G) are found in AK-deficient patients with 
chronic hemolytic anemia (Abrusci et al., 2007). Pyrimidine 5' -nucleotidase (P5'N-1) 
deficiency is one of the frequent enzyme abnormalities causing hereditary nonspherocytic 
hemolytic anemia. The disease is transmitted as an autosomal recessive trait. The degree of 
hemolysis is generally mild-to moderate. The structural human gene for P5'N-1 is now 
available and fifteen different mutations have been identified so far. Some patients exhibit 
high residual P5'N-1 activity, suggesting that P5'N-1 deficiency is compensate by other 
nucleotidases and/or alternative pathways in nucleotide metabolism. No specific therapy 
for P5'N-1 deficiency is now available (Kondo, 1990; Chiarelli et al., 2006). 

3. Conclusion 
The optimum metabolism of erythrocytes depends on activity of glucose transporter type 1, 
glycolysis enzymes, glutathione synthetase, glutathione reductase, glutathione peroxidase, 
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Catalase deficiency in blood is known as acatalasemia. Deficiency of catalase may cause 
high concentrations of hydrogen peroxide and increase the risk of the development of 
pathologies for which oxidative stress is a contributing factor. Hydrogen peroxide at high 
concentrations is a toxic agent, while at low concentrations it appears to modulate some 
physiological processes such as signaling in cell proliferation, apoptosis, carbohydrate 
metabolism, and platelet activation. Benign catalase gene mutations in 5' noncoding region 
and intron 1 have no effect on catalase activity and are not associated with a disease. 
Decreases in catalase activity in patients with tumors is more likely to be due to decreased 
enzyme synthesis rather than to catalase mutations. Acatalasemia, the inherited deficiency 
of catalase has been detected in 11 countries (Góth et al., 2004). The molecular defects in the 
catalase gene, levels of m-RNA and properties of the residual catalase studied by scientists 
are reviewed in human (Japanese, Swiss and Hungarian) and non-human (mouse and 
beagle dog) acatalasemia. Japanese acatalasemia-I, the G to A transition at the fifth position 
of intron 4 of the catalase gene, limits the correct splicing of the mRNA, resulting in trace 
quantities of catalase with normal properties. The bicistronic microRNA miR-144/451 can 
influence gene expression by altering the activity of a key transcriptional program factor, 
impacting anti-oxidant-encoding genes like catalase (Yu et al., 2010). Hungarian 
acatalasemia type C showed a splicing mutation. In the Japanese acatalasemia II and the 
type A and B of Hungarian acatalasemia, deletion or insertion of nucleotides was observed 
in the coding regions, and a frame shift altered downstream amino acid sequences and 
formed truncated proteins. In the Hungarian acatalasemia D, substitution of an exon 
nucleotide was found. In mouse and beagle dog acatalasemia, substitution of nucleotides in 
the coding regions was also observed. Studies of residual catalase in Swiss mouse and 
beagle dog acatalasemia showed that aberrant catalase protein degrades more quickly than 
normal catalase in cells (Ogata et al., 2008). Japanese-type acatalasemia (Takarara disease) is 
characterized by the almost total loss of catalase activity in erythrocytes and is often 
associated with ulcerating oral lesions (Hirono et al, 1995). Polymerization of hemoglobin 
and aggregation of the acatalasemic erythrocytes observed upon the addition of hydrogen 
peroxide сan be the mechanism for the onset of Takarara disease (Masuoka et al., 2006). 
Catalase deficiency in Hungary has been reported to be associated with increased frequency 
of diabetes mellitus (Vitai et al, 2005). That is human acatalasemia may be a risk factor for 
the development of diabetes mellitus. Catalase plays a crucial role in the defense against 
oxidative-stress-mediated pancreatic beta cell death (Kikumoto et al., 2009). Exon 2 and 
neighboring introns of the catalase gene may be minor hot spots for type 2 diabetes mellitus 
susceptibility mutations (Vitai et al., 2005). The catalase gene was selected as a candidate 
gene because of the reduction of catalase enzyme activity and concomitant accumulation of 
excess hydrogen peroxide observed in the entire epidermis of vitiligo patients. One of three 
catalase genetic markers studied was found to be informative for genotypic analysis of 
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epidermis and the accumulation of excess hydrogen peroxide (Casp et al., 2002). The 
increased plasma homocysteine and inherited catalase deficiency together could promote 
oxidative stress via hydrogen peroxide. The patients with inherited catalase deficiency are 
more sensitive to oxidative stress of hydrogen peroxide than the normocatalasemic family 
members (Góth et al., 2003). The normal activity of glutathione peroxidase could prevent the 
lysis of the erythrocytes in acatalasemic patients. In the presence of extremely high levels of 
hydrogen peroxide acute hemolysis may not be excluded; therefore, follow-up of these 
patients is required (Góth et al., 1995). Patients with low (inherited and acquired) catalase 
activities who are treated with infusion of uric acid oxidase because they are at risk of 
tumour lysis syndrome may experience very high concentrations of hydrogen peroxide. 
They may suffer from methemoglobinaemia and haemolytic anaemia which may be 
attributed either to deficiency of glucose-6-phosphate dehydrogenase or to other unknown 
circumstances. Data have not been reported from catalase deficient patients who were 
treated with uric acid oxidase. It may be hypothesized that their decreased blood catalase 
could lead to an  increased concentration of hydrogen peroxide which may cause 
haemolysis and formation of methemoglobin. Blood catalase activity should be measured 
for patients at risk of tumour lysis syndrome prior to uric acid oxidase treatment. (Góth et 
al., 2007). Acatalasic erythrocytes metabolized glucose through the hexosemonophosphate 
shunt at three times the normal rate and increased this rate many times when exposed to 
levels of peroxide-generating drugs that had negligible effect on normal erythrocytes. When 
erythrocytes lacked both their hexosemonophosphate shunt and catalase, oxidative damage 
was greater than with either deficiency alone (Harry Jacobt et al., 1965). Under acatalasemic 
conditions, it was suggested that NAD(P)H is an important factor to prevent oxidative 
degradation of hemoglobin (Masuoka et al., 2003). 

2.9 Point mutation in adenylate kinase and pyrimidine 5'-nucleotidase 

Erythrocytes adenylate kinase (AK) deficiency is a rare hereditary erythroenzymopathy 
associated with moderate to severe nonspherocytic hemolytic anemia and, in some cases, 
with mental retardation and psychomotor impairment. To date, diagnosis of AK deficiency 
depends on demonstration of low enzyme activity in erythrocytes and detection of 
mutations in AK1 gene. Five variants of AK1 isoenzyme-bearing mutations (118G→A, 
190G→A, 382C→T, 418-420del, and 491A→G) are found in AK-deficient patients with 
chronic hemolytic anemia (Abrusci et al., 2007). Pyrimidine 5' -nucleotidase (P5'N-1) 
deficiency is one of the frequent enzyme abnormalities causing hereditary nonspherocytic 
hemolytic anemia. The disease is transmitted as an autosomal recessive trait. The degree of 
hemolysis is generally mild-to moderate. The structural human gene for P5'N-1 is now 
available and fifteen different mutations have been identified so far. Some patients exhibit 
high residual P5'N-1 activity, suggesting that P5'N-1 deficiency is compensate by other 
nucleotidases and/or alternative pathways in nucleotide metabolism. No specific therapy 
for P5'N-1 deficiency is now available (Kondo, 1990; Chiarelli et al., 2006). 

3. Conclusion 
The optimum metabolism of erythrocytes depends on activity of glucose transporter type 1, 
glycolysis enzymes, glutathione synthetase, glutathione reductase, glutathione peroxidase, 
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peroxiredoxin 2, superoxide dismutase 1, catalase and  nucleotide metabolism. To date, all 
of the enzyme-deficient variants which have been investigated were caused by point 
mutations. Most mutations are located in the coding sequences of genes.  

Expression of mutant glucose transporter 1 (GLUT1) resulted in a significant decrease in 
transport activity. Impaired glucose transport across brain tissue barriers results in epilepsy, 
mental retardation and motor disorders. Recently, mutations in GLUT1 gene have been 
identified as a cause in some patients with autosomal dominant paroxysmal exercise-
induced dyskinesias,  which in certain cases was accompanied by hemolytic anemia with 
echinocytosis. The causative mutations for some forms of hereditary stomatocytosis have 
been found to result from mutations in SLC2A1, encoding GLUT1. Stomatocytosis is 
associated with a cold-induced cation leak, hemolytic anemia and hepatosplenomegaly but 
also with cataracts, seizures, mental retardation and movement disorder. 

Erythrocytes glucose metabolism only depends on hexokinase 1 (HK1) activity. HK1 
deficiency is a very rare disease with a clinical phenotype of hemolysis. Glucose-6-
phosphate isomerase (GPI) deficiency is one of the most common cause of congenital 
nonspherocytic hemolytic anemia. Patients with inherited GPI deficiency present with 
nonspherocytic anemia of variable severity, and with neuromuscular dysfunction. 
Homozygous GPI deficiency in human is responsible for chronic nonspherocytic hemolytic 
anemia. GPI deficiency can become clinically relevant consequence to the administration of 
drugs. GPI deficiency can lead to the impairment of the system that removes free radicals 
generated by amoxicillin, thereby resulting in oxidation of hemoglobin and destabilization 
of erythrocytes membranes, with acute hemolysis and severe hemoglobinuria. 
Phosphofructokinase (PFK) deficiency was the first recognized disorder that directly affects 
glycolysis. Several mutations in PFKM cause type VII glycogen storage disease (GSDVII), 
which is a rare disease described by Tarui (Tarui’s disease). GSDVII is characterized by the 
coexistence of muscle disease and hemolytic process. PFK deficiency include isolated 
hemolytic anemia, compensated hemolysis or asymptomatic state. Portal and mesenteric 
vein thrombosis in patient with a known case of PFK deficiency has been described. 

Aldolase A deficiency has been reported as a rare, autosomal recessive disorder. Clinical 
manifestations of aldolase A deficiency included transfusion-dependent anemia, increasing 
muscle weakness and rhabdomyolysis. Hemolytic crisis in patients with aldolase A 
deficiency can be provoked by fever, upper respiratory infections.  

Recent evidence suggests that glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a 
multifunctional protein displaying diverse activities distinct from its conventional metabolic 
role. GAPDH has been referred to as a "housekeeping" protein and based on the view that 
GAPDH gene expression remains constant. Evidence of an impairment of GAPDH 
glycolytic function in Alzheimer's and Huntington's disease subcellular fractions despite 
unchanged gene expression is reported. 

Phosphoglycerate kinase (PGK) deficiency is generally associated with chronic hemolytic 
anemia, although it can be accompanied by either mental retardation or muscular disease.  

In human, phosphoglycerate mutase (PGAM) is present in three isozymes. The homodimer 
BB is present in erythrocytes. Only one PGAM BB deficiency has been reported. In a patient 
with clinical diagnosis of Hereditary Spherocytosis and partial deficiency (50%) of 
erythrocytes PGAM activity, a homozygous point mutation have recently been reported. 

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

273 

Erytrocytes enolase deficiency is rare, and its pathogenesis, inheritance and clinical 
manifestation have not been firmly established. Enolase deficiency causes chronic 
nonspecific hemolytic anemia. Chronic hemolytic anemia associated with erythrocyte 
enolase deficiency exacerbated by ingestion of nitrofurantoin has been described. 

Pyruvate kinase (PK) deficiency is one of the most frequent red cell enzymatic defect 
responsible for hereditary nonspherocytic hemolytic anemia. According to the most recent 
database, more than 180 mutations have been reported on the PK-LR gene. Erythrocytes PK 
plays an important role as an antioxidant during erythroid differentiation. Glycolytic 
inhibition by erythrocytes PK gene mutation augmented oxidative stress, leading to 
activation of hypoxia-inducible factor-1 as well as downstream proapoptotic gene 
expression. 

Glucose 6-phosphate dehydrogenase (G6PD) deficiency, the most common enzyme 
deficiency worldwide, causes a spectrum of diseases including neonatal hyperbilirubinemia, 
acute hemolysis, and chronic hemolysis. Persons with this condition also may be 
asymptomatic. Approximately 400 million people are affected worldwide ahd about 160 
mutations have been reported. Acute hemolysis is caused by exposure to an oxidative 
stressor such as infection, some foods (fava beans), drugs or various chemicals.  

Few cases of erytrocytes 6-phosphogluconate dehydrogenase (6PGD) deficiency in human 
have been described. The episodic hemolytic events with jaundice in patients with 6PGD 
deficiency may be the result of a defective erythrocytes ability to counteract conditions of 
marked oxidative stress as happens at birth and following traumatic events. 

Glutathione synthetase (GS) deficiency is a rare autosomal recessive disorder. Clinically 
affected patients present with severe metabolic acidosis, 5-oxoprolinuria, increased rate of 
hemolysis, hemolytic anemia, neonatal jaundice and defective function of the central 
nervous system. A milder form of GS deficiency apparently restricted to erythrocytes, is 
associated with decreased erythrocyte GSH levels and hemolytic disease, which is usually 
well compensated. Complete loss of function of both GS alleles is probably lethal. 

The clinical symptoms of glutathione reductase (GR) deficiency include reduced lifespan of 
erythrocytes, cataract, and favism (hemolytic crises after eating fava beans). GR deficiency may 
alter the clinical manifestation of an unstable hemoglobinopathy and may be the cause of 
neonatal hyperbilirubinemia. GR deficiency state can be asymptomatic as the residual enzyme 
activity might be sufficient to maintain the reduced glutathione level to prevent oxidative 
stress. Whereas inherited glutathione reductase deficiency is rare, acquired GR deficiency due 
to low amounts of riboflavin in the diet is common in malnourished populations. 

Severe acute hemoglobinemia and hemoglobinuria has been described as a result a hereditary 
heterozygous glutathione peroxidase (GPx) deficiency in Japan. Patients with reduced GPx 
activity are at a high risk of developing carbamazepine-induced hemolytic crisis and/or 
aplastic crisis. Point mutations in gene peroxiredoxin 2 in human are not described. 

Deficiency of the SOD1 gene causes anemia and autoimmune responses against 
erythrocytes. Severity of anemia and levels of intracellular reactive oxygen species are 
positively correlated. Oxidation-mediated autoantibody production may be a more general 
mechanism for autoimmune hemolytic anemia and related autoimmune diseases. Shift in 
glucose metabolism to the pentose phosphate pathway and decrease in the energy charge 
potential of erythrocytes, increase in reactive oxygen species due to SOD1 deficiency 
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peroxiredoxin 2, superoxide dismutase 1, catalase and  nucleotide metabolism. To date, all 
of the enzyme-deficient variants which have been investigated were caused by point 
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induced dyskinesias,  which in certain cases was accompanied by hemolytic anemia with 
echinocytosis. The causative mutations for some forms of hereditary stomatocytosis have 
been found to result from mutations in SLC2A1, encoding GLUT1. Stomatocytosis is 
associated with a cold-induced cation leak, hemolytic anemia and hepatosplenomegaly but 
also with cataracts, seizures, mental retardation and movement disorder. 

Erythrocytes glucose metabolism only depends on hexokinase 1 (HK1) activity. HK1 
deficiency is a very rare disease with a clinical phenotype of hemolysis. Glucose-6-
phosphate isomerase (GPI) deficiency is one of the most common cause of congenital 
nonspherocytic hemolytic anemia. Patients with inherited GPI deficiency present with 
nonspherocytic anemia of variable severity, and with neuromuscular dysfunction. 
Homozygous GPI deficiency in human is responsible for chronic nonspherocytic hemolytic 
anemia. GPI deficiency can become clinically relevant consequence to the administration of 
drugs. GPI deficiency can lead to the impairment of the system that removes free radicals 
generated by amoxicillin, thereby resulting in oxidation of hemoglobin and destabilization 
of erythrocytes membranes, with acute hemolysis and severe hemoglobinuria. 
Phosphofructokinase (PFK) deficiency was the first recognized disorder that directly affects 
glycolysis. Several mutations in PFKM cause type VII glycogen storage disease (GSDVII), 
which is a rare disease described by Tarui (Tarui’s disease). GSDVII is characterized by the 
coexistence of muscle disease and hemolytic process. PFK deficiency include isolated 
hemolytic anemia, compensated hemolysis or asymptomatic state. Portal and mesenteric 
vein thrombosis in patient with a known case of PFK deficiency has been described. 

Aldolase A deficiency has been reported as a rare, autosomal recessive disorder. Clinical 
manifestations of aldolase A deficiency included transfusion-dependent anemia, increasing 
muscle weakness and rhabdomyolysis. Hemolytic crisis in patients with aldolase A 
deficiency can be provoked by fever, upper respiratory infections.  

Recent evidence suggests that glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a 
multifunctional protein displaying diverse activities distinct from its conventional metabolic 
role. GAPDH has been referred to as a "housekeeping" protein and based on the view that 
GAPDH gene expression remains constant. Evidence of an impairment of GAPDH 
glycolytic function in Alzheimer's and Huntington's disease subcellular fractions despite 
unchanged gene expression is reported. 

Phosphoglycerate kinase (PGK) deficiency is generally associated with chronic hemolytic 
anemia, although it can be accompanied by either mental retardation or muscular disease.  

In human, phosphoglycerate mutase (PGAM) is present in three isozymes. The homodimer 
BB is present in erythrocytes. Only one PGAM BB deficiency has been reported. In a patient 
with clinical diagnosis of Hereditary Spherocytosis and partial deficiency (50%) of 
erythrocytes PGAM activity, a homozygous point mutation have recently been reported. 
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Erytrocytes enolase deficiency is rare, and its pathogenesis, inheritance and clinical 
manifestation have not been firmly established. Enolase deficiency causes chronic 
nonspecific hemolytic anemia. Chronic hemolytic anemia associated with erythrocyte 
enolase deficiency exacerbated by ingestion of nitrofurantoin has been described. 

Pyruvate kinase (PK) deficiency is one of the most frequent red cell enzymatic defect 
responsible for hereditary nonspherocytic hemolytic anemia. According to the most recent 
database, more than 180 mutations have been reported on the PK-LR gene. Erythrocytes PK 
plays an important role as an antioxidant during erythroid differentiation. Glycolytic 
inhibition by erythrocytes PK gene mutation augmented oxidative stress, leading to 
activation of hypoxia-inducible factor-1 as well as downstream proapoptotic gene 
expression. 

Glucose 6-phosphate dehydrogenase (G6PD) deficiency, the most common enzyme 
deficiency worldwide, causes a spectrum of diseases including neonatal hyperbilirubinemia, 
acute hemolysis, and chronic hemolysis. Persons with this condition also may be 
asymptomatic. Approximately 400 million people are affected worldwide ahd about 160 
mutations have been reported. Acute hemolysis is caused by exposure to an oxidative 
stressor such as infection, some foods (fava beans), drugs or various chemicals.  

Few cases of erytrocytes 6-phosphogluconate dehydrogenase (6PGD) deficiency in human 
have been described. The episodic hemolytic events with jaundice in patients with 6PGD 
deficiency may be the result of a defective erythrocytes ability to counteract conditions of 
marked oxidative stress as happens at birth and following traumatic events. 

Glutathione synthetase (GS) deficiency is a rare autosomal recessive disorder. Clinically 
affected patients present with severe metabolic acidosis, 5-oxoprolinuria, increased rate of 
hemolysis, hemolytic anemia, neonatal jaundice and defective function of the central 
nervous system. A milder form of GS deficiency apparently restricted to erythrocytes, is 
associated with decreased erythrocyte GSH levels and hemolytic disease, which is usually 
well compensated. Complete loss of function of both GS alleles is probably lethal. 

The clinical symptoms of glutathione reductase (GR) deficiency include reduced lifespan of 
erythrocytes, cataract, and favism (hemolytic crises after eating fava beans). GR deficiency may 
alter the clinical manifestation of an unstable hemoglobinopathy and may be the cause of 
neonatal hyperbilirubinemia. GR deficiency state can be asymptomatic as the residual enzyme 
activity might be sufficient to maintain the reduced glutathione level to prevent oxidative 
stress. Whereas inherited glutathione reductase deficiency is rare, acquired GR deficiency due 
to low amounts of riboflavin in the diet is common in malnourished populations. 

Severe acute hemoglobinemia and hemoglobinuria has been described as a result a hereditary 
heterozygous glutathione peroxidase (GPx) deficiency in Japan. Patients with reduced GPx 
activity are at a high risk of developing carbamazepine-induced hemolytic crisis and/or 
aplastic crisis. Point mutations in gene peroxiredoxin 2 in human are not described. 
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erythrocytes. Severity of anemia and levels of intracellular reactive oxygen species are 
positively correlated. Oxidation-mediated autoantibody production may be a more general 
mechanism for autoimmune hemolytic anemia and related autoimmune diseases. Shift in 
glucose metabolism to the pentose phosphate pathway and decrease in the energy charge 
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accelerates erythrocytes destruction by affecting carbon metabolism and increase oxidative 
modification of lipids and proteins. The resulting oxidation products are antigenic and, 
consequently, trigger autoantibody production, leading to autoimmune responses. 

Acatalasemia, the inherited deficiency of catalase has been detected in 11 countries. 
Japanese-type acatalasemia (Takarara disease) is characterized by the almost total loss of 
catalase activity in erythrocytes and is often associated with ulcerating oral lesions. 
Polymerization of hemoglobin and aggregation of the acatalasemic erythrocytes observed 
upon the addition hydrogen peroxide сan be the mechanism for the onset of Takarara 
disease. The patients with inherited catalase deficiency are more sensitive to oxidative stress 
to hydrogen peroxide. In the presence of extremely high levels of hydrogen peroxide acute 
hemolysis may not be excluded. Patients with low inherited catalase activities who are 
treated with infusion of uric acid oxidase because they are at risk of tumour lysis syndrome 
may experience very high concentrations of hydrogen peroxide. Inherited adenylate kinase 
deficiency and pyrimidine 5'-nucleotidase deficiency causes hemolytic anemia. 

Under physiological conditions, changes in the activity of proteins and enzymes of 
erythrocytes owing to point mutations may not be appreciable, however under certain 
conditions for example, the neonatal period, activation of oxidative stress such as during 
nfection, a hypoxemia-ischemia, an acidosis, reception of some medicament, influence of 
toxins, point mutations in proteins and enzymes of erythrocytes can lead to premature 
destruction of erytrocytes, development of intravascular hemolysis and hemolytic anemia. 
Hence, erytrhrocyte enzyme deficiency should be considered in patients with hemolytic 
anaemia. Extended molecular analysis is useful for studying how several interacting gene 
mutations contribute to the clinical variability of erytrocytes enzymes deficiency. 

4. References 
Abrusci P., Chiarelli L.R., Galizzi A., Fermo E., Bianchi P., Zanella A. & Valentini G. (2007) 

Erythrocyte adenylate kinase deficiency: characterization of recombinant mutant 
forms and relationship with nonspherocytic hemolytic anemia. Exp Hematol. 
Aug;35(8):1182-9. 

Aisaki K., Aizawa S., Fujii H., Kanno J. & Kanno H. (2007) Glycolytic inhibition by mutation 
of pyruvate kinase gene increases oxidative stress and causes apoptosis of a 
pyruvate kinase deficient cell line. Exp Hematol. Aug;35(8):1190-200.  

Al-Jishi E., Meyer B.F., Rashed M.S., Al-Essa M., Al-Hamed M.H., Sakati N., Sanjad S., 
Ozand P.T. & Kambouris M. (1999) Clinical, biochemical, and molecular 
characterization of patients with glutathione synthetase deficiency. Clin Genet. 
Jun;55(6):444-9. 

Alfinito F., Ferraro F., Rocco S., De Vendittis E., Piccirillo G., Sementa A., Colombo M.B., 
Zanella A. & Rotoli B. (1994) Glucose phosphate isomerase (GPI) "Morcone": a new 
variant from Italy.Eur J Haematol. May;52(5):263-6. 

Al-Hassnan Z.N., Al Budhaim M., Al-Owain M., Lach B., Al-Dhalaan H. (2007) Muscle 
phosphofructokinase deficiency with neonatal seizures and nonprogressive course. 
J Child Neurol. Jan;22(1):106-8. 

Babu G.N., Kumar A., Chandra R., Puri S.K., Singh R.L., Kalita J. & Misra U.K. (2008) 
Oxidant-antioxidant imbalance in the erythrocytes of sporadic amyotrophic lateral 
sclerosis patients correlates with the progression of disease. Neurochem Int. 
May;52(6):1284-9. 

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

275 

Beck M.A., Esworthy R.S., Ho Y.S. & Chu FF. (1998) Glutathione peroxidase protects mice 
from viral-induced myocarditis. FASEB J. Sep;12(12):1143-9.  

Beulter E. (1996) G6PD: population genetics and clinical manifestations. Blood Rev Mar;10 
(1):45-52. 

Beutler E. & Gelbart T. (2000) Estimating the prevalence of pyruvate kinase deficiency from 
the gene frequency in the general white population. Blood. Jun 1;95(11):3585-8. 

Bianchi M., Crinelli R., Serafini G., Giammarini C. & Magnani M. (1997) Molecular bases of 
hexokinase deficiency. Biochim Biophys Acta. May 24;1360(3):211-21. 

Bianchi M. & Magnani M. (1995) Hexokinase mutations that produce nonspherocytic 
hemolytic anemia. Blood Cells Mol Dis. 21(1):2-8. 

Bonnefond A., Vaxillaire M., Labrune Y., Lecoeur C., Chèvre J.C., Bouatia-Naji N., Cauchi S., 
Balkau B., Marre M., Tichet J., Riveline J.P., Hadjadj S., Gallois Y., Czernichow S., 
Hercberg S., Kaakinen M., Wiesner S., Charpentier G., Lévy-Marchal C., Elliott P., 
Jarvelin M.R., Horber F., Dina C., Pedersen O., Sladek R., Meyre D. & Froguel P. 
(2009) Genetic variant in HK1 is associated with a proanemic state and A1C but not 
other glycemic control-related traits. Diabetes. Nov;58(11):2687-97. 

Boulard-Heitzmann P., Boulard M., Tallineau C., Boivin P., Tanzer J., Bois M. & Barriere M. 
(1984) Decreased red cell enolase activity in a 40-year-old woman with 
compensated haemolysis. Scand J Haematol. Nov;33(5):401-4. 

Burstedt M.S., Ristoff E., Larsson A. & Wachtmeister L. (2009) Rod-cone dystrophy with 
maculopathy in genetic glutathione synthetase deficiency: a morphologic and 
electrophysiologic study. Ophthalmology. Feb;116(2):324-31 

Caprari P., Caforio M.P., Cianciulli P., Maffi D., Pasquino M.T., Tarzia A., Amadori S. & 
Salvati A.M.(2001) 6-Phosphogluconate dehydrogenase deficiency in an Italian 
family. Ann Hematol. Jan;80(1):41-4). 

Carruthers A., DeZutter J., Ganguly A. & Devaskar S.U. (2009) Will the original glucose 
transporter isoform please stand up! Am J Physiol Endocrinol Metab. Oct;297(4):E836-
48. 

Casado A., Casado C., López-Fernández E. & de la Torre R. (1995) Enzyme deficiencies in 
neonates with jaundice. Panminerva Med. Dec;37(4):175-7. 

Casp C.B., She J.X. & McCormack W.T. (2002) Genetic association of the catalase gene (CAT) 
with vitiligo susceptibility.Pigment Cell Res. Feb;15(1):62-6. 

Chiarelli L.R., Fermo E., Zanella A. & Valentini G. (2006) Hereditary erythrocyte pyrimidine 
5'-nucleotidase deficiency: a biochemical, genetic and clinical overview. Hematology. 
Feb;11(1):67-72. 

Cohen-Solal M., Valentin C., Plassa F., Guillemin G., Danze F., Jaisson F. & Rosa R. (1994) 
Identification of new mutations in two phosphoglycerate kinase (PGK) variants 
expressing different clinical syndromes: PGK Créteil and PGK Amiens. Blood. Aug 
1;84(3):898-903. 

Colell A., Green D.R. & Ricci J.E. (2009) Novel roles for GAPDH in cell death and 
carcinogenesis. Cell Death Differ. Dec;16(12):1573-81. 

Corrons J.L., Alvarez R., Pujades A., Zarza R., Oliva E., Lasheras G., Callis M., Ribes A., 
Gelbart T. & Beutler E. (2001) Hereditary non-spherocytic haemolytic anaemia due 
to red blood cell glutathione synthetase deficiency in four unrelated patients from 
Spain: clinical and molecular studies.Br J Haematol. Feb;112(2):475-82. 

Cova E., Bongioanni P., Cereda C., Metelli M.R., Salvaneschi L., Bernuzzi S., Guareschi S., 
Rossi B. & Ceroni M. (2010) Time course of oxidant markers and antioxidant 
defenses in subgroups of amyotrophic lateral sclerosis patients. Neurochem Int. 
Apr;56(5):687-93. 



 
Point Mutation 

 

274 

accelerates erythrocytes destruction by affecting carbon metabolism and increase oxidative 
modification of lipids and proteins. The resulting oxidation products are antigenic and, 
consequently, trigger autoantibody production, leading to autoimmune responses. 

Acatalasemia, the inherited deficiency of catalase has been detected in 11 countries. 
Japanese-type acatalasemia (Takarara disease) is characterized by the almost total loss of 
catalase activity in erythrocytes and is often associated with ulcerating oral lesions. 
Polymerization of hemoglobin and aggregation of the acatalasemic erythrocytes observed 
upon the addition hydrogen peroxide сan be the mechanism for the onset of Takarara 
disease. The patients with inherited catalase deficiency are more sensitive to oxidative stress 
to hydrogen peroxide. In the presence of extremely high levels of hydrogen peroxide acute 
hemolysis may not be excluded. Patients with low inherited catalase activities who are 
treated with infusion of uric acid oxidase because they are at risk of tumour lysis syndrome 
may experience very high concentrations of hydrogen peroxide. Inherited adenylate kinase 
deficiency and pyrimidine 5'-nucleotidase deficiency causes hemolytic anemia. 

Under physiological conditions, changes in the activity of proteins and enzymes of 
erythrocytes owing to point mutations may not be appreciable, however under certain 
conditions for example, the neonatal period, activation of oxidative stress such as during 
nfection, a hypoxemia-ischemia, an acidosis, reception of some medicament, influence of 
toxins, point mutations in proteins and enzymes of erythrocytes can lead to premature 
destruction of erytrocytes, development of intravascular hemolysis and hemolytic anemia. 
Hence, erytrhrocyte enzyme deficiency should be considered in patients with hemolytic 
anaemia. Extended molecular analysis is useful for studying how several interacting gene 
mutations contribute to the clinical variability of erytrocytes enzymes deficiency. 

4. References 
Abrusci P., Chiarelli L.R., Galizzi A., Fermo E., Bianchi P., Zanella A. & Valentini G. (2007) 

Erythrocyte adenylate kinase deficiency: characterization of recombinant mutant 
forms and relationship with nonspherocytic hemolytic anemia. Exp Hematol. 
Aug;35(8):1182-9. 

Aisaki K., Aizawa S., Fujii H., Kanno J. & Kanno H. (2007) Glycolytic inhibition by mutation 
of pyruvate kinase gene increases oxidative stress and causes apoptosis of a 
pyruvate kinase deficient cell line. Exp Hematol. Aug;35(8):1190-200.  

Al-Jishi E., Meyer B.F., Rashed M.S., Al-Essa M., Al-Hamed M.H., Sakati N., Sanjad S., 
Ozand P.T. & Kambouris M. (1999) Clinical, biochemical, and molecular 
characterization of patients with glutathione synthetase deficiency. Clin Genet. 
Jun;55(6):444-9. 

Alfinito F., Ferraro F., Rocco S., De Vendittis E., Piccirillo G., Sementa A., Colombo M.B., 
Zanella A. & Rotoli B. (1994) Glucose phosphate isomerase (GPI) "Morcone": a new 
variant from Italy.Eur J Haematol. May;52(5):263-6. 

Al-Hassnan Z.N., Al Budhaim M., Al-Owain M., Lach B., Al-Dhalaan H. (2007) Muscle 
phosphofructokinase deficiency with neonatal seizures and nonprogressive course. 
J Child Neurol. Jan;22(1):106-8. 

Babu G.N., Kumar A., Chandra R., Puri S.K., Singh R.L., Kalita J. & Misra U.K. (2008) 
Oxidant-antioxidant imbalance in the erythrocytes of sporadic amyotrophic lateral 
sclerosis patients correlates with the progression of disease. Neurochem Int. 
May;52(6):1284-9. 

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

275 

Beck M.A., Esworthy R.S., Ho Y.S. & Chu FF. (1998) Glutathione peroxidase protects mice 
from viral-induced myocarditis. FASEB J. Sep;12(12):1143-9.  

Beulter E. (1996) G6PD: population genetics and clinical manifestations. Blood Rev Mar;10 
(1):45-52. 

Beutler E. & Gelbart T. (2000) Estimating the prevalence of pyruvate kinase deficiency from 
the gene frequency in the general white population. Blood. Jun 1;95(11):3585-8. 

Bianchi M., Crinelli R., Serafini G., Giammarini C. & Magnani M. (1997) Molecular bases of 
hexokinase deficiency. Biochim Biophys Acta. May 24;1360(3):211-21. 

Bianchi M. & Magnani M. (1995) Hexokinase mutations that produce nonspherocytic 
hemolytic anemia. Blood Cells Mol Dis. 21(1):2-8. 

Bonnefond A., Vaxillaire M., Labrune Y., Lecoeur C., Chèvre J.C., Bouatia-Naji N., Cauchi S., 
Balkau B., Marre M., Tichet J., Riveline J.P., Hadjadj S., Gallois Y., Czernichow S., 
Hercberg S., Kaakinen M., Wiesner S., Charpentier G., Lévy-Marchal C., Elliott P., 
Jarvelin M.R., Horber F., Dina C., Pedersen O., Sladek R., Meyre D. & Froguel P. 
(2009) Genetic variant in HK1 is associated with a proanemic state and A1C but not 
other glycemic control-related traits. Diabetes. Nov;58(11):2687-97. 

Boulard-Heitzmann P., Boulard M., Tallineau C., Boivin P., Tanzer J., Bois M. & Barriere M. 
(1984) Decreased red cell enolase activity in a 40-year-old woman with 
compensated haemolysis. Scand J Haematol. Nov;33(5):401-4. 

Burstedt M.S., Ristoff E., Larsson A. & Wachtmeister L. (2009) Rod-cone dystrophy with 
maculopathy in genetic glutathione synthetase deficiency: a morphologic and 
electrophysiologic study. Ophthalmology. Feb;116(2):324-31 

Caprari P., Caforio M.P., Cianciulli P., Maffi D., Pasquino M.T., Tarzia A., Amadori S. & 
Salvati A.M.(2001) 6-Phosphogluconate dehydrogenase deficiency in an Italian 
family. Ann Hematol. Jan;80(1):41-4). 

Carruthers A., DeZutter J., Ganguly A. & Devaskar S.U. (2009) Will the original glucose 
transporter isoform please stand up! Am J Physiol Endocrinol Metab. Oct;297(4):E836-
48. 

Casado A., Casado C., López-Fernández E. & de la Torre R. (1995) Enzyme deficiencies in 
neonates with jaundice. Panminerva Med. Dec;37(4):175-7. 

Casp C.B., She J.X. & McCormack W.T. (2002) Genetic association of the catalase gene (CAT) 
with vitiligo susceptibility.Pigment Cell Res. Feb;15(1):62-6. 

Chiarelli L.R., Fermo E., Zanella A. & Valentini G. (2006) Hereditary erythrocyte pyrimidine 
5'-nucleotidase deficiency: a biochemical, genetic and clinical overview. Hematology. 
Feb;11(1):67-72. 

Cohen-Solal M., Valentin C., Plassa F., Guillemin G., Danze F., Jaisson F. & Rosa R. (1994) 
Identification of new mutations in two phosphoglycerate kinase (PGK) variants 
expressing different clinical syndromes: PGK Créteil and PGK Amiens. Blood. Aug 
1;84(3):898-903. 

Colell A., Green D.R. & Ricci J.E. (2009) Novel roles for GAPDH in cell death and 
carcinogenesis. Cell Death Differ. Dec;16(12):1573-81. 

Corrons J.L., Alvarez R., Pujades A., Zarza R., Oliva E., Lasheras G., Callis M., Ribes A., 
Gelbart T. & Beutler E. (2001) Hereditary non-spherocytic haemolytic anaemia due 
to red blood cell glutathione synthetase deficiency in four unrelated patients from 
Spain: clinical and molecular studies.Br J Haematol. Feb;112(2):475-82. 

Cova E., Bongioanni P., Cereda C., Metelli M.R., Salvaneschi L., Bernuzzi S., Guareschi S., 
Rossi B. & Ceroni M. (2010) Time course of oxidant markers and antioxidant 
defenses in subgroups of amyotrophic lateral sclerosis patients. Neurochem Int. 
Apr;56(5):687-93. 



 
Point Mutation 

 

276 

Cova E., Ghiroldi A., Guareschi S., Mazzini G., Gagliardi S., Davin A., Bianchi M., Ceroni M. 
& Cereda C. (2010) G93A SOD1 alters cell cycle in a cellular model of Amyotrophic 
Lateral Sclerosis. Cell Signal. Oct;22(10):1477-84 

Dahl N., Pigg M., Ristoff E., Gali R., Carlsson B., Mannervik B., Larsson A. & Board P. (1997) 
Missense mutations in the human glutathione synthetase gene result in severe 
metabolic acidosis, 5-oxoprolinuria, hemolytic anemia and neurological 
dysfunction. Hum Mol Genet. Jul;6(7):1147-52. 

de Atauri P., Repiso A., Oliva B., Vives-Corrons J.L., Climent F. & Carreras J. (2005) 
Characterization of the first described mutation of human red blood cell 
phosphoglycerate mutase. Biochim Biophys Acta. Jun 10;1740(3):403-10.  

de Vooght K.M., van Solinge W.W., van Wesel A.C., Kersting S. & van Wijk R. (2009) First 
mutation in the red blood cell-specific promoter of hexokinase combined with a 
novel missense mutation causes hexokinase deficiency and mild chronic hemolysis. 
Haematologica. Sep;94(9):1203-10. 

del Grande A., Luigetti M., Conte A., Mancuso I., Lattante S., Marangi G., Stipa G., Zollino 
M. & Sabatelli M. (2011) A novel L67P SOD1 mutation in an Italian ALS patient. 
Amyotroph Lateral Scler. Mar;12(2):150-2. 

Dimastrogiovanni D., Anselmi M., Miele A.E., Boumis G., Petersson L., Angelucci F., Nola 
A.D., Brunori M. & Bellelli A. (2010) Combining crystallography and molecular 
dynamics: the case of Schistosoma mansoni phospholipid glutathione peroxidase. 
Proteins. Feb 1;78(2):259-70. 

el-Hazmi M.A. & Warsy A.S. (1989) Glutathione reductase in the south-western province of 
Saudi Arabia--genetic variation vs. acquired deficiency Haematologia (Budap). 
22(1):37-42. 

Esposito G., Vitagliano L., Costanzo P., Borrelli L., Barone R., Pavone L., Izzo .P, Zagari A. & 
Salvatore F. (2004) Human aldolase A natural mutants: relationship between 
flexibility of the C-terminal region and enzyme function. Biochem J. May 15;380(Pt 
1):51-6. 

Esposito G., Vitagliano L., Costanzo P., Borrelli L., Barone R., Pavone L., Izzo P., Zagari A. & 
Salvatore F. (2004) Human aldolase A natural mutants: relationship between 
flexibility of the C-terminal region and enzyme function. Biochem J. May 15;380(Pt 
1):51-6. 

Etiemble J, Simeon J, Buc HA, Picat C, Boulard M, Boivin P. A liver-type mutation in a case 
of pronounced erythrocyte phosphofructokinase deficiency without clinical 
expression. Biochim Biophys Acta. 1983 Sep 13;759(3):236-42. 

Flanagan J.M., Rhodes M., Wilson M. & Beutler E. (2006) The identification of a recurrent 
phosphoglycerate kinase mutation associated with chronic haemolytic anaemia and 
neurological dysfunction in a family from USA. Br J Haematol. Jul;134(2):233-7. 

Flatt J.F., Guizouarn H., Burton N.M., Borgese F., Tomlinson R.J., Forsyth R.J., Baldwin S.A., 
Levinson B.E., Quittet P., Aguilar-Martinez P., Delaunay J., Stewart G.W., & Bruce 
L.J. (2011) Stomatin-deficient cryohydrocytosis results from mutations in SLC2A1: a 
novel form of GLUT1 deficiency syndrome. Blood. Jul. 26 Available from: 
<http://bloodjournal.hematologylibrary.org/content/early/2011/07/26/blood-
2010-12-326645.full.pdf+html> 

Fogelfeld L., Sarova-Pinchas I., Meytes D., Barash V., Brok-Simoni F. & Feigl D. (1990) 
Phosphofructokinase deficiency (Tarui disease) associated with hepatic 
glucuronyltransferase deficiency (Gilbert's syndrome): a case and family study. Isr J 
Med Sci.Jun;26(6):328-33. 

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

277 

Frank J.E. (2005) Diagnosis and management of G6PD deficiency. Am Fam Physician. Oct 
1;72(7):1277-82.  

Fujii H., Kanno H., Hirono A., Shiomura T. & Miwa S. (1992) A single amino acid 
substitution (157 Gly----Val) in a phosphoglycerate kinase variant (PGK Shizuoka) 
associated with chronic hemolysis and myoglobinuria. Blood. Mar 15;79(6):1582-5. 

García M., Pujol A., Ruzo A., Riu E., Ruberte J., Arbós A., Serafín A., Albella B., Felíu J.E. & 
Bosch F. (2009) Phosphofructo-1-kinase deficiency leads to a severe cardiac and 
hematological disorder in addition to skeletal muscle glycogenosis. PLoS Genet. 
Aug;5(8):e1000615. 

Giannini F., Battistini S., Mancuso M., Greco G., Ricci C., Volpi N., Del Corona A., Piazza S. 
& Siciliano G. (2010) D90A-SOD1 mutation in ALS: The first report of heterozygous 
Italian patients and unusual findings. Amyotroph Lateral Scler. 2010;11(1-2):216-9. 

Gondo H., Ideguchi H., Hayashi S. & Shibuya T. (1992) Acute hemolysis in glutathione 
peroxidase deficiency. Int J Hematol. Jun;55(3):215-8. 

Góth L. & Bigler N.W. (2007) Catalase deficiency may complicate urate oxidase (rasburicase) 
therapy.Free Radic Res. Sep;41(9):953-5. 

Góth L., Rass P. & Páy A. (2004) Catalase enzyme mutations and their association with 
diseases.Mol Diagn. 8(3):141-9. 

Góth L. & Vitai M. (1999) Hungarian hereditary acatalasemia and hypocatalasemia are not 
associated with chronic hemolysis. Clin Chim Acta. Jan 16;233(1-2):75-9. 

Góth L. & Vitai M. (2003) The effects of hydrogen peroxide promoted by homocysteine and 
inherited catalase deficiency on human hypocatalasemic patients. Free Radic Biol 
Med. Oct 15;35(8):882-8. 

Guis M.S., Karadsheh N. & Mentzer W.C. (1987) Phosphoglycerate kinase San Francisco: a 
new variant associated with hemolytic anemia but not with neuromuscular 
manifestations. Am J Hematol. Jun;25(2):175-82. 

Haller J.F., Krawczyk S.A., Gostilovitch L., Corkey B.E. & Zoeller R.A. (2011) Glucose-6-
phosphate isomerase deficiency results in mTOR activation, failed translocation of 
lipin 1α to the nucleus and hypersensitivity to glucose: Implications for the 
inherited glycolytic disease. Biochim Biophys Acta. Jul 22; Available from: 
<http://www.sciencedirect.com/science/article/pii/S0925443911001608 >. 

Haller J.F., Smith C., Liu D., Zheng H., Tornheim K., Han G.S., Carman G.M. & Zoeller R.A. 
(2010) Isolation of novel animal cell lines defective in glycerolipid biosynthesis 
reveals mutations in glucose-6-phosphate isomerase. J Biol Chem. 2010 Jan 
8;285(2):866-77. 

Haller J.F., Smith C., Liu D., Zheng H., Tornheim K., Han G.S., Carman G.M., Zoeller R.A. 
Lin H.Y., Kao Y.H., Chen S.T.  & Meng M. (2009) Effects of inherited mutations on 
catalytic activity and structural stability of human glucose-6-phosphate isomerase 
expressed in Escherichia coli. Biochim Biophys Acta. Feb;1794(2):315-23.  

Harry S. Jacobt, Sidney H. Ingbar, James H. Jandl & Susan C. (1965) Bell Oxidative 
Hemolysis and Erythrocyte Metabolism in Hereditary Acatalasia Journal of Clinical 
Investigation (44)7:1187-99. 

He W., Wang Y., Liu W. & Zhou C.Z. (2007) Crystal structure of Saccharomyces cerevisiae 6-
phosphogluconate dehydrogenase Gnd1.BMC Struct Biol Jun 14; Vol. 7, pp. 38-47.  

Hirono A., Iyori H., Sekine I., Ueyama J., Chiba H., Kanno H., Fujii H. & Miwa S. (1996) 
Three cases of hereditary nonspherocytic hemolytic anemia associated with red 
blood cell glutathione deficiency. Blood. 1996 Mar 1;87(5):2071-4. 



 
Point Mutation 

 

276 

Cova E., Ghiroldi A., Guareschi S., Mazzini G., Gagliardi S., Davin A., Bianchi M., Ceroni M. 
& Cereda C. (2010) G93A SOD1 alters cell cycle in a cellular model of Amyotrophic 
Lateral Sclerosis. Cell Signal. Oct;22(10):1477-84 

Dahl N., Pigg M., Ristoff E., Gali R., Carlsson B., Mannervik B., Larsson A. & Board P. (1997) 
Missense mutations in the human glutathione synthetase gene result in severe 
metabolic acidosis, 5-oxoprolinuria, hemolytic anemia and neurological 
dysfunction. Hum Mol Genet. Jul;6(7):1147-52. 

de Atauri P., Repiso A., Oliva B., Vives-Corrons J.L., Climent F. & Carreras J. (2005) 
Characterization of the first described mutation of human red blood cell 
phosphoglycerate mutase. Biochim Biophys Acta. Jun 10;1740(3):403-10.  

de Vooght K.M., van Solinge W.W., van Wesel A.C., Kersting S. & van Wijk R. (2009) First 
mutation in the red blood cell-specific promoter of hexokinase combined with a 
novel missense mutation causes hexokinase deficiency and mild chronic hemolysis. 
Haematologica. Sep;94(9):1203-10. 

del Grande A., Luigetti M., Conte A., Mancuso I., Lattante S., Marangi G., Stipa G., Zollino 
M. & Sabatelli M. (2011) A novel L67P SOD1 mutation in an Italian ALS patient. 
Amyotroph Lateral Scler. Mar;12(2):150-2. 

Dimastrogiovanni D., Anselmi M., Miele A.E., Boumis G., Petersson L., Angelucci F., Nola 
A.D., Brunori M. & Bellelli A. (2010) Combining crystallography and molecular 
dynamics: the case of Schistosoma mansoni phospholipid glutathione peroxidase. 
Proteins. Feb 1;78(2):259-70. 

el-Hazmi M.A. & Warsy A.S. (1989) Glutathione reductase in the south-western province of 
Saudi Arabia--genetic variation vs. acquired deficiency Haematologia (Budap). 
22(1):37-42. 

Esposito G., Vitagliano L., Costanzo P., Borrelli L., Barone R., Pavone L., Izzo .P, Zagari A. & 
Salvatore F. (2004) Human aldolase A natural mutants: relationship between 
flexibility of the C-terminal region and enzyme function. Biochem J. May 15;380(Pt 
1):51-6. 

Esposito G., Vitagliano L., Costanzo P., Borrelli L., Barone R., Pavone L., Izzo P., Zagari A. & 
Salvatore F. (2004) Human aldolase A natural mutants: relationship between 
flexibility of the C-terminal region and enzyme function. Biochem J. May 15;380(Pt 
1):51-6. 

Etiemble J, Simeon J, Buc HA, Picat C, Boulard M, Boivin P. A liver-type mutation in a case 
of pronounced erythrocyte phosphofructokinase deficiency without clinical 
expression. Biochim Biophys Acta. 1983 Sep 13;759(3):236-42. 

Flanagan J.M., Rhodes M., Wilson M. & Beutler E. (2006) The identification of a recurrent 
phosphoglycerate kinase mutation associated with chronic haemolytic anaemia and 
neurological dysfunction in a family from USA. Br J Haematol. Jul;134(2):233-7. 

Flatt J.F., Guizouarn H., Burton N.M., Borgese F., Tomlinson R.J., Forsyth R.J., Baldwin S.A., 
Levinson B.E., Quittet P., Aguilar-Martinez P., Delaunay J., Stewart G.W., & Bruce 
L.J. (2011) Stomatin-deficient cryohydrocytosis results from mutations in SLC2A1: a 
novel form of GLUT1 deficiency syndrome. Blood. Jul. 26 Available from: 
<http://bloodjournal.hematologylibrary.org/content/early/2011/07/26/blood-
2010-12-326645.full.pdf+html> 

Fogelfeld L., Sarova-Pinchas I., Meytes D., Barash V., Brok-Simoni F. & Feigl D. (1990) 
Phosphofructokinase deficiency (Tarui disease) associated with hepatic 
glucuronyltransferase deficiency (Gilbert's syndrome): a case and family study. Isr J 
Med Sci.Jun;26(6):328-33. 

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

277 

Frank J.E. (2005) Diagnosis and management of G6PD deficiency. Am Fam Physician. Oct 
1;72(7):1277-82.  

Fujii H., Kanno H., Hirono A., Shiomura T. & Miwa S. (1992) A single amino acid 
substitution (157 Gly----Val) in a phosphoglycerate kinase variant (PGK Shizuoka) 
associated with chronic hemolysis and myoglobinuria. Blood. Mar 15;79(6):1582-5. 

García M., Pujol A., Ruzo A., Riu E., Ruberte J., Arbós A., Serafín A., Albella B., Felíu J.E. & 
Bosch F. (2009) Phosphofructo-1-kinase deficiency leads to a severe cardiac and 
hematological disorder in addition to skeletal muscle glycogenosis. PLoS Genet. 
Aug;5(8):e1000615. 

Giannini F., Battistini S., Mancuso M., Greco G., Ricci C., Volpi N., Del Corona A., Piazza S. 
& Siciliano G. (2010) D90A-SOD1 mutation in ALS: The first report of heterozygous 
Italian patients and unusual findings. Amyotroph Lateral Scler. 2010;11(1-2):216-9. 

Gondo H., Ideguchi H., Hayashi S. & Shibuya T. (1992) Acute hemolysis in glutathione 
peroxidase deficiency. Int J Hematol. Jun;55(3):215-8. 

Góth L. & Bigler N.W. (2007) Catalase deficiency may complicate urate oxidase (rasburicase) 
therapy.Free Radic Res. Sep;41(9):953-5. 

Góth L., Rass P. & Páy A. (2004) Catalase enzyme mutations and their association with 
diseases.Mol Diagn. 8(3):141-9. 

Góth L. & Vitai M. (1999) Hungarian hereditary acatalasemia and hypocatalasemia are not 
associated with chronic hemolysis. Clin Chim Acta. Jan 16;233(1-2):75-9. 

Góth L. & Vitai M. (2003) The effects of hydrogen peroxide promoted by homocysteine and 
inherited catalase deficiency on human hypocatalasemic patients. Free Radic Biol 
Med. Oct 15;35(8):882-8. 

Guis M.S., Karadsheh N. & Mentzer W.C. (1987) Phosphoglycerate kinase San Francisco: a 
new variant associated with hemolytic anemia but not with neuromuscular 
manifestations. Am J Hematol. Jun;25(2):175-82. 

Haller J.F., Krawczyk S.A., Gostilovitch L., Corkey B.E. & Zoeller R.A. (2011) Glucose-6-
phosphate isomerase deficiency results in mTOR activation, failed translocation of 
lipin 1α to the nucleus and hypersensitivity to glucose: Implications for the 
inherited glycolytic disease. Biochim Biophys Acta. Jul 22; Available from: 
<http://www.sciencedirect.com/science/article/pii/S0925443911001608 >. 

Haller J.F., Smith C., Liu D., Zheng H., Tornheim K., Han G.S., Carman G.M. & Zoeller R.A. 
(2010) Isolation of novel animal cell lines defective in glycerolipid biosynthesis 
reveals mutations in glucose-6-phosphate isomerase. J Biol Chem. 2010 Jan 
8;285(2):866-77. 

Haller J.F., Smith C., Liu D., Zheng H., Tornheim K., Han G.S., Carman G.M., Zoeller R.A. 
Lin H.Y., Kao Y.H., Chen S.T.  & Meng M. (2009) Effects of inherited mutations on 
catalytic activity and structural stability of human glucose-6-phosphate isomerase 
expressed in Escherichia coli. Biochim Biophys Acta. Feb;1794(2):315-23.  

Harry S. Jacobt, Sidney H. Ingbar, James H. Jandl & Susan C. (1965) Bell Oxidative 
Hemolysis and Erythrocyte Metabolism in Hereditary Acatalasia Journal of Clinical 
Investigation (44)7:1187-99. 

He W., Wang Y., Liu W. & Zhou C.Z. (2007) Crystal structure of Saccharomyces cerevisiae 6-
phosphogluconate dehydrogenase Gnd1.BMC Struct Biol Jun 14; Vol. 7, pp. 38-47.  

Hirono A., Iyori H., Sekine I., Ueyama J., Chiba H., Kanno H., Fujii H. & Miwa S. (1996) 
Three cases of hereditary nonspherocytic hemolytic anemia associated with red 
blood cell glutathione deficiency. Blood. 1996 Mar 1;87(5):2071-4. 



 
Point Mutation 

 

278 

Hirono A., Sasaya-Hamada F., Kanno H., Fujii H., Yoshida T. & Miwa S. (1995) A novel 
human catalase mutation (358 T-->del) causing Japanese-type acatalasemia. Blood 
Cells Mol Dis. 21(3):232-4. 

Hjelm M., Wadam B. & Yoshida A. (1980) A phosphoglycerate kinase variant, PGK Uppsala, 
associated with hemolytic anemia. J Lab Clin Med. Dec;96(6):1015-21. 

Huang I.Y., Fujii H. & Yoshida A. (1980) Structure and function of normal and variant 
human phosphoglycerate kinase. Hemoglobin. 4(5-6):601-9. 

Huppke P., Wünsch D., Pekrun A., Kind R., Winkler H., Schröter W. & Lakomek M. (1997) 
Glucose phosphate isomerase deficiency: biochemical and molecular genetic 
studies on the enzyme variants of two patients with severe haemolytic anaemia.Eur 
J Pediatr. Aug;156(8):605-9. 

Ingrosso D., Cimmino A., D'Angelo S., Alfinito F., Zappia V. & Galletti P. (2002) Protein 
methylation as a marker of aspartate damage in glucose-6-phosphate 
dehydrogenase-deficient erythrocytes: role of oxidative stress. Eur J Biochem. 
Apr;269(8):2032-9. 

Ip P., Mulligan V.K. & Chakrabartty A. (2011) ALS-causing SOD1 mutations promote 
production of copper-deficient misfolded species. J Mol Biol. Jun 24;409(5):839-52. 

Iuchi Y., Kibe N., Tsunoda S., Suzuki S., Mikami T., Okada F., Uchida K. & Fujii J. (2010) 
Implication of oxidative stress as a cause of autoimmune hemolytic anemia in NZB 
mice. Free Radic Biol Med. Apr 1;48(7):935-44. 

Iuchi Y., Okada F., Onuma K., Onoda T., Asao H., Kobayashi M. & Fujii J. (2007) Elevated 
oxidative stress in erythrocytes due to a SOD1 deficiency causes anaemia and 
triggers autoantibody production. Biochem J. Mar 1;402(2):219-27. 

Iuchi Y., Okada F., Takamiya R., Kibe N., Tsunoda S., Nakajima O., Toyoda K., Nagae R., 
Suematsu M., Soga T., Uchida K. & Fujii J. (2009) Rescue of anaemia and 
autoimmune responses in SOD1-deficient mice by transgenic expression of human 
SOD1 in erythrocytes. Biochem J. Aug 13;422(2):313-20. 

Iyori H., Hirono A., Kobayashi N., Ishitoya N., Akatsuka J., Kanno H., Fujii H. & Miwa S. 
(1996) Glutathione synthetase deficiency. Rinsho Ketsueki. Apr;37(4):329-34. 

Jain A., Buist N.R., Kennaway N.G., Powell B.R., Auld P.A. & Mårtensson J. (1994) Effect of 
ascorbate or N-acetylcysteine treatment in a patient with hereditary glutathione 
synthetase deficiency. J Pediatr. Feb;124(2):229-33. 

Jokic N., Yip P.K., Michael-Titus A., Priestley J.V. & Malaspina A. (2010) The human G93A-
SOD1 mutation in a pre-symptomatic rat model of amyotrophic lateral sclerosis 
increases the vulnerability to a mild spinal cord compression. BMC Genomics. Nov 
15;11:633. 

Kamerbeek N.M., van Zwieten R., de Boer M., Morren G., Vuil H., Bannink N., Lincke C., 
Dolman K.M., Becker K., Schirmer R.H., Gromer S. & Roos D. (2007) Molecular 
basis of glutathione reductase deficiency in human blood cells. Blood. Apr 
15;109(8):3560-6. 

Kanno H., Fujii H., Hirono A., Ishida Y., Ohga S., Fukumoto Y., Matsuzawa K., Ogawa S. & 
Miwa S.(1996) Molecular analysis of glucose phosphate isomerase deficiency 
associated with hereditary hemolytic anemia. Blood. Sep 15;88(6):2321-5. 

Kanno H. (2000) Hexokinase: gene structure and mutations. Baillieres Best Pract Res Clin 
Haematol. Mar;13(1):83-8. 

Kedar P., Hamada T., Warang P., Nadkarni A., Shimizu K., Fujji H., Ghosh K., Kanno H. & 
Colah R. (2009) Spectrum of novel mutations in the human PKLR gene in pyruvate 
kinase-deficient Indian patients with heterogeneous clinical phenotypes. Clin Genet. 
Feb;75(2):157-62. 

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

279 

Kikumoto Y., Sugiyama H., Inoue T., Morinaga H., Takiue K., Kitagawa M., Fukuoka N., 
Saeki M., Maeshima Y., Wang D.H., Ogino K., Masuoka N. & Makino H. (2010) 
Sensitization to alloxan-induced diabetes and pancreatic cell apoptosis in 
acatalasemic mice. Biochim Biophys Acta. Feb;1802(2):240-6. 

Kiriyama T., Wakamatsu M., Furuta M., Kato H. & Ono K. (1993) Anesthesia for a patient 
with red cell aldolase deficiency. Masui. May;42(5):750-2. 

Kishi H., Mukai T., Hirono A., Fujii H., Miwa S. & Hori K. (1987) Human aldolase A 
deficiency associated with a hemolytic anemia: thermolabile aldolase due to a 
single base mutation. Proc Natl Acad Sci U S A. Dec;84(23):8623-7. 

Klepper J., Willemsen M., Verrips A., Guertsen E., Herrmann R., Kutzick C., Flörcken A. & 
Voit T. (2001) Autosomal dominant transmission of GLUT1 deficiency. Hum Mol 
Genet. Jan 1;10(1):63-8. 

Kondo T. (1990) Impaired glutathione metabolism in hemolytic anemia. Rinsho Byori. 
Apr;38(4):355-9. 

Kreuder J., Borkhardt A., Repp R., Pekrun A., Göttsche B., Gottschalk U., Reichmann H., 
Schachenmayr W., Schlegel K. & Lampert F. (1996) Brief report: inherited metabolic 
myopathy and hemolysis due to a mutation in aldolase A. N Engl J Med. Apr 
25;334(17):1100-4. 

Krietsch W.K., Eber S.W., Haas B., Ruppelt W. & Kuntz G.W. (1980) Characterization of a 
phosphoglycerate kinase deficiency variants not associated with hemolytic anemia. 
Am J Hum Genet. May;32(3):364-73. 

Kugler W., Breme K., Laspe P., Muirhead H., Davies C., Winkler H., Schröter W. & Lakomek 
M. (1998) Molecular basis of neurological dysfunction coupled with haemolytic 
anaemia in human glucose-6-phosphate isomerase (GPI) deficiency. Hum Genet. 
Oct;103(4):450-4. 

Kugler W. & Lakomek M. (2000) Glucose-6-phosphate isomerase deficiency. Baillieres Best 
Pract Res Clin Haematol. 2000 Mar;13(1):89-101. 

Lachant N.A., Jennings M.A. & Tanaka K.R. (1986) Partial erythrocyte enolase deficiency: a 
hereditary disorder with variable clinical expression. Blood 1986; 65: 55A. 

Lee T.H., Kim S.U., Yu S.L., Kim S.H., Park D.S., Moon HB, Dho SH, Kwon KS, Kwon HJ, 
Han YH, Jeong S, Kang SW, Shin HS, Lee KK, Rhee SG &Yu D Y. (2003) 
Peroxiredoxin II is essential for sustaining life span of erythrocytes in mice. Blood. 
2003 Jun 15;101(12):5033-8. 

Low F.M., Hampton M.B. & Winterbourn CC. (2008) Peroxiredoxin 2 and peroxide 
metabolism in the erythrocyte. Antioxid Redox Signal. Sep;10(9):1621-30. 

Lubos E., Kelly N.J., Oldebeken S.R., Leopold J.A., Zhang Y.Y., Loscalzo J. & Handy DE. 
(2011) Glutathione Peroxidase-1 (GPx-1) deficiency augments pro-inflammatory 
cytokine-induced redox signaling and human endothelial cell activation. J Biol 
Chem. Aug 18; Available from:  

 <http://www.jbc.org/content/early/2011/08/18/jbc.M110.205708.full.pdf+html >. 
Lubos E., Loscalzo J. & Handy D.E. (2011) Glutathione peroxidase-1 in health and disease: 

from molecular mechanisms to therapeutic opportunities. Antioxid Redox Signal.  
Oct 1;15(7):1957-97. 

Luigetti Mю, Conte Aю, Madia Fю, Marangi G., Zollino M., Mancuso I., Dileone M., Del 
Grande A., Di Lazzaro V., Tonali P.A. & Sabatelli M. (2009) Heterozygous SOD1 
D90A mutation presenting as slowly progressive predominant upper motor neuron 
amyotrophic lateral sclerosis. Neurol Sci. Dec;30(6):517-20. 

Madhoun M.F., Maple J.T. & Comp P.C. (2011) Phosphofructokinase deficiency and portal 
and mesenteric vein thrombosis. Am J Med Sci. May;341(5):417-9. 



 
Point Mutation 

 

278 

Hirono A., Sasaya-Hamada F., Kanno H., Fujii H., Yoshida T. & Miwa S. (1995) A novel 
human catalase mutation (358 T-->del) causing Japanese-type acatalasemia. Blood 
Cells Mol Dis. 21(3):232-4. 

Hjelm M., Wadam B. & Yoshida A. (1980) A phosphoglycerate kinase variant, PGK Uppsala, 
associated with hemolytic anemia. J Lab Clin Med. Dec;96(6):1015-21. 

Huang I.Y., Fujii H. & Yoshida A. (1980) Structure and function of normal and variant 
human phosphoglycerate kinase. Hemoglobin. 4(5-6):601-9. 

Huppke P., Wünsch D., Pekrun A., Kind R., Winkler H., Schröter W. & Lakomek M. (1997) 
Glucose phosphate isomerase deficiency: biochemical and molecular genetic 
studies on the enzyme variants of two patients with severe haemolytic anaemia.Eur 
J Pediatr. Aug;156(8):605-9. 

Ingrosso D., Cimmino A., D'Angelo S., Alfinito F., Zappia V. & Galletti P. (2002) Protein 
methylation as a marker of aspartate damage in glucose-6-phosphate 
dehydrogenase-deficient erythrocytes: role of oxidative stress. Eur J Biochem. 
Apr;269(8):2032-9. 

Ip P., Mulligan V.K. & Chakrabartty A. (2011) ALS-causing SOD1 mutations promote 
production of copper-deficient misfolded species. J Mol Biol. Jun 24;409(5):839-52. 

Iuchi Y., Kibe N., Tsunoda S., Suzuki S., Mikami T., Okada F., Uchida K. & Fujii J. (2010) 
Implication of oxidative stress as a cause of autoimmune hemolytic anemia in NZB 
mice. Free Radic Biol Med. Apr 1;48(7):935-44. 

Iuchi Y., Okada F., Onuma K., Onoda T., Asao H., Kobayashi M. & Fujii J. (2007) Elevated 
oxidative stress in erythrocytes due to a SOD1 deficiency causes anaemia and 
triggers autoantibody production. Biochem J. Mar 1;402(2):219-27. 

Iuchi Y., Okada F., Takamiya R., Kibe N., Tsunoda S., Nakajima O., Toyoda K., Nagae R., 
Suematsu M., Soga T., Uchida K. & Fujii J. (2009) Rescue of anaemia and 
autoimmune responses in SOD1-deficient mice by transgenic expression of human 
SOD1 in erythrocytes. Biochem J. Aug 13;422(2):313-20. 

Iyori H., Hirono A., Kobayashi N., Ishitoya N., Akatsuka J., Kanno H., Fujii H. & Miwa S. 
(1996) Glutathione synthetase deficiency. Rinsho Ketsueki. Apr;37(4):329-34. 

Jain A., Buist N.R., Kennaway N.G., Powell B.R., Auld P.A. & Mårtensson J. (1994) Effect of 
ascorbate or N-acetylcysteine treatment in a patient with hereditary glutathione 
synthetase deficiency. J Pediatr. Feb;124(2):229-33. 

Jokic N., Yip P.K., Michael-Titus A., Priestley J.V. & Malaspina A. (2010) The human G93A-
SOD1 mutation in a pre-symptomatic rat model of amyotrophic lateral sclerosis 
increases the vulnerability to a mild spinal cord compression. BMC Genomics. Nov 
15;11:633. 

Kamerbeek N.M., van Zwieten R., de Boer M., Morren G., Vuil H., Bannink N., Lincke C., 
Dolman K.M., Becker K., Schirmer R.H., Gromer S. & Roos D. (2007) Molecular 
basis of glutathione reductase deficiency in human blood cells. Blood. Apr 
15;109(8):3560-6. 

Kanno H., Fujii H., Hirono A., Ishida Y., Ohga S., Fukumoto Y., Matsuzawa K., Ogawa S. & 
Miwa S.(1996) Molecular analysis of glucose phosphate isomerase deficiency 
associated with hereditary hemolytic anemia. Blood. Sep 15;88(6):2321-5. 

Kanno H. (2000) Hexokinase: gene structure and mutations. Baillieres Best Pract Res Clin 
Haematol. Mar;13(1):83-8. 

Kedar P., Hamada T., Warang P., Nadkarni A., Shimizu K., Fujji H., Ghosh K., Kanno H. & 
Colah R. (2009) Spectrum of novel mutations in the human PKLR gene in pyruvate 
kinase-deficient Indian patients with heterogeneous clinical phenotypes. Clin Genet. 
Feb;75(2):157-62. 

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

279 

Kikumoto Y., Sugiyama H., Inoue T., Morinaga H., Takiue K., Kitagawa M., Fukuoka N., 
Saeki M., Maeshima Y., Wang D.H., Ogino K., Masuoka N. & Makino H. (2010) 
Sensitization to alloxan-induced diabetes and pancreatic cell apoptosis in 
acatalasemic mice. Biochim Biophys Acta. Feb;1802(2):240-6. 

Kiriyama T., Wakamatsu M., Furuta M., Kato H. & Ono K. (1993) Anesthesia for a patient 
with red cell aldolase deficiency. Masui. May;42(5):750-2. 

Kishi H., Mukai T., Hirono A., Fujii H., Miwa S. & Hori K. (1987) Human aldolase A 
deficiency associated with a hemolytic anemia: thermolabile aldolase due to a 
single base mutation. Proc Natl Acad Sci U S A. Dec;84(23):8623-7. 

Klepper J., Willemsen M., Verrips A., Guertsen E., Herrmann R., Kutzick C., Flörcken A. & 
Voit T. (2001) Autosomal dominant transmission of GLUT1 deficiency. Hum Mol 
Genet. Jan 1;10(1):63-8. 

Kondo T. (1990) Impaired glutathione metabolism in hemolytic anemia. Rinsho Byori. 
Apr;38(4):355-9. 

Kreuder J., Borkhardt A., Repp R., Pekrun A., Göttsche B., Gottschalk U., Reichmann H., 
Schachenmayr W., Schlegel K. & Lampert F. (1996) Brief report: inherited metabolic 
myopathy and hemolysis due to a mutation in aldolase A. N Engl J Med. Apr 
25;334(17):1100-4. 

Krietsch W.K., Eber S.W., Haas B., Ruppelt W. & Kuntz G.W. (1980) Characterization of a 
phosphoglycerate kinase deficiency variants not associated with hemolytic anemia. 
Am J Hum Genet. May;32(3):364-73. 

Kugler W., Breme K., Laspe P., Muirhead H., Davies C., Winkler H., Schröter W. & Lakomek 
M. (1998) Molecular basis of neurological dysfunction coupled with haemolytic 
anaemia in human glucose-6-phosphate isomerase (GPI) deficiency. Hum Genet. 
Oct;103(4):450-4. 

Kugler W. & Lakomek M. (2000) Glucose-6-phosphate isomerase deficiency. Baillieres Best 
Pract Res Clin Haematol. 2000 Mar;13(1):89-101. 

Lachant N.A., Jennings M.A. & Tanaka K.R. (1986) Partial erythrocyte enolase deficiency: a 
hereditary disorder with variable clinical expression. Blood 1986; 65: 55A. 

Lee T.H., Kim S.U., Yu S.L., Kim S.H., Park D.S., Moon HB, Dho SH, Kwon KS, Kwon HJ, 
Han YH, Jeong S, Kang SW, Shin HS, Lee KK, Rhee SG &Yu D Y. (2003) 
Peroxiredoxin II is essential for sustaining life span of erythrocytes in mice. Blood. 
2003 Jun 15;101(12):5033-8. 

Low F.M., Hampton M.B. & Winterbourn CC. (2008) Peroxiredoxin 2 and peroxide 
metabolism in the erythrocyte. Antioxid Redox Signal. Sep;10(9):1621-30. 

Lubos E., Kelly N.J., Oldebeken S.R., Leopold J.A., Zhang Y.Y., Loscalzo J. & Handy DE. 
(2011) Glutathione Peroxidase-1 (GPx-1) deficiency augments pro-inflammatory 
cytokine-induced redox signaling and human endothelial cell activation. J Biol 
Chem. Aug 18; Available from:  

 <http://www.jbc.org/content/early/2011/08/18/jbc.M110.205708.full.pdf+html >. 
Lubos E., Loscalzo J. & Handy D.E. (2011) Glutathione peroxidase-1 in health and disease: 

from molecular mechanisms to therapeutic opportunities. Antioxid Redox Signal.  
Oct 1;15(7):1957-97. 

Luigetti Mю, Conte Aю, Madia Fю, Marangi G., Zollino M., Mancuso I., Dileone M., Del 
Grande A., Di Lazzaro V., Tonali P.A. & Sabatelli M. (2009) Heterozygous SOD1 
D90A mutation presenting as slowly progressive predominant upper motor neuron 
amyotrophic lateral sclerosis. Neurol Sci. Dec;30(6):517-20. 

Madhoun M.F., Maple J.T. & Comp P.C. (2011) Phosphofructokinase deficiency and portal 
and mesenteric vein thrombosis. Am J Med Sci. May;341(5):417-9. 



 
Point Mutation 

 

280 

Maeda M. & Yoshida A. (1991) Molecular defect of a phosphoglycerate kinase variant (PGK-
Matsue) associated with hemolytic anemia: Leu----Pro substitution caused by T/A-
---C/G transition in exon 3. Blood. Mar 15;77(6):1348-52. 

Magnani M., Stocchi V., Cucchiarini L., Novelli G., Lodi S., Isa L. & Fornaini G. (1985) 
Hereditary nonspherocytic hemolytic anemia due to a new hexokinase variant with 
reduced stability. Blood. Sep;66(3):690-7. 

Mason P. J., Bautista J. M., & Gilsanz, F. (2007) G6PD deficiency the genotype-phenotype 
association. Blood Rev. 21, 267–283. 

Masuoka N., Kodama H., Abe T., Wang D.H. & Nakano T. (2003) Characterization of 
hydrogen peroxide removal reaction by hemoglobin in the presence of reduced 
pyridine nucleotides. Biochim Biophys Acta. Jan 20;1637(1):46-54. 

Masuoka N., Sugiyama H, Ishibashi N, Wang DH, Masuoka T, Kodama H, Nakano T.(2006) 
Characterization of acatalasemic erythrocytes treated with low and high dose 
hydrogen peroxide. Hemolysis and aggregation. J Biol Chem. Aug 4;281(31):21728-34. 

Mazzola J.L. & Sirover MA. (2001) Reduction of glyceraldehyde-3-phosphate 
dehydrogenase activity in Alzheimer's disease and in Huntington's disease 
fibroblasts. J Neurochem. Jan;76(2):442-9. 

Merkle S. & Pretsch W. (1992) A glucosephosphate isomerase (GPI) null mutation in Mus 
musculus: evidence that anaerobic glycolysis is the predominant energy delivering 
pathway in early post-implantation embryos. Comp Biochem Physiol B. 
Mar;101(3):309-14. 

Merkle S. & Pretsch W. (1993) Glucose-6-phosphate isomerase deficiency associated with 
nonspherocytic hemolytic anemia in the mouse: an animal model for the human 
disease. Blood. Jan 1;81(1):206-13. 

Minucci A., Giardina B., Zuppi C. & Capoluongo E. (2009) Glucose-6-phosphate 
dehydrogenase laboratory assay: How, when, and why? IUBMB Life. Jan;61(1):27-34.  

Miwa S., Fujii H., Tani K., Takahashi K., Takegawa S., Fujinami N., Sakurai M., Kubo M., 
Tanimoto Y., Kato T. & Matsumoto N. (1981) Two cases of red cell aldolase 
deficiency associated with hereditary hemolytic anemia in a Japanese family. Am J 
Hematol. Dec;11(4):425-37. 

Mojzikova R., Dolezel P., Pavlicek J., Mlejnek P., Pospisilova D. & Divoky V. (2010) Partial 
glutathione reductase deficiency as a cause of diverse clinical manifestations in a 
family with unstable hemoglobin (Hemoglobin Haná, β63(E7) His-Asn). Blood Cells 
Mol Dis. Oct 15;45(3):219-22. 

Murakami K., Kanno H., Tancabelic J. & Fujii H. (2002) Gene expression and biological 
significance of hexokinase in erythroid cells. Acta Haematol. 108(4):204-9. 

Nakajima H., Raben N., Hamaguchi T. & Yamasaki T. (2002) Phosphofructokinase 
deficiency; past, present and future. Curr Mol Med. Mar;2(2):197-212. 

Nakashima K., Yamauchi K., Miwa S., Fujimura K., Mizutani A. & Kuramoto A. (1978) 
Glutathione reductase deficiency in a kindred with hereditary spherocytosis. Am J 
Hematol. 4(2):141-50. 

Neubauer B.A., Eber S.W., Lakomek M., Gahr M. & Schröter W. (1990) Combination of 
congenital nonspherocytic haemolytic anaemia and impairment of granulocyte 
function in severe glucosephosphate isomerase deficiency. A new variant enzyme 
designated GPI Calden. Acta Haematol. 83(4):206-10. 

Neumann C.A., Krause D.S., Carman C.V., Das S., Dubey D.P., Abraham J.L., Bronson R.T., 
Fujiwara Y., Orkin S.H. & Van Etten R.A. (2003) Essential role for the peroxiredoxin 
Prdx1 in erythrocyte antioxidant defence and tumour suppression. Nature. Jul 
31;424(6948):561-5.  

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

281 

Njålsson R. & Norgren S. (2005) Physiological and pathological aspects of GSH metabolism. 
Acta Paediatr. Feb;94(2):132-7. 

Njålsson R. & Ristoff E., Carlsson K., Winkler A., Larsson A. & Norgren S. (2005) Genotype, 
enzyme activity, glutathione level, and clinical phenotype in patients with 
glutathione synthetase deficiency. Hum Genet. Apr;116(5):384-9 

Njålsson R. (2005)  Glutathione synthetase deficiency. Cell Mol Life Sci. Sep;62(17):1938-45. 
Noel N., Flanagan J.M., Ramirez Bajo M.J., Kalko S.G., Mañú Mdel M., Garcia Fuster J.L., Perez 

de la Ossa P., Carreras J., Beutler E. & Vives Corrons JL. (2006) Two new 
phosphoglycerate kinase mutations associated with chronic haemolytic anaemia and 
neurological dysfunction in two patients from Spain. Br J Haematol. Feb;132(4):523-9. 

Ogata M., Wang D.H. & Ogino K. (2008) Mammalian acatalasemia: the perspectives of 
bioinformatics and genetic toxicology. Acta Med Okayama. Dec;62(6):345-61. 

Padua R.A., Bulfield G. & Peters J. (1978) Biochemical genetics of a new glucosephosphate 
isomerase allele (Gpi-1c) from wild mice. Biochem Genet. 1978 Feb;16(1-2):127-43. 

Pederzolli C.D., Mescka C.P., Zandoná B.R., de Moura Coelho D., Sgaravatti A.M., Sgarbi 
M.B., de Souza Wyse A.T., Duval Wannmacher C.M., Wajner M., Vargas C.R. & 
Dutra-Filho C.S. (2010) Acute administration of 5-oxoproline induces oxidative 
damage to lipids and proteins and impairs antioxidant defenses in cerebral cortex 
and cerebellum of young rats. Metab Brain Dis. Jun;25(2):145-54. 

Perseu L., Giagu N., Satta S., Sollaino M.C., Congiu R. & Galanello R. (2010) Red cell 
pyruvate kinase deficiency in Southern Sardinia. Blood Cells Mol Dis. Dec 
15;45(4):280-3. 

Pissard S., Max-Audit I., Skopinski L., Vasson A., Vivien P., Bimet C., Goossens M., 
Galacteros F. (2006) Wajcman H. Pyruvate kinase deficiency in France: a 3-year 
study reveals 27 new mutations. Br J Haematol. Jun;133(6):683-9. 

Polekhina G., Board P.G., Gali R.R., Rossjohn J. & Parker M.W. Molecular basis of 
glutathione synthetase deficiency and a rare gene permutation event. EMBO J. 1999 
Jun 15;18(12):3204-13. 

Pretsch W & Merkle S. (1990) Glucose phosphate isomerase enzyme-activity mutants in Mus 
musculus: genetical and biochemical characterization. Biochem Genet. Feb;28(1-
2):97-110. 

Raben N., Exelbert R., Spiegel R., Sherman J.B., Nakajima H., Plotz P. & Heinisch J. (1995) 
Functional expression of human mutant phosphofructokinase in yeast: genetic 
defects in French Canadian and Swiss patients with phosphofructokinase 
deficiency. Am J Hum Genet. Jan;56(1):131-41. 

Ramírez-Bajo M.J., Repiso A., la Ossa P.P, Bañón-Maneus E., de Atauri P., Climent F., 
Corrons J.L., Cascante M. & Carreras J. (2011) Enzymatic andmetabolic 
characterization of the phosphoglycerate kinase deficiency associated with chronic 
hemolytic anemia caused by the PGK-Barcelona mutation. Blood Cells Mol Dis. Mar 
15;46(3):206-11. 

Repiso A, Oliva B, Vives Corrons JL, Carreras J, Climent F. Glucose phosphate isomerase 
deficiency: enzymatic and familial characterization of Arg346His mutation. Biochim 
Biophys Acta. 2005 Jun 10;1740(3):467-71 

Repiso A., Oliva B., Vives-Corrons J.L., Beutler E., Carreras J. & Climent F. (2006) Red cell 
glucose phosphate isomerase (GPI): a molecular study of three novel mutations 
associated with hereditary nonspherocytic hemolytic anemia. Hum Mutat. 
Nov;27(11):1159. 



 
Point Mutation 

 

280 

Maeda M. & Yoshida A. (1991) Molecular defect of a phosphoglycerate kinase variant (PGK-
Matsue) associated with hemolytic anemia: Leu----Pro substitution caused by T/A-
---C/G transition in exon 3. Blood. Mar 15;77(6):1348-52. 

Magnani M., Stocchi V., Cucchiarini L., Novelli G., Lodi S., Isa L. & Fornaini G. (1985) 
Hereditary nonspherocytic hemolytic anemia due to a new hexokinase variant with 
reduced stability. Blood. Sep;66(3):690-7. 

Mason P. J., Bautista J. M., & Gilsanz, F. (2007) G6PD deficiency the genotype-phenotype 
association. Blood Rev. 21, 267–283. 

Masuoka N., Kodama H., Abe T., Wang D.H. & Nakano T. (2003) Characterization of 
hydrogen peroxide removal reaction by hemoglobin in the presence of reduced 
pyridine nucleotides. Biochim Biophys Acta. Jan 20;1637(1):46-54. 

Masuoka N., Sugiyama H, Ishibashi N, Wang DH, Masuoka T, Kodama H, Nakano T.(2006) 
Characterization of acatalasemic erythrocytes treated with low and high dose 
hydrogen peroxide. Hemolysis and aggregation. J Biol Chem. Aug 4;281(31):21728-34. 

Mazzola J.L. & Sirover MA. (2001) Reduction of glyceraldehyde-3-phosphate 
dehydrogenase activity in Alzheimer's disease and in Huntington's disease 
fibroblasts. J Neurochem. Jan;76(2):442-9. 

Merkle S. & Pretsch W. (1992) A glucosephosphate isomerase (GPI) null mutation in Mus 
musculus: evidence that anaerobic glycolysis is the predominant energy delivering 
pathway in early post-implantation embryos. Comp Biochem Physiol B. 
Mar;101(3):309-14. 

Merkle S. & Pretsch W. (1993) Glucose-6-phosphate isomerase deficiency associated with 
nonspherocytic hemolytic anemia in the mouse: an animal model for the human 
disease. Blood. Jan 1;81(1):206-13. 

Minucci A., Giardina B., Zuppi C. & Capoluongo E. (2009) Glucose-6-phosphate 
dehydrogenase laboratory assay: How, when, and why? IUBMB Life. Jan;61(1):27-34.  

Miwa S., Fujii H., Tani K., Takahashi K., Takegawa S., Fujinami N., Sakurai M., Kubo M., 
Tanimoto Y., Kato T. & Matsumoto N. (1981) Two cases of red cell aldolase 
deficiency associated with hereditary hemolytic anemia in a Japanese family. Am J 
Hematol. Dec;11(4):425-37. 

Mojzikova R., Dolezel P., Pavlicek J., Mlejnek P., Pospisilova D. & Divoky V. (2010) Partial 
glutathione reductase deficiency as a cause of diverse clinical manifestations in a 
family with unstable hemoglobin (Hemoglobin Haná, β63(E7) His-Asn). Blood Cells 
Mol Dis. Oct 15;45(3):219-22. 

Murakami K., Kanno H., Tancabelic J. & Fujii H. (2002) Gene expression and biological 
significance of hexokinase in erythroid cells. Acta Haematol. 108(4):204-9. 

Nakajima H., Raben N., Hamaguchi T. & Yamasaki T. (2002) Phosphofructokinase 
deficiency; past, present and future. Curr Mol Med. Mar;2(2):197-212. 

Nakashima K., Yamauchi K., Miwa S., Fujimura K., Mizutani A. & Kuramoto A. (1978) 
Glutathione reductase deficiency in a kindred with hereditary spherocytosis. Am J 
Hematol. 4(2):141-50. 

Neubauer B.A., Eber S.W., Lakomek M., Gahr M. & Schröter W. (1990) Combination of 
congenital nonspherocytic haemolytic anaemia and impairment of granulocyte 
function in severe glucosephosphate isomerase deficiency. A new variant enzyme 
designated GPI Calden. Acta Haematol. 83(4):206-10. 

Neumann C.A., Krause D.S., Carman C.V., Das S., Dubey D.P., Abraham J.L., Bronson R.T., 
Fujiwara Y., Orkin S.H. & Van Etten R.A. (2003) Essential role for the peroxiredoxin 
Prdx1 in erythrocyte antioxidant defence and tumour suppression. Nature. Jul 
31;424(6948):561-5.  

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

281 

Njålsson R. & Norgren S. (2005) Physiological and pathological aspects of GSH metabolism. 
Acta Paediatr. Feb;94(2):132-7. 

Njålsson R. & Ristoff E., Carlsson K., Winkler A., Larsson A. & Norgren S. (2005) Genotype, 
enzyme activity, glutathione level, and clinical phenotype in patients with 
glutathione synthetase deficiency. Hum Genet. Apr;116(5):384-9 

Njålsson R. (2005)  Glutathione synthetase deficiency. Cell Mol Life Sci. Sep;62(17):1938-45. 
Noel N., Flanagan J.M., Ramirez Bajo M.J., Kalko S.G., Mañú Mdel M., Garcia Fuster J.L., Perez 

de la Ossa P., Carreras J., Beutler E. & Vives Corrons JL. (2006) Two new 
phosphoglycerate kinase mutations associated with chronic haemolytic anaemia and 
neurological dysfunction in two patients from Spain. Br J Haematol. Feb;132(4):523-9. 

Ogata M., Wang D.H. & Ogino K. (2008) Mammalian acatalasemia: the perspectives of 
bioinformatics and genetic toxicology. Acta Med Okayama. Dec;62(6):345-61. 

Padua R.A., Bulfield G. & Peters J. (1978) Biochemical genetics of a new glucosephosphate 
isomerase allele (Gpi-1c) from wild mice. Biochem Genet. 1978 Feb;16(1-2):127-43. 

Pederzolli C.D., Mescka C.P., Zandoná B.R., de Moura Coelho D., Sgaravatti A.M., Sgarbi 
M.B., de Souza Wyse A.T., Duval Wannmacher C.M., Wajner M., Vargas C.R. & 
Dutra-Filho C.S. (2010) Acute administration of 5-oxoproline induces oxidative 
damage to lipids and proteins and impairs antioxidant defenses in cerebral cortex 
and cerebellum of young rats. Metab Brain Dis. Jun;25(2):145-54. 

Perseu L., Giagu N., Satta S., Sollaino M.C., Congiu R. & Galanello R. (2010) Red cell 
pyruvate kinase deficiency in Southern Sardinia. Blood Cells Mol Dis. Dec 
15;45(4):280-3. 

Pissard S., Max-Audit I., Skopinski L., Vasson A., Vivien P., Bimet C., Goossens M., 
Galacteros F. (2006) Wajcman H. Pyruvate kinase deficiency in France: a 3-year 
study reveals 27 new mutations. Br J Haematol. Jun;133(6):683-9. 

Polekhina G., Board P.G., Gali R.R., Rossjohn J. & Parker M.W. Molecular basis of 
glutathione synthetase deficiency and a rare gene permutation event. EMBO J. 1999 
Jun 15;18(12):3204-13. 

Pretsch W & Merkle S. (1990) Glucose phosphate isomerase enzyme-activity mutants in Mus 
musculus: genetical and biochemical characterization. Biochem Genet. Feb;28(1-
2):97-110. 

Raben N., Exelbert R., Spiegel R., Sherman J.B., Nakajima H., Plotz P. & Heinisch J. (1995) 
Functional expression of human mutant phosphofructokinase in yeast: genetic 
defects in French Canadian and Swiss patients with phosphofructokinase 
deficiency. Am J Hum Genet. Jan;56(1):131-41. 

Ramírez-Bajo M.J., Repiso A., la Ossa P.P, Bañón-Maneus E., de Atauri P., Climent F., 
Corrons J.L., Cascante M. & Carreras J. (2011) Enzymatic andmetabolic 
characterization of the phosphoglycerate kinase deficiency associated with chronic 
hemolytic anemia caused by the PGK-Barcelona mutation. Blood Cells Mol Dis. Mar 
15;46(3):206-11. 

Repiso A, Oliva B, Vives Corrons JL, Carreras J, Climent F. Glucose phosphate isomerase 
deficiency: enzymatic and familial characterization of Arg346His mutation. Biochim 
Biophys Acta. 2005 Jun 10;1740(3):467-71 

Repiso A., Oliva B., Vives-Corrons J.L., Beutler E., Carreras J. & Climent F. (2006) Red cell 
glucose phosphate isomerase (GPI): a molecular study of three novel mutations 
associated with hereditary nonspherocytic hemolytic anemia. Hum Mutat. 
Nov;27(11):1159. 



 
Point Mutation 

 

282 

Repiso A., Ramirez Bajo M.J., Corrons J.L., Carreras J. & Climent F. (2005) Phosphoglycerate 
mutase BB isoenzyme deficiency in a patient with non-spherocytic anemia: familial 
and metabolic studies. Haematologica. Feb;90(2):257-9. 

Rijksen G., Akkerman J.W., van den Wall Bake A.W., Hofstede D.P. & Staal G.E. (1983) 
Generalized hexokinase deficiency in the blood cells of a patient with 
nonspherocytic hemolytic anemia. Blood. Jan;61(1):12-8. 

Ristoff E. & Larsson A. (2007) Inborn errors in the metabolism of glutathione. Orphanet J Rare 
Dis. Mar 30;2:16. 

Ristoff E., Mayatepek E. & Larsson A. (2001) Long-term clinical outcome in patients with 
glutathione synthetase deficiency. J Pediatr. Jul;139(1):79-84. 

Ronquist G., Rudolphi O., Engström I. & Waldenström A. (2001) Familial 
phosphofructokinase deficiency is associated with a disturbed calcium homeostasis 
in erythrocytes. J Intern Med. Jan;249(1):85-95. 

Rossi F., Ruggiero S., Gallo M., Simeone G., Matarese S.M. & Nobili B. (2010) Amoxicillin-
induced hemolytic anemia in a child with glucose 6-phosphate isomerase 
deficiency. Ann Pharmacother. Jul-Aug;44(7-8):1327-9. 

Schneider S.A., Paisan-Ruiz C., Garcia-Gorostiaga I., Quinn N.P., Weber Y.G., Lerche H., 
Hardy J. & Bhatia K.P. (2009) GLUT1 gene mutations cause sporadic paroxysmal 
exercise-induced dyskinesias. Mov Disord. Aug 15;24(11):1684-8. 

Shalev O., Leibowitz G. & Brok-Simoni F. (1994) Glucose phosphate isomerase deficiency 
with congenital nonspherocytic hemolytic anemia. Harefuah. Jun 15;126(12):699-702, 
764, 763. 

Shi P., Wei Y., Zhang J., Gal J. & Zhu H. (2010) Mitochondrial dysfunction is a converging 
point of multiple pathological pathways in amyotrophic lateral sclerosis. J 
Alzheimers Dis. 20 Suppl 2:S311-24. 

Shi Z.Z., Habib G.M., Rhead W.J., Gahl W.A., He X., Sazer S. & Lieberman M.W. (1996) 
Mutations in the glutathione synthetase gene cause 5-oxoprolinuria. Nat Genet. 
Nov;14(3):361-5. 

Simon E., Vogel M., Fingerhut R., Ristoff E., Mayatepek E. & Spiekerkötter U. (2009) 
Diagnosis of glutathione synthetase deficiency in newborn screening. J Inherit 
Metab Dis. 2009 Sep 2. Available from:  

 <http://www.ncbi.nlm.nih.gov/pubmed/19728142 >. 
Sirover M.A. (2005) New nuclear functions of the glycolytic protein, glyceraldehyde-3-

phosphate dehydrogenase, in mammalian cells. J Cell Biochem. May 1;95(1):45-52. 
Sirover M.A. (2011) On the functional diversity of glyceraldehyde-3-phosphate 

dehydrogenase: biochemical mechanisms and regulatory control. Biochim Biophys 
Acta. Aug;1810(8):741-51. 

Sirover M.A. (1997) Role of the glycolytic protein, glyceraldehyde-3-phosphate 
dehydrogenase, in normal cell function and in cell pathology. J Cell Biochem. Aug 
1;66(2):133-40. 

Skibild E., Dahlgaard K., Rajpurohit Y., Smith B.F. & Giger U. (2001) Haemolytic anaemia 
and exercise intolerance due to phosphofructokinase deficiency in related springer 
spaniels. J Small Anim Pract. Jun;42(6):298-300. 

Sodiende, O. (1992) Glucose-6-phosphate dehydrogenase deficiency. Ballieres Clin. Haematol. 
5, 367–382. 

Spalloni A., Origlia N., Sgobio C., Trabalza A., Nutini M., Berretta N., Bernardi G., Domenici 
L., Ammassari-Teule M.  & Longone P. (2011) Postsynaptic alteration of NR2A 
subunit and defective autophosphorylation of alphaCaMKII at threonine-286 
contribute to abnormal plasticity and morphology of upper motor neurons in 

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

283 

presymptomatic SOD1G93A mice, a murine model for amyotrophic lateral 
sclerosis. Cereb Cortex. Apr;21(4):796-805. 

Starzyński R.R., Canonne-Hergaux F., Willemetz A., Gralak M.A., Woliński J., Styś A., Olszak 
J. & Lipiński P. (2009) Haemolytic anaemia and alterations in hepatic iron metabolism 
in aged mice lacking Cu,Zn-superoxide dismutase. Biochem J. May 27;420(3):383-90. 

Stefanini M. (1972) Chronic hemolytic anemia associated with erythrocyte enolase deficiency 
exacerbated by ingestion of nitrofurantoin. Am J Clin Pathol. Oct;58(4):408-14. 

Syriani E., Morales M. & Gamez J. (2009)The p.E22G mutation in the Cu/Zn superoxide-
dismutase gene predicts a long survival time: clinical and genetic characterization 
of a seven-generation ALS1 Spanish pedigree. J Neurol Sci. Oct 15;285(1-2):46-53. 

Takapoo M., Chamseddine A.H., Bhalla R.C. & Miller F.J. (2011) Glutathione peroxidase-
deficient smooth muscle cells cause paracrine activation of normal smooth muscle 
cells via cyclophilin A. Vascul Pharmacol. Jul 12. Available from:  

 <http://www.ncbi.nlm.nih.gov/pubmed/21782974 >. 
Tang T.S., Prior S.L., Li K.W., Ireland H.A., Bain S.C., Hurel S.J., Cooper J.A., Humphries 

S.E. & Stephens J.W. (2010) Association between the rs1050450 glutathione 
peroxidase-1 (C > T) gene variant and peripheral neuropathy in two independent 
samples of subjects with diabetes mellitus. Nutr Metab Cardiovasc Dis. 2010 Dec 23.   
Available from: <http://www.ncbi.nlm.nih.gov/pubmed/21185702 >. 

Tatton W.G., Chalmers-Redman R.M., Elstner M., Leesch W., Jagodzinski F.B., Stupak D.P., 
Sugrue M.M. &, Tatton N.A. (2000) Glyceraldehyde-3-phosphate dehydrogenase in 
neurodegeneration and apoptosis signaling. J Neural Transm Suppl. (60):77-100. 

Uchida H.A., Sugiyama H., Takiue K., Kikumoto Y., Inoue T. & Makino H. (2011) 
Development of Angiotensin II-induced Abdominal Aortic Aneurysms Is 
Independent of Catalase in Mice. J Cardiovasc Pharmacol. Aug 31. Available from:< 
http://www.ncbi.nlm.nih.gov/pubmed/21885993 >. 

Valentin C., Birgens H., Craescu C.T., Brødum-Nielsen K. & Cohen-Solal M. (1998) A 
phosphoglycerate kinase mutant (PGK Herlev; D285V) in a Danish patient with 
isolated chronic hemolytic anemia: mechanism of mutation and structure-function 
relationships. Hum Mutat. 12(4):280-7. 

van Wijk R., Rijksen G., Huizinga E.G., Nieuwenhuis H.K., & van Solinge W.W. (2003) HK 
Utrecht: missense mutation in the active site of human hexokinase associated with 
hexokinase deficiency and severe nonspherocytic hemolytic anemia. Blood. Jan 
1;101(1):345-7. 

Vitai M., Fátrai S., Rass P., Csordás M. & Tarnai I. Simple (2005) PCR heteroduplex, SSCP 
mutation screening methods for the detection of novel catalase mutations in 
Hungarian patients with type 2 diabetes mellitus.Clin Chem Lab Med. 43(12):1346-50. 

Vives Corrons J.L., Colomer D., Pujades A., Rovira A., Aymerich M., Merino A. & Aguilar i 
Bascompte J.L. (1996) Congenital 6-phosphogluconate dehydrogenase (6PGD) 
deficiency associated with chronic hemolytic anemia in a Spanish family. Am J 
Hematol. Dec;53(4):221-7. 

Vora S., Davidson M., Seaman C., Miranda A.F., Noble N.A., Tanaka K.R., Frenkel E.P. & 
Dimauro S. (1983) Heterogeneity of the molecular lesions in inherited 
phosphofructokinase deficiency. J Clin Invest.  Dec;72(6):1995-2006. 

Vora S., DiMauro S., Spear D., Harker D., & Danon M.J. (1987) Characterization of the 
enzymatic defect in late-onset muscle phosphofructokinase deficiency. New 
subtype of glycogen storage disease type VII. J Clin Invest. Nov;80(5):1479-85. 



 
Point Mutation 

 

282 

Repiso A., Ramirez Bajo M.J., Corrons J.L., Carreras J. & Climent F. (2005) Phosphoglycerate 
mutase BB isoenzyme deficiency in a patient with non-spherocytic anemia: familial 
and metabolic studies. Haematologica. Feb;90(2):257-9. 

Rijksen G., Akkerman J.W., van den Wall Bake A.W., Hofstede D.P. & Staal G.E. (1983) 
Generalized hexokinase deficiency in the blood cells of a patient with 
nonspherocytic hemolytic anemia. Blood. Jan;61(1):12-8. 

Ristoff E. & Larsson A. (2007) Inborn errors in the metabolism of glutathione. Orphanet J Rare 
Dis. Mar 30;2:16. 

Ristoff E., Mayatepek E. & Larsson A. (2001) Long-term clinical outcome in patients with 
glutathione synthetase deficiency. J Pediatr. Jul;139(1):79-84. 

Ronquist G., Rudolphi O., Engström I. & Waldenström A. (2001) Familial 
phosphofructokinase deficiency is associated with a disturbed calcium homeostasis 
in erythrocytes. J Intern Med. Jan;249(1):85-95. 

Rossi F., Ruggiero S., Gallo M., Simeone G., Matarese S.M. & Nobili B. (2010) Amoxicillin-
induced hemolytic anemia in a child with glucose 6-phosphate isomerase 
deficiency. Ann Pharmacother. Jul-Aug;44(7-8):1327-9. 

Schneider S.A., Paisan-Ruiz C., Garcia-Gorostiaga I., Quinn N.P., Weber Y.G., Lerche H., 
Hardy J. & Bhatia K.P. (2009) GLUT1 gene mutations cause sporadic paroxysmal 
exercise-induced dyskinesias. Mov Disord. Aug 15;24(11):1684-8. 

Shalev O., Leibowitz G. & Brok-Simoni F. (1994) Glucose phosphate isomerase deficiency 
with congenital nonspherocytic hemolytic anemia. Harefuah. Jun 15;126(12):699-702, 
764, 763. 

Shi P., Wei Y., Zhang J., Gal J. & Zhu H. (2010) Mitochondrial dysfunction is a converging 
point of multiple pathological pathways in amyotrophic lateral sclerosis. J 
Alzheimers Dis. 20 Suppl 2:S311-24. 

Shi Z.Z., Habib G.M., Rhead W.J., Gahl W.A., He X., Sazer S. & Lieberman M.W. (1996) 
Mutations in the glutathione synthetase gene cause 5-oxoprolinuria. Nat Genet. 
Nov;14(3):361-5. 

Simon E., Vogel M., Fingerhut R., Ristoff E., Mayatepek E. & Spiekerkötter U. (2009) 
Diagnosis of glutathione synthetase deficiency in newborn screening. J Inherit 
Metab Dis. 2009 Sep 2. Available from:  

 <http://www.ncbi.nlm.nih.gov/pubmed/19728142 >. 
Sirover M.A. (2005) New nuclear functions of the glycolytic protein, glyceraldehyde-3-

phosphate dehydrogenase, in mammalian cells. J Cell Biochem. May 1;95(1):45-52. 
Sirover M.A. (2011) On the functional diversity of glyceraldehyde-3-phosphate 

dehydrogenase: biochemical mechanisms and regulatory control. Biochim Biophys 
Acta. Aug;1810(8):741-51. 

Sirover M.A. (1997) Role of the glycolytic protein, glyceraldehyde-3-phosphate 
dehydrogenase, in normal cell function and in cell pathology. J Cell Biochem. Aug 
1;66(2):133-40. 

Skibild E., Dahlgaard K., Rajpurohit Y., Smith B.F. & Giger U. (2001) Haemolytic anaemia 
and exercise intolerance due to phosphofructokinase deficiency in related springer 
spaniels. J Small Anim Pract. Jun;42(6):298-300. 

Sodiende, O. (1992) Glucose-6-phosphate dehydrogenase deficiency. Ballieres Clin. Haematol. 
5, 367–382. 

Spalloni A., Origlia N., Sgobio C., Trabalza A., Nutini M., Berretta N., Bernardi G., Domenici 
L., Ammassari-Teule M.  & Longone P. (2011) Postsynaptic alteration of NR2A 
subunit and defective autophosphorylation of alphaCaMKII at threonine-286 
contribute to abnormal plasticity and morphology of upper motor neurons in 

 
Point Mutations That Reduce Erythrocyte Resistance to Oxidative Stress 

 

283 

presymptomatic SOD1G93A mice, a murine model for amyotrophic lateral 
sclerosis. Cereb Cortex. Apr;21(4):796-805. 

Starzyński R.R., Canonne-Hergaux F., Willemetz A., Gralak M.A., Woliński J., Styś A., Olszak 
J. & Lipiński P. (2009) Haemolytic anaemia and alterations in hepatic iron metabolism 
in aged mice lacking Cu,Zn-superoxide dismutase. Biochem J. May 27;420(3):383-90. 

Stefanini M. (1972) Chronic hemolytic anemia associated with erythrocyte enolase deficiency 
exacerbated by ingestion of nitrofurantoin. Am J Clin Pathol. Oct;58(4):408-14. 

Syriani E., Morales M. & Gamez J. (2009)The p.E22G mutation in the Cu/Zn superoxide-
dismutase gene predicts a long survival time: clinical and genetic characterization 
of a seven-generation ALS1 Spanish pedigree. J Neurol Sci. Oct 15;285(1-2):46-53. 

Takapoo M., Chamseddine A.H., Bhalla R.C. & Miller F.J. (2011) Glutathione peroxidase-
deficient smooth muscle cells cause paracrine activation of normal smooth muscle 
cells via cyclophilin A. Vascul Pharmacol. Jul 12. Available from:  

 <http://www.ncbi.nlm.nih.gov/pubmed/21782974 >. 
Tang T.S., Prior S.L., Li K.W., Ireland H.A., Bain S.C., Hurel S.J., Cooper J.A., Humphries 

S.E. & Stephens J.W. (2010) Association between the rs1050450 glutathione 
peroxidase-1 (C > T) gene variant and peripheral neuropathy in two independent 
samples of subjects with diabetes mellitus. Nutr Metab Cardiovasc Dis. 2010 Dec 23.   
Available from: <http://www.ncbi.nlm.nih.gov/pubmed/21185702 >. 

Tatton W.G., Chalmers-Redman R.M., Elstner M., Leesch W., Jagodzinski F.B., Stupak D.P., 
Sugrue M.M. &, Tatton N.A. (2000) Glyceraldehyde-3-phosphate dehydrogenase in 
neurodegeneration and apoptosis signaling. J Neural Transm Suppl. (60):77-100. 

Uchida H.A., Sugiyama H., Takiue K., Kikumoto Y., Inoue T. & Makino H. (2011) 
Development of Angiotensin II-induced Abdominal Aortic Aneurysms Is 
Independent of Catalase in Mice. J Cardiovasc Pharmacol. Aug 31. Available from:< 
http://www.ncbi.nlm.nih.gov/pubmed/21885993 >. 

Valentin C., Birgens H., Craescu C.T., Brødum-Nielsen K. & Cohen-Solal M. (1998) A 
phosphoglycerate kinase mutant (PGK Herlev; D285V) in a Danish patient with 
isolated chronic hemolytic anemia: mechanism of mutation and structure-function 
relationships. Hum Mutat. 12(4):280-7. 

van Wijk R., Rijksen G., Huizinga E.G., Nieuwenhuis H.K., & van Solinge W.W. (2003) HK 
Utrecht: missense mutation in the active site of human hexokinase associated with 
hexokinase deficiency and severe nonspherocytic hemolytic anemia. Blood. Jan 
1;101(1):345-7. 

Vitai M., Fátrai S., Rass P., Csordás M. & Tarnai I. Simple (2005) PCR heteroduplex, SSCP 
mutation screening methods for the detection of novel catalase mutations in 
Hungarian patients with type 2 diabetes mellitus.Clin Chem Lab Med. 43(12):1346-50. 

Vives Corrons J.L., Colomer D., Pujades A., Rovira A., Aymerich M., Merino A. & Aguilar i 
Bascompte J.L. (1996) Congenital 6-phosphogluconate dehydrogenase (6PGD) 
deficiency associated with chronic hemolytic anemia in a Spanish family. Am J 
Hematol. Dec;53(4):221-7. 

Vora S., Davidson M., Seaman C., Miranda A.F., Noble N.A., Tanaka K.R., Frenkel E.P. & 
Dimauro S. (1983) Heterogeneity of the molecular lesions in inherited 
phosphofructokinase deficiency. J Clin Invest.  Dec;72(6):1995-2006. 

Vora S., DiMauro S., Spear D., Harker D., & Danon M.J. (1987) Characterization of the 
enzymatic defect in late-onset muscle phosphofructokinase deficiency. New 
subtype of glycogen storage disease type VII. J Clin Invest. Nov;80(5):1479-85. 



 
Point Mutation 

 

284 

Vora S., Giger U., Turchen S., & Harvey J.W. (1985) Characterization of the enzymatic lesion in 
inherited phosphofructokinase deficiency in the dog: an animal analogue of human 
glycogen storage disease type VII. Proc Natl Acad Sci U S A. Dec;82(23):8109-13. 

Wajcman H. & Galactéros F. (2004) Glucose 6-phosphate dehydrogenase deficiency: a 
protection against malaria and a risk for hemolytic accidents. C R Biol. 
Aug;327(8):711-20. 

Warsy A.S. & el-Hazmi M.A. (1999) Glutathione reductase deficiency in Saudi Arabia. East 
Mediterr Health J. Nov;5(6):1208-12. 

Webb G.C., Vaska V.L., Gali R.R., Ford J.H. & Board PG. (1995) The gene encoding human 
glutathione synthetase (GSS) maps to the long arm of chromosome 20 at band 11.2. 
Genomics. Dec 10;30(3):617-9. 

Weber Y.G., Storch A., Wuttke T.V., Brockmann K., Kempfle J., Maljevic S., Margari L., 
Kamm C., Schneider S.A., Huber S.M., Pekrun A., Roebling R., Seebohm G., Koka 
S., Lang C., Kraft E., Blazevic D., Salvo-Vargas A., Fauler M., Mottaghy F.M., 
Münchau A., Edwards M.J., Presicci A., Margari F., Gasser T., Lang F., Bhatia K.P., 
Lehmann-Horn F. & Lerche H. (2008) GLUT1 mutations are a cause of paroxysmal 
exertion-induced dyskinesias and induce hemolytic anemia by a cation leak.J Clin 
Invest. Jun;118(6):2157-68. 

West J.D., Flockhart J.H., Peters J. & Ball S.T. (1990) Death of mouse embryos that lack a 
functional gene for glucose phosphate isomerase. Genet Res. Oct-Dec;56(2-3):223-36. 

Yamamoto M., Suzuki N., Hatakeyama N., Kubo N., Tachi N., Kanno H., Fujii H. & 
Tsutsumi H. (2007) Carbamazepine-induced hemolytic and aplastic crises 
associated with reduced glutathione peroxidase activity of erythrocytes. Int J 
Hematol. Nov;86(4):325-8. 

Yao D.C., Tolan D.R., Murray M.F., Harris D.J., Darras B.T., Geva A. & Neufeld E.J. (2004) 
Hemolytic anemia and severe rhabdomyolysis caused by compound heterozygous 
mutations of the gene for erythrocyte/muscle isozyme of aldolase, 
ALDOA(Arg303X/Cys338Tyr). Blood. 2004 Mar 15;103(6):2401-3. 

Yapicioğlu H., Satar M,. Tutak E., Narli N. &Topaloğlu A.K. (2009) A newborn infant with 
generalized glutathione synthetase deficiency. Turk J Pediatr. 2004 Jan-Mar;46(1):72-5. 

Yu D., dos Santos C.O., Zhao G., Jiang J., Amigo J.D., Khandros E., Dore L.C., Yao Y., 
D'Souza J., Zhang Z., Ghaffari S., Choi J., Friend S., Tong W., Orange J.S., Paw B.H. 
& Weiss M.J. (2010) miR-451 protects against erythroid oxidant stress by repressing 
14-3-3zeta. Genes Dev. Aug 1;24(15):1620-33. 

Zanella A., Fermo E., Bianchi P. & Valentini G. (2005) Red cell pyruvate kinase deficiency: 
molecular and clinical aspects. Br J Haematol. Jul;130(1):11-25. 

Zhao S., Choy B. & Kornblatt M. J. (2008) Effects of the G376E and G157D mutations on the 
stability of yeast enolase – a model for human muscle enolase deficiencyFEBS 
Journal .275: 97–106.  

12 

Point Mutations in Ferroportin Disease: 
Genotype/Phenotype Correlation  

Riad Akoum 
University Medical Center – Rizk Hospital, 

 Lebanese American University, Beirut, 
 Lebanon 

1. Introduction 
The identification of gene mutations involved in the pathogenesis of hereditary 
hemochromatosis (HH) provided a better understanding of primary iron overload 
syndrome (Feder, 1996). HH is a genetic disorder characterized by increased dietary iron 
absorption despite an excess in iron stores. The result is a progressive increase in total body 
iron with abnormal iron deposition in the liver and the endocrine glands. Transferrin 
saturation and serum ferritin level are the most reliable tests for the detection of individuals 
with HH. Mutations in HLA-linked HFE gene result in the classical type 1 HH inherited in 
an autosomal recessive pattern. One major mutation, the C282Y is responsible for 85 to 90% 
of the cases with an estimated prevalence of 1 in 200 in Northern Europe. However, the 
bioclinical penetrance is incomplete and only a few suffer from overt disease. The second 
most common mutation is H63D and accounts for 3 to 5% of cases. Its relationship with HH 
is less obvious. Compound heterozygous H63D/C282Y genotype represents less than 1% 
and simple heterozygous genotype is not associated with biochemical abnormalities. Less 
common mutations in the transferrin receptor 2 (TfR2), hemojuvelin (HJV) and Hepcidin 
(HAMP) genes, also in the homozygous state, result in the type 2 and type 3 HH 
(Pietrangelo, 1999, 2007, 2010).  

The non-HFE-related form caused by Ferroportin 1 (SLC40A1) gene mutation is associated 
with an autosomal dominant pattern of inheritance. This type 4 HH also known as ferroportin 
disease is emerging as the second most common inherited iron metabolic disorder. Serum 
ferritin levels in these patients are elevated early in the course of the disease, whereas the 
transferrin saturation is not elevated until later in life. The accumulation of excess iron is seen 
predominantly in Kupffer cells rather than in hepatocytes and there is a marginal anemia with 
low tolerance to phlebotomy (Pietrangelo, 1999). 

Most SLC40A1 mutations occur in exon 5 and affect valine in position 162 and asparagine 
in position 144. Recently, two different phenotypes of ferroportin disease have been 
described. The M phenotype or “type 4A” characterized by iron accumulation in 
macrophages and due to a loss-of-function mutation leading to non-functional iron 
transport mutant (e.g. V162del) and the H phenotype, also called “type 4B” characterized 
by iron accumulation in hepatocytes and due to gain-of-function mutation leading to 
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hepcidin-induced degradation resistance (e.g. N144H). Some mutations (e.g. Q248H) 
results only in genetic polymorphism without clinical manifestations (Mayr, 2010; Barton, 
2003; De Domenico, 2006).  

Controversial data reported before the era of molecular testing, suggested that patients with 
beta-thalassemia trait may develop iron overload (Edwards, 1981). However, most of these 
data, did not exclude the possible role of other endogenous factors including ferroportin 
disease (FD). Beta-thalassemia trait, when coinherited with a single H63D allele has rarely 
been associated with iron overload however; its co-inheritance with SLC40A1 mutation has 
not yet been studied. 

Here we report a classical phenotype of ferroportin disease due to V162del in a Lebanese 
family with heterozygosity for H63D and beta-thalassemia trait. We also discuss the clinical 
expression of FD in the presence of genetic cofactors.  

2. Family description and search strategy 
The proband was a 54 years old male who presented in 1998 with fatigue and anemia. 
Clinical examination revealed skin pallor, splenomegaly and painful hepatomegaly. 
Relevant medical history included a blood transfusion 18 years earlier after a car accident 
and type 2 diabetes mellitus. There was no alcohol abuse or viral hepatitis. The serum 
ferritin concentration was 1011 ng/ml (Normal range < 400 ng/ml) and the transferrin 
saturation was 45%. The hemoglobin level was 10.1 g/dl (Normal: 11.5 - 17 g/dl), and the 
peripheral blood film showed hypochromia and aniso-poikylocytosis with target cells. The 
hemoglobin electrophoresis revealed a beta-thalassemia minor. The ceruloplasmin level was 
474 mg/l (Normal: 155-592 mg/l) and the alpha-foetoprotein concentration was 21.37 IU/ml 
(Normal <5.80 IU/ml). The MRI study showed a splenomegaly, a portal vein thrombosis 
and a dysmorphic liver with hypertrophy of segment I. The liver biopsy revealed a fatty 
infiltration of the liver with iron deposits in hepatocytes and Kupffer cells and moderate 
portal fibrosis. Sections of liver tissue were stained with periodic acid–Schiff, Masson 
trichrome, Sweet’s reticulin, hematoxiline/eosin and Perls Prussian blue (Figures 2 -6).  

The proband’s mother and one of his brothers died before the age of 50 from chronic liver 
disease. Their serum ferritin levels were higher than 1000 ng/ml (Figure 1). His oldest 
brother died from beta-thalassemia major. His 26 and 22 years old sons were healthy and 
presented elevated serum ferritin levels – 643 ng/ml and 744 ng/ml – with normal 
transferrin saturations. No liver biopsy was performed on them. His third son, 19 years old, 
had normal hemoglobin pattern and serum ferritin level. 

The DNA from peripheral blood samples was tested with a reverse transcriptase-based 
assay, the Haemochromatosis StripAssay A® (Vienna Lab, Labordiagnostika, GmbH, 
Vienna, Austria), according to the manufacturer’s instructions. This assay can detect twelve 
mutations in the HFE gene: V53M, V59M, H63D, H63H, S65C, Q127H, P160delC, E168Q, 
E168X, W169X, C282Y and Q283P, four mutations in the TfR2 gene: E60X, M172K, Y250X 
and AVAQ594-597del, and two mutations in the SCL40A1gene: N144H and V162del. 

A systematic review of the literature was undertaken using search in Medline from 1981 for 
beta-thalassemia and hemochromatosis and from 2001 to 2011 for SLC40A1 novel mutations 
and new phenotypes.  
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Fig. 1. Pedigree of a Lebanese family with beta-thalassemia and primary iron overload. 
Individuals II 3, II 4, III 1, III 2, III 3 were tested for SLC40A1 and HFE gene mutations. 

2.1 Discussion and systemic review 

2.1.1 Analysis of the pedigree 

As shown in figure 1, the proband, his mother and one of his older brothers affected by beta-
thalassemia minor died from chronic liver disease related to primary iron overload 
syndrome. The genetic testing showed that he was carrier of one copy of V162del mutation 
in SLC40A1 gene and one copy of H63D mutation in HFE gene. The two sons who carry the 
V162del mutation presented high serum ferritin levels with low transferrin saturation. One 
of them carries a single copy of H63D and beta-thalassemia trait but still remains 
asymptomatic. Most probably the primary iron overload syndrome transmitted in an 
autosomal dominant manner within this family is caused by the ferroportin disease due to 
V162del mutation. This mutation has a high penetrance and segregates with the clinical 
phenotype. The phenotypic expression is characterized by a high serum ferritin level, 
normal transferrin saturation; age related massive hepatocellular and macrophage iron 
accumulation leading to liver fibrosis. Coincidental association with H63D in two affected 
members and with beta-thalassemia trait in four affected members was noticed. 

The role of these genetic co-factors in the aggressiveness of ferroportin disease remains to be 
elucidated. 
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Fig. 2. Hematoxiline and Eosin stain x40. Liver siderosis and steatosis.  
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(B) 

Fig. 3. Perls Prussian blue stain x400 (A and B). Grade 3 siderosis. Iron accumulation in 
Kupffer cells and hepatocytes 
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(B) 

Fig. 4. Gordon Sweet’s reticulin stain x100: Thick trabecula (A), and x200: Disoriented 
reticulin strings around the thickened trabecula (B) 

 
Fig. 5. Masson trichrome stain x40: Steatosis with minimal collagenous fibrosis within the 
stroma. 
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Fig. 6. Periodic-Acid Schiff stain x100. Common glycogen storage foci.  

2.1.2 Genetic background and iron homeostasis 

It is well known that different mutations in the same gene can result in different phenotypes 
and mutations in different genes can be expressed as the same phenotype. As for 
penetrance, carriers inherit their genotype in an autosomal dominant or recessive manner, 
yet they may not develop the diseased-phenotype because the altered inherited genes are 
incompletely penetrant. Modifier genes may affect the expression of some alleles which may 
increase or decrease the penetrance of a germline mutation. Furthermore, sporadic cases or 
phenocopies within the same pedigree have phenotype similar to affected mutation carriers. 
Reliable genetic testing may determine the hereditary nature of the disease and careful 
pedigree analysis, especially when multiple genetic conditions are co-inherited in members 
within the same family may help to sort out what genotype is causing what phenotype..  

Iron homeostasis is balanced by the iron store. Hemoglobin level reflects the functional iron 
status, transferin saturation percentage reflects the iron in transport status and the serum 
ferritin level parallels the concentration of iron storage within the body regardless of the cell 
type in which it is stored. Two proteins regulate the outflow of iron through cells, Hepcidin 
and Ferroportin. Ferroportin is the only known mammalian iron exporter, expressed in 
macrophages and the basolateral membrane of enterocytes and hepatocytes. It serves as a 
channel through which iron is transported across the cell membrane into plasma. Up-
regulation of ferroportin function enables increased iron absorption from the intestine and 
increased iron export to plasma from macrophages. Hepcidin mediates down-regulation of 
ferroportin action. Imbalances cause primary iron overload states and anemias. There is 
currently no available routine test to detect these two proteins in clinical practice.  
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Transferrin iron represents the normal form of circulating iron. Non-transferrin bound iron 
(NTBI) has been identified in the plasma of patients in whom transferrin saturation is 
significantly elevated. NTBI represents a potentially toxic form and is avidly taken-up by 
parenchymal cells especially hepatocytes (Brissot,2011). 

2.1.3 Genetic hemochromatosis 

Hereditary hemochromatosis (HH) is a primary iron overload (PIO) syndrome characterized 
by increased dietary iron absorption despite an excess in iron stores resulting in high 
transferrin saturation, high serum ferritin level and iron accumulation in liver parenchyma. 
It is one of the most common inherited diseases worldwide. 

2.1.3.1 Hereditary hemochromatosis type 1, HFE-related 

Hemochromatosis or High Fe gene (HFE) encodes for a membrane protein that is similar 
to MHC class I-type proteins. Following the identification of HFE gene mutations in 1996, 
three major mutations have been recognized to be responsible for HH in homozygous state, 
C282Y, H63D and S65C. The C282Y mutation has been found in more than 90% of northern 
European patients and in more than 80% of American patients of European origin. 
However, only 50-65% of Southern European patients are homozygous for this mutation 
(Pietrangelo, 2007, 2010). No conclusive evidence of abnormal gene expression in the 
heterozygous state has been found. Penetrance of HH is incomplete, usually age related and 
may be affected by other conditions such as hemoglobinopathies and congenital 
dyserythropoietic anemia. Little information about epigenetic factors influencing the 
penetrance is known. The precise function of the HFE protein is not fully clear. 

2.1.3.2 Hereditary hemochromatosis type 4, Ferroportin disease 

The availability of molecular tools has allowed investigators to identify novel mutations, non-
HFE related, causing different clinical forms of hemochromatosis. The autosomal dominant 
form of HH was first reported in 1990, in a large family from the Solomon Islands (Eason, 
1990). Serum iron indices from the family members resemble a classical HH but liver biopsies 
showed a pattern of iron staining in both hepatocytes and Kupffer cells with a certain degree 
of fibrosis and cirrhosis. In 1999, a typical pedigree was described and linked two years later to 
a point mutation (A77D) in ferroportin 1 gene also called FPN1, IREG1, MTP1 and SLC40A1 
(Pietrangelo,1999; Montosi, 2001). At the same time a large Dutch family was identified in the 
Netherlands (Njajou, 2001), presenting another point mutation in the same gene (N144H). 
Mutations in SLC40A1 gene have then been reported from many countries throughout the 
world (Table 1), some of them are genetic polymorphism with slightly elevated serum ferritin 
levels. The most frequently reported mutations involve asparagine and valine residues in 
position 144 and 162. Various controversial data have been reported on the structure-function 
relationships of the various SLC40A1 mutants. However, phenotypic manifestations of this 
autosomal dominant HH named ferroportin disease (FD) are heterogeneous even between 
family members sharing the same SLC40A1 mutation.  

Unlike HFE-related HH, FD is a genetically heterogenous iron overload syndrome with 
more than 40 SLC40A1 mutations reported. Most mutations have been associated with the 
classical form of FD characterized by hyperferritinemia, normal to low transferrin saturation 
and Kupffer cell iron storage. Other mutations have been associated with the non-classical 

 
Point Mutations in Ferroportin Disease: Genotype/Phenotype Correlation  

 

293 

form of the FD with increased transferrin saturation and hepatocellular iron storage in 
addition to high ferritin level and Kupffer cell iron storage. Few mutations have been 
reported as ferroportin gene polymorphism. 

A loss-of-function mutation leads to hepcidin-independent down-regulation of ferroportin 
resulting in intracellular retention of the iron export pump. A gain-of-function mutation 
renders ferroportin resistant to inactivation by hepcidin. Functional studies have associated 
the classical phenotype of FD, also called M phenotype or type 4 A with the cellular iron 
export deficiency due to non-functional mutant and non-classical phenotype, also called H 
phenotype or type 4 B with the increased absorption of dietary iron due to a hyperactive 
mutant (De Domenico, 2006; Mayr, 2010).  

2.1.4 Clinical expression of ferroportin disease and genetic cofactors 

Ferroportin disease has a mild clinical expression in the absence of cofactors. Le Lan et al (Le 
Lan, 2011) in studying 70 affected subjects from 33 families with 19 different mutation in 
SLC40A1 gene showed that non-genetic co-factors such as obesity and excessive alcohol 
consumption are responsible for cirrhosis, fibrosis and malignant transformation cases which 
rather are sporadic cases in families with FD. The identification of a genetic variant in 
SLC40A1 is not sufficient to confirm the diagnosis of FD in patients with hyperferritinemia. 
Other genetically co-inherited conditions in the same individual may contribute to the 
development of PIO. In presenting this pedigree we mainly aimed to discuss the coexistence of 
multiple genetic factors that contribute to the primary iron overload condition particularly in 
Mediterranean areas where the β-thalassemia trait is prevalent in almost all populations and 
where FD seems to be present and underestimated. Although, when molecularly diagnosed 
FD could not by itself explain an aggressive phenotype, a comprehensive analysis of all co-
inherited conditions and acquired factors seems to be relevant.  

β-thalassemia minor is an asymptomatic common condition in Lebanon and the 
Mediterranean coast characterized by a mildly ineffective erythropoiesis that induces 
compensatory excess in iron absorption usually without iron overload. Moreover, β-
thalassemia major and intermedia result in iron overload only through repetitive blood 
transfusions. Heterozygotes for HFE hemochromatosis are also asymptomatic but have been 
associated with mildly increased iron absorption (Zimmerman, 2008).  

Whereas C282Y shows a distribution similar to HH type 1, H63D mutation is common in 
areas where the disease is not prevalent and its allelic frequency has great variability 
worldwide. It has been reported that β-thalassemia trait might increase the severity of 
hemochromatosis in subjects with C282Y and H63D homozygous but not heterozygous state 
(Piperno, 2000; Melis, 2002; Estevao, 2011). 

Melis et al (Melis, 2002) demonstrated in 2002 that the H63D mutation in the homozygous 
state resulted in higher levels of serum ferritin and presumably iron overload in patients 
with β-thalassemia trait. There was no effect on ferritin levels in those with wild type/H63D 
or wild type/wild type genotypes. In contrast, Martins et al (Martins, 2004) showed in 2004 
that the β-thalassemia trait, already related with the potential development of iron overload, 
tended to be aggravated with the coinheritance of H63D mutation, even when present in the 
heterozygous state. In a recent Brazilian analysis of 138 beta-thalassemic patients, Estevao et 
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al found that the high levels of serum ferritin observed in beta-thalassemia heterozygotes do 
not depend on the inherited mutation in the beta-globin gene, and the association of beta-
thalassemia heterozygous with the H63D/wild type state does not modify the iron profile in 
these individuals (Estevao, 2011; Oliveira, 2006). Garewal et al showed that H63D mutation 
which is prevalent in north Indians did not affect the iron indices in beta-thalassemia trait 
carriers (Garewal, 2003). 

The role of SLC40A1 mutation on iron overload in beta-thalassemia carriers and inversely 
the role of beta-thalassemia minor on the phenotypic expression of ferroportin gene 
mutation have not yet been studied. Barton et al evaluated genotype and phenotype 
characteristics of unselected African American index patients with primary iron overload 
who reside in central Alabama and concluded that primary iron overload is not the result of 
the mutation of a single gene HFE, C282Y or ferroportin 744 G-->T (Q248H), but that 
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genotype. The latter compound genotype had the higher phenotypic expression (Arada, 
2010). The SLC40A1/H63D compound heterozygosity has not yet been studied however; it 
may contribute to the aggravation of the iron overload picture. Table 1 shows the reported 
cases with this condition and the associated phenotypes. Four out of five reported cases 
with H63D mutation represented the mild classical form of FD while only one case report 
described an aggressive non-classical form with 100% transferrin saturation rate.  

FD is a mild form of iron overload with heterogenous clinical presentation. It has been 
reported in a large cohort of patients that sex; environmental and/or acquired cofactors 
have prominent roles in determining the variability of the phenotypic expression. The role 
of co-inheritance of conditions that may interfere with the iron metabolism remains to be 
elucidated. In the present Lebanese pedigree, the V162del mutation is most probably the 
cause of the iron overload syndrome. The β-thalassemia and the H63D heterozygous state 
may have contributed to the aggressive phenotype in the proband. 

In a systemic review of the literature and a meta-analysis of clinical, biochemical, 
pathological and molecular findings of FD, Mayr et al found that the biochemical penetrance 
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age but neither to hepatic iron concentration nor serum ferritin. Of the 31 different SLC40A1 
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probands were incompletely assessed. The authors concluded that because not all mutations 
were unambiguously correlated with the classical or non-classical phenotype in all reported 
patients with a particular mutation, the genotype to phenotype correlation suggests that FD 
has a multifactorial cause (Mayr, 2010). To determine whether bio-informatic tools SIFT 
(Sorting Intolerant From Tolerant) (Ng, 2003) and PolyPhen (Polymorphism phenotyping)  
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3. Conclusion 
Point mutations in ferroportin gene SLC40A1 result in highly penetrant ferroportin disease 
genetically and phenotypically heterogeneous with mild clinical expression in the absence of 
cofactors. Functional analysis have identified two phenotypes, classical with normal 
transferrin saturation and non-classical with high transferrin saturation but locus 
heterogeneity still exist for each form. Variability in phenotypic expression may be related to 
co-inherited genetic modifiers or environmental factors.  
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1. Introduction 
p53 was discovered in 1979 in SV40-transformed cells as a cellular protein that forms a 
complex with the large T antigen (DeLeo et al., 1979; Kress et al., 1979; Lane and Crawford, 
1979; Linzer and Levine, 1979). It was originally identified as an oncoprotein, but was shown 
to be a tumor suppressor ten years later by both in vitro experiments and human tumor sample 
studies (Baker et al., 1989; Finlay et al., 1989; Hinds et al., 1989; Nigro et al., 1989). 

Since then, an impressive body of work has been performed to decipher the functions and 
regulation of p53. The crucial role of p53 in tumor suppression is demonstrated by the fact 
that the TP53 gene is mutated in 50-70% of human sporadic cancers (Levine, 1997), and that 
genes encoding the p53 regulators Mouse Double Minute 2 (Mdm2) and Mdm4 (also known 
as MdmX) are often mutated in the other tumors (Toledo and Wahl, 2006). Furthermore, 
germline TP53 mutations account for the Li-Fraumeni syndrome, a familial cancer 
predisposition syndrome characterized by a high tumor penetrance and early tumor onset  
(Malkin et al., 1990).  

More than 27 000 somatic mutations and close to 600 germline mutations of TP53 were 
reported (according to the TP53 mutation database (Petitjean et al., 2007) of the International 
Agency for Research on Cancer (IARC) ; release R15, November 2010). In this review, we 
summarize what TP53 point mutations may reveal about p53 function and cancer 
development, and further address the prognostic and predictive values of TP53 point 
mutations or SNPs in the p53 pathway. 

2. Effects of point mutations in p53: Data from tumors and mouse models 
In response to diverse oncogenic stresses, the transcription factor p53 promotes transient or 
permanent cell cycle arrest (the latter also known as senescence), or apoptosis, hence 
preventing cells with a damaged genome to proliferate (Vogelstein et al., 2000). In addition, 
p53 regulates various processes that may contribute to its tumor suppressive functions, 
including glycolysis, autophagy, cell mobility, microRNA processing, ageing and 
suntanning (Aylon and Oren, 2010; Cui et al., 2007; Vousden and Ryan, 2009). 

Due to its detrimental activities to cell proliferation, p53 needs to be tightly regulated. 
Mdm2 and Mdm4 are the main p53 inhibitors (Wade et al., 2010), and their essential role is 
demonstrated by the p53-dependent lethality of Mdm2-deficient and Mdm4-deficient 
mouse embryos, which die from apoptosis or proliferation arrest, respectively. Mdm2 is a E3 
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ubiquitin ligase that can lead to the degradation of p53 by the proteasome (Brooks and Gu, 
2006), whereas Mdm4 inhibits the activity of p53 mainly by occluding the p53 
transactivation domain (Marine et al., 2006). But the regulation of p53 is much more 
complex, as more than 160 proteins interact with p53 to regulate its activity and stability 
(Toledo and Wahl, 2006). 

The transcription factor p53 is a 393-amino acids protein composed of 5 domains : a N-
terminal transactivation domain (TAD), a proline-rich domain (PRD), a core DNA binding 
domain (DBD), a tetramerization domain (4D) and a C-terminal regulatory domain (CTD) 
(Fig. 1A). Single-base substitutions in the TP53 coding sequence, leading to missense 
mutations, nonsense mutations or frameshifts, are the principal mode of p53 alteration in 
human cancers (Olivier et al., 2010).  

 
Fig. 1. TP53 missense mutations are clustered in the DNA binding domain. (A) Schematic 
representation of the 5 domains of p53. (B) The number of missense somatic mutations in 
human cancers for each codon, according to the IARC TP53 mutation database R15, was 
plotted against the p53 map. Data are from 20256 tumor missense mutations. The 7 most 
frequently mutated residues are indicated. (C) The transactivation activity of 2314 missense 
mutants tested in yeast and plotted against the p53 codon map. The capacity of mutants to 
transactivate 8 target genes (p21/WAF1, Mdm2, Bax, 14-3-3, AIP1, GADD45, Noxa and 
p53R2) relative to that of wild-type p53 is presented. (Modified from Toledo and Wahl, 2006). 
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2.1 TP53 mutations in human cancers cluster in the DNA-binding domain 

The functional importance of the p53 DNA-binding domain (DBD) is demonstrated by the fact 
that more than 70% of TP53 mutations are missense mutations affecting residues within this 
domain (Fig. 1B), and leading to a decreased capacity in target gene transactivation (Fig. 1C).  

Crystallographic studies showed that the p53 DBD consists of a central -sandwich that 
serves as a scaffold for the DNA binding surface, composed of 2 structural motifs. The first 
loop-sheet-helix motif including loop L1 binds to the DNA major groove. The other half of 
the DNA binding surface contains two large loops L2 and L3, which interact with the DNA 
minor groove and can be stabilized by a zinc ion (Fig. 2). Compared to its paralogs p63 and 
p73, the p53 DBD has evolved to be more dynamic and unstable, with a melting 
temperature around 44-45°C (Joerger et al., 2006; Joerger and Fersht, 2008). Among the 7 
residues most frequently mutated in human cancers, 6 are located at or close to the DNA 
binding surface (Fig. 2). Depending on their nature, these hotspot mutants can be classified 
as « contact » or « structural » mutants (Cho et al., 1994).   

 
Fig. 2. Structure of the p53 DNA binding domain bound to DNA. The two strands of bound 
consensus DNA are shown in blue and magenta. The bound Zinc ion is shown as a golden 
sphere, and the 7 residues that are frequently mutated in human cancers are highlighted in 
orange (Modified from Joerger et al., 2006). 

2.1.1 Contact mutants 

Contact mutants affect the residues that interact directly with the DNA helix : residues R248 
and R273 (Fig. 2). Crystallographic studies showed that R248 interacts with the minor 
groove of target DNA, whereas R273 contacts with the phosphate backbone at the center of 



 
Point Mutation 

 

302 

ubiquitin ligase that can lead to the degradation of p53 by the proteasome (Brooks and Gu, 
2006), whereas Mdm4 inhibits the activity of p53 mainly by occluding the p53 
transactivation domain (Marine et al., 2006). But the regulation of p53 is much more 
complex, as more than 160 proteins interact with p53 to regulate its activity and stability 
(Toledo and Wahl, 2006). 

The transcription factor p53 is a 393-amino acids protein composed of 5 domains : a N-
terminal transactivation domain (TAD), a proline-rich domain (PRD), a core DNA binding 
domain (DBD), a tetramerization domain (4D) and a C-terminal regulatory domain (CTD) 
(Fig. 1A). Single-base substitutions in the TP53 coding sequence, leading to missense 
mutations, nonsense mutations or frameshifts, are the principal mode of p53 alteration in 
human cancers (Olivier et al., 2010).  

 
Fig. 1. TP53 missense mutations are clustered in the DNA binding domain. (A) Schematic 
representation of the 5 domains of p53. (B) The number of missense somatic mutations in 
human cancers for each codon, according to the IARC TP53 mutation database R15, was 
plotted against the p53 map. Data are from 20256 tumor missense mutations. The 7 most 
frequently mutated residues are indicated. (C) The transactivation activity of 2314 missense 
mutants tested in yeast and plotted against the p53 codon map. The capacity of mutants to 
transactivate 8 target genes (p21/WAF1, Mdm2, Bax, 14-3-3, AIP1, GADD45, Noxa and 
p53R2) relative to that of wild-type p53 is presented. (Modified from Toledo and Wahl, 2006). 

 
p53: Point Mutations, SNPs and Cancer 

 

303 

2.1 TP53 mutations in human cancers cluster in the DNA-binding domain 

The functional importance of the p53 DNA-binding domain (DBD) is demonstrated by the fact 
that more than 70% of TP53 mutations are missense mutations affecting residues within this 
domain (Fig. 1B), and leading to a decreased capacity in target gene transactivation (Fig. 1C).  

Crystallographic studies showed that the p53 DBD consists of a central -sandwich that 
serves as a scaffold for the DNA binding surface, composed of 2 structural motifs. The first 
loop-sheet-helix motif including loop L1 binds to the DNA major groove. The other half of 
the DNA binding surface contains two large loops L2 and L3, which interact with the DNA 
minor groove and can be stabilized by a zinc ion (Fig. 2). Compared to its paralogs p63 and 
p73, the p53 DBD has evolved to be more dynamic and unstable, with a melting 
temperature around 44-45°C (Joerger et al., 2006; Joerger and Fersht, 2008). Among the 7 
residues most frequently mutated in human cancers, 6 are located at or close to the DNA 
binding surface (Fig. 2). Depending on their nature, these hotspot mutants can be classified 
as « contact » or « structural » mutants (Cho et al., 1994).   

 
Fig. 2. Structure of the p53 DNA binding domain bound to DNA. The two strands of bound 
consensus DNA are shown in blue and magenta. The bound Zinc ion is shown as a golden 
sphere, and the 7 residues that are frequently mutated in human cancers are highlighted in 
orange (Modified from Joerger et al., 2006). 

2.1.1 Contact mutants 

Contact mutants affect the residues that interact directly with the DNA helix : residues R248 
and R273 (Fig. 2). Crystallographic studies showed that R248 interacts with the minor 
groove of target DNA, whereas R273 contacts with the phosphate backbone at the center of 



 
Point Mutation 

 

304 

a p53 binding half-site (a p53 response element is composed of 2 binding half-sites separated 
by 0-13 base pairs, each half site corresponding to the consensus sequence 5’-
RRRCWWGYYY-3’, with R = G/A ; W = A/T and Y = C/T). This group of mutants 
encompasses hotspot mutations R248Q, R248W, R273H and R273C. Two of these were 
thoroughly studied in mouse models, in which each mutation was targeted at the p53 locus 
by using homologous recombination in embryonic stem cells.  

The mouse model p53R270H (equivalent to human p53R273H) revealed the dual property of the 
mutant protein (Olive et al., 2004). The p53R270H protein could exert dominant negative 
effects on the wild-type protein by hetero-oligomerization. Compared to their p53+/- 
counterparts, p53R270H/+ mouse embryonic fibroblasts (MEFs) exhibited a faster cycling rate,  
and p53R270H/+ thymocytes exhibited a decreased apoptotic response to -irradiation. 
Furthermore, p53R270H/+ mice showed an increased incidence of spontaneous B-cell 
lymphomas and carcinomas with frequent metastases, a tumor spectrum distinct from that 
observed in p53+/- mice. In addition, mutant p53R270H exhibited gain-of-function phenotypes, 
as evidenced by the observation of a much higher incidence of various tumor types in 
p53R270H/- mice, including high-grade carcinomas with epithelial origin and 
hemangiosarcomas, which are rarely found in p53-/- mice. The authors attributed this gain-
of-function effects to the inhibition of p63 and p73 functions by the mutant p53 protein. 

In another study, the two most common p53 cancer mutations, R248W and R273H, were 
evaluated in mice after their independent targeting at the humanized p53 knock-in (p53hupki) 
allele. This humanized allele encodes a human/mouse chimeric protein containing human 
p53 residues 33-332 flanked by murine N-terminal and C-terminal p53 sequences (Song et 
al., 2007). Both mutants had lost p53-dependent cell-cycle arrest and apoptotic responses, 
and each showed a more complex tumor spectrum than p53-/- mice, suggesting a gain-of-
function. Indeed, by interacting with the Mre11 nuclease and preventing the binding of the 
Mre11-Rad50-NBS1 complex to DNA double-strand breaks, the mutant proteins were found 
to disrupt a critical DNA-damage response pathway, and thus to promote genetic 
instability. 

2.1.2 Structural mutants 

The mutations of residues that are not in direct contact with DNA but function to stabilize 
the DNA binding structure are referred to as structural mutants. In contrast to contact 
mutants, structural mutants affect the overall architecture of the DNA-binding surface and 
change the conformation of the protein (Cho et al., 1994). Human cancer hotspot mutations 
R175H, Y220C, G245S, R249S and R282W belong to this category.  

The residue R175 is the third most frequently mutated p53 codon in human cancers (Fig. 
1B). Two different mutations affecting this residue were analyzed in vivo. Mouse models 
expressing a p53R172H protein (corresponding to p53R175H in humans) were found to be 
extremely tumor-prone. p53R172H led to the loss of both cell cycle control and apoptosis. In 
addition, a dominant-negative function of the mutant protein over wild-type p53 and the 
acquisition of an oncogenic function through p63 and p73 inactivation were reported (Lang 
et al., 2004; Olive et al., 2004). Another mouse model affecting the same residue is p53R172P . 
This mutant was found unable to induce apoptosis, although it retained partial cell cycle 
control. Compared to p53-/- mice, p53R172P/R172P mice exhibited a delayed tumor onset ; this 
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indicated that apoptosis is not the only p53-dependent cellular response essential for 
tumour suppression, and that the maintenance of chromosomal stability is also important 
(Liu et al., 2004). More recently, further analyses of this mutant, in combination with a 
deficiency in Mdm2, revealed the importance of p53 and reactive oxygen species (ROS) in 
the regulation of pools of hematopoietic stem cells (Abbas et al., 2010). 

The mutation R249S is often found in human hepatocellular carcinomas associated with 
exposure to aflatoxin (as detailed below). A targeted mutation leading to the expression of a 
murine p53R246S (equivalent to human p53R249S) has, so far, only been described in embryonic 
stem cells (Lee and Sabapathy, 2008): this revealed a dominant negative effect of the mutant 
protein. Transgenic p53R246S mice, described earlier, suggested that this mutant might act as 
a promoting agent for aflatoxin-induced hepatocarcinogenesis (Ghebranious and Sell, 1998).  

The properties of this group of mutant proteins were also proposed to result from their 
increased propensity to aggregate. The mutants R175H, R249S and R282W could 
coaggregate, in the cytoplasm, with wild-type p53, p63 or p73, causing deficient induction of 
target genes (Xu et al., 2011).  

Finally, p53 was recently found to facilitate the maturation of a subset of primary miRNAs, 
by forming a complex with Drosha and p68. p53 point mutations in the DNA binding 
domain, such as R175H and R273H, were shown to disrupt the interaction between Drosha 
and p68 and lead to attenuated miRNA processing, suggesting another oncogenic property 
acquired by these p53 mutants (Suzuki et al., 2009). 

2.2 Mutations in other domains of p53 

In vitro and transfection studies suggested that post-translational modifications in the 
transactivation domain (TAD), proline-rich domain (PRD) and C-terminal domain (CTD) 
are important for p53 activity. Although mutations affecting these domains are extremely 
rare in human cancers, mouse models carrying such mutations have provided insight into 
p53 regulation. 

2.2.1 Mutations in the Transactivation Domain (TAD) 

The N-terminal p53 TAD, containing the major site of interaction with Mdm2, was initially 
defined as encompassing the first 40 residues of the protein. Phosphorylation of serines in 
the TAD were thought to be crucial for p53 activation and stabilization, by preventing 
Mdm2 binding and promoting p300 binding, but when mutations of such residues were 
targeted at the murine locus and evaluated in vivo, unexpected phenotypes were observed. 
Mutations S18A or S23A (corresponding to human S15A and S20A respectively) 
independently led to no or mild alterations in p53 stability, transactivation, cell cycle control 
and apoptosis (Chao et al., 2003; Sluss et al., 2004; Wu et al., 2002). However p53S18A,S23A 
mice, carrying mutations of the two residues, were deficent in inducing apoptosis and 
developped various types of late onset tumors (Chao et al., 2006). Furthermore, transfection 
studies led to propose that human p53 mutations of leucine 22 and tryptophan 23 into 
glutamine and serine (L22Q and W23S) would disrupt Mdm2 interaction and prevent the 
recruitement of transcription co-activators, leading to a stabilized p53 protein with reduced 
transactivation capacity (Lin et al., 1994). This hypothesis was confirmed in a mouse model 
expressing the equivalent mutant protein p53L25Q,W26S (referred to as p5325,26 below) : p5325,26 
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a p53 binding half-site (a p53 response element is composed of 2 binding half-sites separated 
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targeted at the murine locus and evaluated in vivo, unexpected phenotypes were observed. 
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glutamine and serine (L22Q and W23S) would disrupt Mdm2 interaction and prevent the 
recruitement of transcription co-activators, leading to a stabilized p53 protein with reduced 
transactivation capacity (Lin et al., 1994). This hypothesis was confirmed in a mouse model 
expressing the equivalent mutant protein p53L25Q,W26S (referred to as p5325,26 below) : p5325,26 
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protein was very stable due to the lack of Mdm2 binding, and its ability to transactivate 
target genes in response to acute DNA damage was impaired. Its increased stability and 
residual activity led to early embryonic lethality (Johnson et al., 2005).  

The work of Zhu et al. led to propose the existence of a secondary TAD domain (TAD2), 
adjacent to the first TAD, roughly corresponding to residues 43 to 63 (Zhu et al., 1998). The 
role of the two transactivation domains was further studied in a recent work, which 
compared the p5325,26 mouse model to the mouse p5353,54, with 2 mutations in the TAD2 
(L53Q and W54S), and to the quadruple mutant p5325,26,53,54 (Brady et al., 2011) (Figure 3). 
The similarity of p5353,54 MEFs, but not p5325,26 nor p5325,26,53,54 MEFs, to wild-type cells in 
target gene induction after acute genotoxic stress suggested that the p53 DNA damage 
response relies on an intact TAD1. However, in a model of KrasG12D–induced lung 
tumorigenesis, p5325,26 could suppress tumor formation as efficiently as wild-type p53, 
whereas the quadruple mutant acted as a p53 null protein. Thus, an intact TAD1 is required 
to achieve an acute genotoxic response, but TAD1 and TAD2 can function redundantly to 
supress tumors. This may explain why mutations in the TAD are rare in human cancers. 

 
Fig. 3. Schematic representation of the murine p53 protein and the targeted mutations 
(outside of the DNA binding domain) that were generated. TAD (1 & 2): transactivation 
domain ; PRD : proline-rich domain ; DBD : DNA binding domain ; NLS : nuclear 
localization signal ; 4D : tetramerization domain ; CTD : C-terminal domain (Modified from 
Toledo and Wahl, 2006). 

2.2.2 Mutations in the Proline-Rich Domain (PRD) 

Human p53 lacking residues 62-91 in the PRD was found to be more sentitive to Mdm2-
mediated degradation, and this was proposed to result from the loss of an essential prolyl 
isomerase PIN1 binding site within the PRD (Berger et al., 2005; Berger et al., 2001; Dumaz et 
al., 2001). The PRD might also ensure optimal p53-p300 interactions through PXXP motifs 
(Dornan et al., 2003).  Consistent with in vitro findings, mouse model p53P, lacking the 
amino acids 75-91 with all PXXP motifs and putative PIN1 sites deleted, displayed reduced 
protein stability and transactivation capacity (Toledo et al., 2006). However, p53P was 
deficient in cell-cycle control but retained a partial pro-apoptotic capacity, in striking 
contrast to what transfection studies had suggested. This surprising phenotype was 
confirmed by the observation that p53P rescues Mdm4-null but not Mdm2-null embryos. 
Another mouse model of the PRD, p53mpro, expressing a p53 lacking residues 58-88, was 
reported later (Slatter et al., 2010). p53mpro retained a capacity to control the cell cycle in 
bone marrow cells, but it was not analyzed in MEFs like the p53P mutant, and attempts to 
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rescue Mdm2-null or Mdm4-null embryos were not performed in a p53mpro context. Thus, 
further analyses are needed to evaluate the similarities or differences between the p53P and 
p53mpro mutants.  

Mouse mutants with more subtle mutations in the PRD were also reported (Toledo et al., 
2007). p53TTAA, with threonines 76 and 86 mutated into alanines, removed only the putative 
PIN1 binding sites in the PRD. These mutations partially affected p53 stabilization upon 
DNA damage, but the mutant protein remained as active as wild-type p53, suggesting that 
PIN1 binding sites in the PRD participate in p53 stability control, but exert little effects on 
p53 function. In the mutant p53AXXA, prolines 79, 82, 84 and 87 were mutated into alanines, 
to remove both PXXP motifs of the murine p53 PRD. The stability and activity of this mutant 
did not differ significantly from that of WT p53, suggesting either that the PRD has mainly a 
structural role, or that PXXXXP motifs present in the p53AXXA protein are sufficient to ensure 
protein-protein interactions.  

2.2.3 Mutations in the C-terminal region of the protein 

Several kinases may phosphorylate serines 315 and 392 in human p53. Unlike other serines 
or threonines in p53 that are phosphorylated by stress-related kinases, serine 315 is 
predominantly phosphorylated by cell cycle-related kinases. Furthermore, whether this 
phosphorylation regulates p53 functions positively or negatively appeared controversial 
after in vitro studies (Fogal et al., 2005; Qu et al., 2004; Zacchi et al., 2002; Zheng et al., 2002). 
Two mouse models expressing p53S312A (equivalent to a S315A mutation in human p53) 
were recently reported (Lee et al., 2010; Slee et al., 2010). This mutation did not affect the 
survival of mice under normal physiological conditions and appeared to have only mild 
effects on stress-responses in fibroblasts. However, the irradiation of p53S312A/S312A mice 
revealed their predisposition to develop thymic lymphomas and liver tumors, and a 
decreased p53 response was demonstrated in liver tumors (Slee et al., 2010). As for serine 
392, in vitro studies revealed its phosphorylation in response to UV irradiation, correlated 
with p53 activation (Kapoor and Lozano, 1998; Lu et al., 1998). Mice with an equivalent 
mutation (S389A) were resistant to spontaneous tumors with a normal p53 stability, but 
presented a slightly reduced apoptotic response after UV irradiation, and a slightly higher 
UV-induced skin tumor occurrence (Bruins et al., 2004).  

Human p53 contains 6 lysine residues in its C-terminal domain, subjected to various post-
translational modifications including acetylations and ubiquitinations, long thought to be 
crucial for the regulation of p53 protein activity and stability (Nakamura et al., 2000; 
Rodriguez et al., 2000). However, mouse models expressing a p53 with 6 or 7 C-terminal 
lysines mutated into arginines (referred to as p53K6R or p537KR, respectively) appeared rather 
similar to wild-type mice, suggesting that these residues only participate in the fine-tuning of 
p53 responses (Feng et al., 2005; Krummel et al., 2005). More recently, p537KR mice were found 
to be hypersensitive to -irradiation, due to defects in hematopoiesis (Wang et al., 2011). 

2.2.4 Mutations in non-coding regions 

Cancer related-mutations in intronic sequences were not studied as extensively as those in 
exons. Mutations in non-coding regions may affect splicing sites, potentially resulting in 
truncated protein products or reduced protein levels (Holmila et al., 2003). For example, an 
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A-to-G transition in intron 10 that eliminates a splicing acceptor site and causes a frameshift 
was recently reported in a pediatric adenocortical tumor (Pinto et al., 2011). In silico analyses 
suggested that the resulting mutant protein may be misfolded or may aggregate, accounting 
for a loss in tumor suppressor capacity. 

3. p53 mutations and the etiology of human cancers 
The distribution of TP53 missense mutations in human cancers correlates with their functional 
impact, as the most frequent mutations severely impair sequence-specific DNA binding and 
transactivation. Importantly, the frequencies and types of mutations in TP53 reflect both the 
selective growth advantage they confer to mutated cells, and the mutability of a particular 
codon to endogenous metabolites or exogenous carcinogens. Spontaneous deamination and 
environmental carcinogens are considered to be the main sources of mutagenesis.  

3.1 Spontaneous C to T transversion 

CpG dinucleotides in TP53 are highly methylated in normal tissues, and the 5’-methylated 
cytosine undergoes spontaneous deamination at a higher rate than an unmethylated base, 
leading to a cytosine to thymidine transition. 33% of TP53 DBD mutations occur at 
methylated CpG sites, affecting 5 major hotspot mutations (codons 175, 245, 248, 273 and 
282), and this is considered as a main source of internal cancers (Gonzalgo and Jones, 1997).  

3.2 Mutations induced by exogenous carcinogens 

3.2.1 Aflatoxin & p53R249S mutations 

The incidence of hepatocellular carcinoma (HCC) correlates well with the occurrence of two 
principal etiologic factors : hepatitis B or C infections and exposure to aflatoxins in the diet, 
causing a G to T transversion at codon 249 (R249S) (Aguilar et al., 1993). In high incidence 
areas for HCC, the molds Aspergillus flavis and Aspergillus parasiticum contaminate maize 
and peanuts producing aflatoxins that, once metabolized by the liver, may generate DNA 
adducts at several guanines in TP53, leading to G to T transversions. In fact, the aflatoxin 
adducts occur at a few codons, and the high frequency of R249S (AGG  AGT) mutation 
results from its clonal selection during hepatocellular carcinogenesis. 

3.2.2 Smoking & lung cancer 

p53 mutations are common in lung cancers, with a frequency of 75% in smokers, showing a 
strong correlation between smoking and p53 mutations. Human lung cancers from smokers 
display a distinct TP53 mutation pattern with a predominant G to T/A transversion, 
whereas C to T transitions are enriched in other cancer types. These smoking-induced 
transversions, caused by the benzo(a)pyrene metabolites in the tobacco smoke, are often 
observed in methylated CpG sequences at codons 157, 158, 245, 248 and 273 (Le Calvez et 
al., 2005). Intriguingly, the majority of G to T transversions occur on the nontranscribed 
strand, suggesting that the benzo(a)pyrene adducts on that strand are less efficiently 
removed. Thus, the distribution of TP53 mutations in lung cancers results from the 
combined effects of site preference for adduct formation, differential DNA strand repair 
efficiencies, and clonal selection of the mutations that most affect p53 function. 
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3.2.3 UV & skin carcinomas 

The major cause of nonmelanoma skin cancers is sunlight. In basal and squamous cell skin 
carcinomas, a high frequency of C to T transitions in TP53 is observed, including tandem CC 
to TT transitions, considered to be the mutagen fingerprint of ultra-violet (UV) irradiation. 
The tandem CC to TT transitions would result from UV-induced pyrimidine dimers that 
escape nucleotide excision repair (NER). Consistent with this, skin tumors from Xeroderma 
pigmentosum patients, deficient in NER, exhibit a high frequency of CC to TT transitions in 
tumor suppressor genes such as TP53 and PTCH1 (Bodak et al., 1999). Importantly, the 
mutagen fingerprint of UV on the TP53 gene suggests that farmers, fishermen and forestry 
workers are predisposed to basal cell skin carcinomas because of their occupational 
exposure to sunlight (Weihrauch et al., 2002). 

4. Effects of Single Nucleotide Polymorphisms (SNPs) in the p53 pathway 
By definition, a single nucleotide polymorphisms (SNP) affects at least 1% of a population. 
Numerous SNPs are present at the TP53 locus and in genes involved in the p53 network. 
They may increase cancer risk and affect response to therapeutic regimens.  

4.1 SNPs in TP53 and TP73 

4.1.1 Codon 72 Pro/Arg 

The most studied SNP in TP53 is the Proline/Arginine variation at codon 72 (referred to as 
p53-72Pro or p53-72Arg, respectively). This SNP is due to a change in the DNA sequence 
encoding the proline-rich domain of p53 (CCC or CGC). Experiments in human cell lines 
have suggested that the variant p53-72Arg is more efficient in inducing apoptosis, whereas 
p53-72Pro would be more efficent in transactivating p21 and inducing cell cycle arrest 
(Dumont et al., 2003; Pim and Banks, 2004; Salvioli et al., 2005; Sullivan et al., 2004). Studies 
of the association of these polymorphic variants with cancer risk have been controversial 
however (Whibley et al., 2009). Several models of ‘humanized’ mice designed to reproduce 
the p53-72Pro/Arg polymorphism were recently reported (Azzam et al., 2011; Frank et al., 
2011; Zhu et al., 2010). These models revealed tissue-specific effects of the codon 72-
polymorphism, which may explain the controversial findings in human studies. 

4.1.2 Codon 47 Pro/Ser 

The SNP p53-47 Proline or Serine (referred to as p53-47Pro or p53-47Ser hereafter), resulting 
from a C to T substitution at position 1 of codon 47, has been reported in populations of 
African origin (Felley-Bosco et al., 1993). The variant p53-47Ser, which was described to 
decrease the induction of some pro-apopotic genes by reducing the phosphorylation level at 
the adjacent serine 46 residue (Li et al., 2005), deserves further investigation.  

4.1.3 Codon 217 Val/Met and codon 360 Gly/Ala 

The SNP p53-217 Valine/Methionine is the only polymorphism found in the p53 DBD, 
which could be expected to affect p53 activity. Its function has only been tested in yeast and 
the p53-217Met variant showed an increased transactivation capacity (Kato et al., 2003). The 
SNP p53-360 Glycine/Alanine is located in the linker region adjacent to the p53 4D, and a 
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A-to-G transition in intron 10 that eliminates a splicing acceptor site and causes a frameshift 
was recently reported in a pediatric adenocortical tumor (Pinto et al., 2011). In silico analyses 
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3.2.3 UV & skin carcinomas 

The major cause of nonmelanoma skin cancers is sunlight. In basal and squamous cell skin 
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escape nucleotide excision repair (NER). Consistent with this, skin tumors from Xeroderma 
pigmentosum patients, deficient in NER, exhibit a high frequency of CC to TT transitions in 
tumor suppressor genes such as TP53 and PTCH1 (Bodak et al., 1999). Importantly, the 
mutagen fingerprint of UV on the TP53 gene suggests that farmers, fishermen and forestry 
workers are predisposed to basal cell skin carcinomas because of their occupational 
exposure to sunlight (Weihrauch et al., 2002). 

4. Effects of Single Nucleotide Polymorphisms (SNPs) in the p53 pathway 
By definition, a single nucleotide polymorphisms (SNP) affects at least 1% of a population. 
Numerous SNPs are present at the TP53 locus and in genes involved in the p53 network. 
They may increase cancer risk and affect response to therapeutic regimens.  

4.1 SNPs in TP53 and TP73 

4.1.1 Codon 72 Pro/Arg 

The most studied SNP in TP53 is the Proline/Arginine variation at codon 72 (referred to as 
p53-72Pro or p53-72Arg, respectively). This SNP is due to a change in the DNA sequence 
encoding the proline-rich domain of p53 (CCC or CGC). Experiments in human cell lines 
have suggested that the variant p53-72Arg is more efficient in inducing apoptosis, whereas 
p53-72Pro would be more efficent in transactivating p21 and inducing cell cycle arrest 
(Dumont et al., 2003; Pim and Banks, 2004; Salvioli et al., 2005; Sullivan et al., 2004). Studies 
of the association of these polymorphic variants with cancer risk have been controversial 
however (Whibley et al., 2009). Several models of ‘humanized’ mice designed to reproduce 
the p53-72Pro/Arg polymorphism were recently reported (Azzam et al., 2011; Frank et al., 
2011; Zhu et al., 2010). These models revealed tissue-specific effects of the codon 72-
polymorphism, which may explain the controversial findings in human studies. 

4.1.2 Codon 47 Pro/Ser 

The SNP p53-47 Proline or Serine (referred to as p53-47Pro or p53-47Ser hereafter), resulting 
from a C to T substitution at position 1 of codon 47, has been reported in populations of 
African origin (Felley-Bosco et al., 1993). The variant p53-47Ser, which was described to 
decrease the induction of some pro-apopotic genes by reducing the phosphorylation level at 
the adjacent serine 46 residue (Li et al., 2005), deserves further investigation.  
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which could be expected to affect p53 activity. Its function has only been tested in yeast and 
the p53-217Met variant showed an increased transactivation capacity (Kato et al., 2003). The 
SNP p53-360 Glycine/Alanine is located in the linker region adjacent to the p53 4D, and a 
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yeast assay indicated that induction of some p53 target genes are slightly decreased with the 
p53-360Ala variant (Kato et al., 2003). Further studies of these SNPs in a mammalian system 
are required to address their role in human cancers. 

Importantly, additionnal SNPs that appear specific to Chinese populations were recently 
reported, but their impact on cancer risk remains to be evaluated in large cohorts (Phang et 
al., 2011). SNPs that could influence cancer risk need to be precisely evaluated in other p53 
family members as well. At present, one  SNP likely relevant for cancer research has been 
found in TP73. Table 1 summarizes the identified SNPs in members of the p53 family.  
 

Gene Function SNP Molecular 
description Clinical association 

TP53 

Tumor suppressor, 
transcription factor ; 

induces cell cycle 
arrest and apoptosis 
in response to stress

72Arg/Pro 

See text 
47Pro/Ser 

217Val/Met 
360Gly/Ala

TP73 

Transactivates p53 
target genes, some 

isoforms inhibit p53 
functions 

G4C14/ 
A4T14 

Two linked 
intronic SNPs, 

upstream of the 
translation starting 

site in position 4 
and 14 

A4T14 allele : increased 
risk of squamous cell 

carcinoma of the head and 
neck, gastric, colorectal 

and endometrial cancers ;  
G4C14 allele : increased 

risk of lung cancer in 
Chinese population 

Table 1. Cancer-related SNPs in the p53 family. Data collected from (Chen et al., 2008; De 
Feo et al., 2009; Hu et al., 2005; Kaghad et al., 1997; Niwa et al., 2005; Pfeifer et al., 2005). 

4.2 SNPs in the p53 pathway 

Genes encoding p53 regulators, and p53 target genes also exhibit single nucleotide 
polymorphisms, which may affect p53 responses and synergize with SNPs or mutations in 
TP53 to alter cancer risk and clinical outcome. The current informations on SNPs in p53 
regulators and p53 target genes are summarized in Tables 2 and 3 respectively. 

5. Future perspectives : The importance of p53 isoforms 
Recent studies have shown that TP53 has a complex gene structure, much like the genes 
encoding its family members p63 and p73. Human TP53 encodes 12 isoforms due to the 
presence of multiple promoters, translation initiation sites and alternative sites of splicing 
(Bourdon et al., 2005; Marcel et al., 2010a). These isoforms are expressed in normal tissues in 
a tissue-specific manner, and at least some of them appear to participate in the regulation of 
full length-p53 (FL-p53) and to play a role in tumor progression (Bourdon, 2007).  

The 12 human p53 protein isoforms are illustrated in Figure 4. 40p53, an isoform lacking 
the first transactivation domain (TAD1), can be obtained by alternative splicing of intron 2 
or by the use of alternative translation initiation (Courtois et al., 2002; Ghosh et al., 2004; Ray 
et al., 2006). Under endoplasmic reticulum (ER) stress, 40p53 expression is increased,  
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Gene Function SNP Molecular description Clinical association 

Mdm2 Regulates p53 
stability SNP309 

T/G in intron 1. G 
creates a Sp1 binding 
site, increasing Mdm2 

expression 

G : increased risk for early 
onset tumors, particularly 

in young females 

Mdm4 Regulates p53 
activity SNP34091

A/C in the 3’UTR 
region. Mdm4-C allele 
is a target of hsa-miR-
191 but not Mdm4-A

C : later onset of ovarian 
carcinomas and increased 

response to 
chemotherapy 

ATM 

Phosphorylates 
and activates p53 

upon DNA 
damage 

1853 
Asp/Asn 

Asp or Asn at codon 
1853. Asn leads to 

decreased activation of 
p53 

Asn :  increased colorectal 
cancer risk and reduced 

melanoma risk 

NQO1 Stabilizes p53 upon 
oxidative stress 187 Pro/Ser

Pro or Ser at codon 
187. Ser leads to loss of 

activity 
Ser : increased cancer risk 

 

Table 2. Cancer-related SNPs in regulators of p53. Summarized data for SNPs in Mdm2 
(Bond et al., 2004; Bond and Levine, 2007; Post et al., 2010), Mdm4 (Wynendaele et al., 2010), 
ATM (Barrett et al., 2011; Jones et al., 2005; Maillet et al., 1999; Thorstenson et al., 2001), 
NQO1 (Asher and Shaul, 2005; Jamieson et al., 2007; Ross and Siegel, 2004). 

 
Gene Function SNP Molecular description Clinical association 

CDKN1A 
(p21) 

Regulator of 
G1-S cell cycle 

progression 

31 
Ser/Arg 

Ser or Arg at codon 
31 

Ser : increased 
esophageal, breast 
cancer risk ; Arg : 
increased type-C 

chronic lymphocytic 
leukemia 

CDKN1B 
(p27) 

Regulates cell 
cycle -79C/T 

C/T in 5’UTR, 79 nt 
upstream of the 

translation start site 

T : increased prostate, 
breast, thyroid cancer 

risk 

BAX pro-apoptotic -125 
G/A 

G/A in the promoter, 
125 nt before 

transcription start site 

A : increased risk for 
head and neck 

carcinomas and 
chronic lymphocytic 

leukemia 

CASP8 pro-apoptotic 302 
Asp/His

Asp or His at codon 
302 

His : reduced breast 
cancer incidence 

 

Table 3. Cancer-related SNPs in p53 target genes. Summarized data for SNPs in p21 (Ebner 
et al., 2010; Johnson et al., 2009; Yang et al., 2010), p27 (Chang et al., 2004; Driver et al., 2008; 
Landa et al., 2010; Ma et al., 2006), Bax (Chen et al., 2007; Lahiri et al., 2007), Caspase 8 (Cox 
et al., 2007; MacPherson et al., 2004; Palanca Suela et al., 2009). 
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yeast assay indicated that induction of some p53 target genes are slightly decreased with the 
p53-360Ala variant (Kato et al., 2003). Further studies of these SNPs in a mammalian system 
are required to address their role in human cancers. 

Importantly, additionnal SNPs that appear specific to Chinese populations were recently 
reported, but their impact on cancer risk remains to be evaluated in large cohorts (Phang et 
al., 2011). SNPs that could influence cancer risk need to be precisely evaluated in other p53 
family members as well. At present, one  SNP likely relevant for cancer research has been 
found in TP73. Table 1 summarizes the identified SNPs in members of the p53 family.  
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Table 1. Cancer-related SNPs in the p53 family. Data collected from (Chen et al., 2008; De 
Feo et al., 2009; Hu et al., 2005; Kaghad et al., 1997; Niwa et al., 2005; Pfeifer et al., 2005). 

4.2 SNPs in the p53 pathway 

Genes encoding p53 regulators, and p53 target genes also exhibit single nucleotide 
polymorphisms, which may affect p53 responses and synergize with SNPs or mutations in 
TP53 to alter cancer risk and clinical outcome. The current informations on SNPs in p53 
regulators and p53 target genes are summarized in Tables 2 and 3 respectively. 

5. Future perspectives : The importance of p53 isoforms 
Recent studies have shown that TP53 has a complex gene structure, much like the genes 
encoding its family members p63 and p73. Human TP53 encodes 12 isoforms due to the 
presence of multiple promoters, translation initiation sites and alternative sites of splicing 
(Bourdon et al., 2005; Marcel et al., 2010a). These isoforms are expressed in normal tissues in 
a tissue-specific manner, and at least some of them appear to participate in the regulation of 
full length-p53 (FL-p53) and to play a role in tumor progression (Bourdon, 2007).  

The 12 human p53 protein isoforms are illustrated in Figure 4. 40p53, an isoform lacking 
the first transactivation domain (TAD1), can be obtained by alternative splicing of intron 2 
or by the use of alternative translation initiation (Courtois et al., 2002; Ghosh et al., 2004; Ray 
et al., 2006). Under endoplasmic reticulum (ER) stress, 40p53 expression is increased,  
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ATM (Barrett et al., 2011; Jones et al., 2005; Maillet et al., 1999; Thorstenson et al., 2001), 
NQO1 (Asher and Shaul, 2005; Jamieson et al., 2007; Ross and Siegel, 2004). 

 
Gene Function SNP Molecular description Clinical association 

CDKN1A 
(p21) 

Regulator of 
G1-S cell cycle 

progression 

31 
Ser/Arg 

Ser or Arg at codon 
31 

Ser : increased 
esophageal, breast 
cancer risk ; Arg : 
increased type-C 

chronic lymphocytic 
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CDKN1B 
(p27) 

Regulates cell 
cycle -79C/T 

C/T in 5’UTR, 79 nt 
upstream of the 

translation start site 

T : increased prostate, 
breast, thyroid cancer 

risk 

BAX pro-apoptotic -125 
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G/A in the promoter, 
125 nt before 

transcription start site 
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Table 3. Cancer-related SNPs in p53 target genes. Summarized data for SNPs in p21 (Ebner 
et al., 2010; Johnson et al., 2009; Yang et al., 2010), p27 (Chang et al., 2004; Driver et al., 2008; 
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et al., 2007; MacPherson et al., 2004; Palanca Suela et al., 2009). 
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leading to G2 arrest (Bourougaa et al., 2010). Transgenic mice overexpressing 40p53 exhibit 
an increased cellular senescence, a slower growth rate, memory loss, neurodegeneration and 
accelerated ageing (Maier et al., 2004; Pehar et al., 2010). 

133p53 and 160p53 isoforms are expressed from an evolutionary conserved promoter 
located in intron 4 (Bourdon et al., 2005). Studies in human cells and zebrafish indicated that 
this internal promoter is transactivated by FL-p53 (Aoubala et al., 2011; Chen et al., 2009; 
Marcel et al., 2010b). Human 133p53 and zebrafish 113p53, isoforms lacking the TAD and 
part of the DBD, have an anti-apoptotic role (Bourdon et al., 2005; Chen et al., 2009). In 
addition, overexpression of 133p53 was found to extend cellular replicative lifespan by 
inhibiting p21 and miR-34 (Fujita et al., 2009). 133p53 is absent in normal mammary tissues, 
but present in breast cancers, and its overexpression is correlated with the progression of colon 
cancer from adenomas to carcinomas. The 160p53 isoform results from an alternative 
translation intiation site, within the same mRNA transcript that encodes 133p53 (Marcel et 
al., 2010a). The function of this isoform, identified very recently, is presently unknown. 

  
Fig. 4. TP53 encodes 12 putative isoforms. (A) TP53 gene structure with 2 promoters (P1 and 
P2), 4 translation initiation sites (ATG1, ATG40, ATG133 and ATG160) and 3 C-terminal 
alternative splicing sites (,  and ). (B) 12 protein isoforms of human p53 with their name 
and molecular weight listed on the left and right, respectively. The functional domains and 
the specific C-terminal sequences for the  and  variants are indicated.  
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The use of alternative splicing sites in intron 9 results in the production of 2 isoforms with 
distinct C-terminal domains : p53and p53 (Bourdon et al., 2005). These 2 isoforms lack the 
oligomerization domain, but are proposed to work independently of FL-p53 by 
transactivating p53 target genes in a promoter-specific manner, or together with FL-p53 to 
modulate its target gene expression. Luciferase assays indicated that p53could increase 
p53-dependent expression of p21, consistent with the observation that p53cooperates with 
FL-p53 to accelerate replicative senescence of human fibroblasts (Fujita et al., 2009). p53 
may enhance p53 transcriptional activity on the BAX promoter (Bourdon et al., 2005). In a 
study of 127 randomly selected primary breast tumors, the expression of the p53 and p53 
were found to associate with oestrogen receptor (ER) expression and mutation of TP53 gene, 
respectively (Bourdon et al., 2011). Patients expressing only mutant p53 had a poor 
prognosis, as expected. Interestingly however, patients with mutations in TP53 expressing 
p53 had low cancer recurrence and an overall survival as good as that of patients with 
wild-type p53. These results suggest that the expression status of p53 isoforms should be 
precisely determined in human cancers, to evaluate their relevance in cancer therapy and 
prognosis. Consequently, it becomes important to determine the impact of each point 
mutation in TP53 on the synthesis of p53 isoforms.   
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1. Introduction 
Both genetic and environmental factors affect an individual’s risk for chronic obstructive 
lung disease [1]. Air pollution continues to be a major public health concern in 
industrialized cities throughout the world. Recent population and epidemiological studies 
that have associated ozone and particulate exposures with morbidity and mortality 
outcomes underscore the important detrimental effects of these pollutants on the lung. Inter-
individual variation in human responses to air pollutants suggests that some 
subpopulations are at increased risk to the detrimental effects of pollutant exposure, and it 
has become clear that genetic background is an important susceptibility factor. 
Environmental exposures to inhaled pollutants and genetic factors associated with disease 
risk likely interact in a complex fashion that varies from one population to another [2]. 
Investigations have suggested an influence of age on genetic susceptibility to lung cancer 
and other diseases, which indicate that an interaction between age and genetic background 
may be important in air pollution disease pathogenesis [3]. Tobacco smoke is an important 
contributor to the factors in the environment that impact on the health of individuals, 
including the fetus in the womb. 

Although cigarette smoking during pregnancy is associated with adverse fetal, obstetrical, 
and developmental outcomes, 15–20% of all women smoke throughout the duration of 
pregnancy [4, 5], despite intentions to refrain from smoking during that period [6]. 
Approximately 75% of pregnant smokers report the desire to quit smoking [7], but only 20–
30% successfully abstains from smoking during pregnancy and half of these women relapse 
within 6 months of parturition [8]. In some countries nicotine replacement therapy is used as 
a strategy to assist smokers, including pregnant mothers, to quit the habit. However, several 
studies showed that maternal intake of nicotine have deleterious effects on the offspring. 

2. Fetal onset of adult disease 
In 1990 Barker [9] noted that “The womb may be more important than the home”. Up to 
recently the old model of adult degenerative diseases, such as emphysema, was based on 
the model that link the interaction between genes and an adverse environment in adult life. 
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The new model that is currently being developed, based on environment-gene interaction,  
will include programming by the environment during fetal and neonatal life. There are 
critical periods during which the developing organs are very plastic such as when rapid cell 
proliferation occurs during growth, during which it is most sensitive to environmental 
stressors [10]. This is because during normal development precisely timed regulation of 
gene transcription is essential. Only genes that are: 1) specific to a particular cell type, such 
as epithelial cells, and 2) to a specific developmental phase, are transcriptionally active 
while others are silenced. The ability to modulate gene transcription results in plasticity 
during lung development [11]. It is therefore conceivable that interference with this process 
during a phase of high plasticity will result in various metabolic, structural and functional 
disorders in the offspring, or reduce the capacity of the offspring to protect itself against 
environmental insults [10]. The type of disorder is likely to be dependent not only on the 
type of insult but also the timing of the insult. 

Apart from the various obstetrical and developmental complications in the adult and 
offspring, a wide variety of in utero insults, such as smoking and nicotine, are associated 
with an increased incidence of metabolic disorders in the offspring and in subsequent 
generations. Holloway et al [12] showed that fetal and neonatal exposure to nicotine results 
in endocrine and metabolic changes in the offspring that are consistent with those observed 
in type 2 diabetes and high blood pressure. Regular smoking increased the risk for asthma 
among adolescents, especially for non-allergic adolescents and those exposed to maternal 
smoking during the in utero period. It has also been shown that maternal and grand 
maternal smoking during pregnancy may increase the risk of childhood asthma [13]. 
Smoking during pregnancy changes the in utero environment within which the fetus 
develops and in this way induce changes to the program that control lung development, 
maintenance and aging in the offspring in such a way that these changes are transferred to 
the next generation. It is clear that certain conditions in the womb can lead to genetic or 
epigenetic marks that can persist for many generations [14]. 

It has indeed been shown that maternal and grand-maternal smoking during pregnancy is 
linked to an increased risk of childhood asthma which suggests that it is persistent heritable 
effect [13]. Alterations to the epigenome [15] and transcriptome [16] are mechanisms 
whereby prenatal exposure to smoke induce the development of diseases like asthma and 
emphysema later in life (Fig.1).  

Although tobacco smoke contains numerous chemicals, many of the deleterious effects of 
smoking on the fetus and newborn arise are attributable to nicotine [17]. Nicotine replacement 
therapy (NRT) has been developed as a pharmacotherapy for smoking cessation and is 
considered to be a safer alternative for women to smoking during pregnancy. The safety of 
NRT use during pregnancy has been evaluated in a limited number of short-term human 
trials, but there is currently no information on the long-term effects of nicotine exposure of 
humans during in utero life. However, animal studies suggest that nicotine alone may be a key 
chemical responsible for many of the long-term effects associated with maternal cigarette 
smoking on the offspring, such as impaired fertility, type 2 diabetes, obesity, hypertension, 
neurobehavioral defects, and respiratory dysfunction [18]. It is therefore conceivable that 
exposure to nicotine during fetal and early neonatal development may contribute to the 
development of these diseases later in the life of the individual. This is conceivable since 
nicotine does induce epigenetic changes as well as direct DNA damage [12]. 
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3. Nicotine uptake and metabolism during pregnancy 
Nicotine is arguably the major physiologically active component of tobacco smoke and is 
rapidly absorbed from the respiratory tract of smokers. The lung appears to serve as a 
reservoir for nicotine, which slows its entry into the arterial circulation [19]. This implies 
that the inhaled nicotine is gradually absorbed into the arterial circulation. It may require 30 
– 60 seconds or longer for the nicotine to be absorbed. Once in the maternal circulation, 
nicotine readily crosses the placenta and enters the fetal circulation [20]. Once it entered the 
amniotic fluid it is absorbed via the skin of the fetus [21]. Nicotine enters breast milk, and 
can reach concentrations that are approximately 2-3 times that in maternal plasma due to the 
partitioning of nicotine into the high-lipid-containing [22], more acidic milk [23, 24]. 

Although nicotine readily crosses the placenta there, is no evidence that it is metabolized by 
the placenta. It is therefore likely that the blood concentrations of nicotine reached in the 
fetus are similar to those in the mother; however, there is no direct evidence supporting the 
notion. Peak nicotine levels in the pregnant mother’s blood occur 15-30 minutes after it is 
administered [25]. Most of the nicotine that enters the fetus returns to the maternal 
circulation for elimination, although some enters the amniotic fluid via the fetal urine. 
Consequently nicotine and cotinine accumulate in the amniotic fluid of the pregnant smoker 
because the nicotine eliminated by the fetus is added to the nicotine coming from the blood 
vessels of the amniochorionic membrane [24]. The fetus is therefore likely to be exposed to 
nicotine even after concentrations in maternal blood have decreased. This means that the 
fetus is exposed to nicotine during phases of development that are characterized by high 
plasticity. 

The clearance of nicotine and cotinine, the major product of nicotine metabolism, is 
increased in pregnant women [26]. This can be ascribed to an increase in liver blood flow 
and an increased enzymatic breakdown of nicotine and cotinine in the mother. Since the 
enzymatic protection mechanisms of the fetus are not well developed [27, 28], the 
metabolism of nicotine in the fetal liver is slow and a longer half-life of nicotine in the fetus 
can be expected. This is confirmed by the higher concentrations of nicotine in fetal tissue 
compared to maternal blood levels [29]. Consequently the cells of the developing lung and 
other organs are exposed to higher concentrations of nicotine for longer periods of time and 
thus to the adverse effects of nicotine on cell integrity. This is important as nicotine is 
genotoxic [30] and induces the release of oxidants [31]. Since rapidly dividing cells are more 
vulnerable to the effects of foreign substances such as nicotine [32], it is conceivable that 
nicotine exposure during gestation and early postnatal life via maternal milk may interfere 
with growth and development. This can be achieved in two ways: by having a direct effect 
on cells and/or by reducing the nutrient supply to the fetus during gestation and lactation. 
It has been shown that long-term nicotine exposure results in a predisposition for genetic 
instability [22, 33, 34]. This may result in changes in the genetic “program” that controls 
lung development, maintenance of lung structure and aging of lung tissue, which may 
render the lungs more prone to disease. Since nicotine is associated with DNA methylation 
[35], it is possible that it may change the program that is maintaining homeostasis in the 
developing lung in the long term and in this way contribute to the adult onset of diseases. In 
addition, a product of nicotine metabolism is nitrosamine 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) which induces DNA damage which is associated with an 
increase in mutational events [36]. It is therefore possible that nicotine affects cell growth 
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and proliferation as well as cell aging and death directly or via its metabolic end products. It 
may also act via other pathways such as oxidants. 

4. Nicotine and oxidant/antioxidant status 
It has been shown that maternal smoking is associated with increased levels of oxidative 
stress markers in the mother and offspring [37, 38]. There is also convincing in vivo and in 
vitro evidence suggesting that exposure to nicotine results in oxidative stress in fetal, 
neonatal and adult tissues [38, 39]. Reactive oxygen species (ROS) target mitochondria, and 
mitochondrial DNA has been shown to be more sensitive to the deleterious effects of ROS 
than nuclear DNA [40]. 

In addition to inducing overproduction of oxidants, nicotine exposure results in a decrease 
in the activity of SOD and catalase. It also results in a decrease in the levels of low molecular 
weight antioxidants such as vitamins C and E [41]. Along with the decrease in the 
antioxidant capacity of the body, concentrations of malondialdehyde (MDA) are increased, 
indicating oxidant damage to the cells [42, 43]. The increase in ROS levels, together with a 
decrease in the activities of enzymes with antioxidant function, results in an imbalance in 
the oxidant/antioxidant capacity. This imbalance is maintained long after nicotine 
withdrawal [43] and becomes worse with age [44]. Therefore, nicotine not only acts while it 
is in the system, but also act indirectly in later life, that is after its removal from the organs, 
through the disruption of the oxidant/antioxidant capacity of the individual later in life. 

It is conceivable that the increased levels of nicotine-induced ROS in the fetus and suckling 
neonate, as a consequence of maternal smoking or NRT, will result in not only 
mitochondrial DNA damage but also methylation of nuclear DNA or direct DNA damage 
through point mutation. It is therefore likely that nicotine and ROS will result in a change in 
the capacity of the mitochondria to deliver energy and to participate in homeostatic 
mechanisms and in changing the “program” that controls growth, tissue maintenance, aging 
and cellular metabolism.  

The above implies that the adverse effects of maternal smoking and/or nicotine intake lasts 
for a life-time in the offspring. Consequently the cells and DNA are continuously  exposed 
to an unfavourable internal environment. This may induce changes in the epigenome and 
thus control of DNA, as well as changes in the DNA as such. This will increase the 
susceptibility of the offspring to develop diseases later in life.  

5. Mechanisms of action of nicotine 
It has been shown that long-term nicotine exposure results in a predisposition for the 
induction of genetic instability [32,34,45]. Gene amplification is a hallmark of gene 
instability. Gene instability requires two critical elements, namely an inappropriate cell cycle 
progression, and DNA damage. Long-term nicotine exposure, through the activation of Ras 
pathways and up regulation of cyclin D1, disrupts the G1 arrest. It also augments the 
production of ROS which may lead to DNA damage. This implies that exposure to nicotine 
via tobacco smoke or via NRT will make the lungs more prone to the development of cancer 
and other respiratory diseases, such as asthma and emphysema [46]. 
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Various studies suggest that exposures during the intra-uterine period can increase the risk 
for developing diseases later in life [47]. Maternal smoking during pregnancy is associated 
with lower pulmonary function and increased asthmatic symptoms in childhood [13]. 
Studies which show that maternal as well as grand-maternal smoking during pregnancy is 
also associated with an increased risk of asthma in childhood. This suggests a persistent 
heritable effect [48]. An alterations to the epigenome is one way whereby exposure to 
foreign material affects disease risk later in life [49].  

 
Fig. 1. The gene- vs the epigene-environment interplay. A model of possible genetic and 
epigenetic paths linking environmental exposures to health outcomes (Adjusted from: 
Bolatti and Baccarelli, 2010). [52] 
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Studies by Jorgenson and his co-workers [50] showed that exposure of cells to cigarette 
smoke containing nicotine leads to formation of double-strand DNA breaks in A549 cells in 
culture. It is therefore plausible that nicotine can have the same effect on type II 
pneumocytes in lung tissue in vivo. Chronic obstructive pulmonary disease (COPD), 
including chronic bronchitis and emphysema, is commonly thought of as an adult onset 
lung disease most often seen in aging people with a tobacco smoking history [51]. On the 
other hand, only 20% of cigarette smokers develop full-blown emphysema. COPD may also 
be seen in non-smokers. The question is whether the latter group is not more susceptible to 
COPD due to changes in the program that controls lung aging and maintenance as well as 
its ability to protect itself against the onslaughts of the environment Therefore, genetic 
susceptibility is rapidly gaining ground in recent COPD research.  

Apart from genetic alterations, genetic changes such as DNA polymorphism may have no or 
a very small immediate impact on developing organs such as the lungs with an apparent 
normal phenotype during the early developmental phases of the child. Although no clear 
differences are seen in the new phenotype, it may have reduced compensatory capacity 

resulting in a poor response to injury imposed by other stress factors, including in the 
environment. This environment can be in utero or external. The latter implies that the 
lifestyle of the parents may actually increase the susceptibility of the offspring to COPD. 

Changes to the epigenome is one of the mechanisms whereby exposures during gestation 
may affect disease later in life. DNA methylation is perhaps the most known type of 
epigenetic mark. In mammals there are at least two very important developmental periods 
namely, in germ cells and in pre-implantation embryos. During these periods of 
development the methylation patterns are reprogrammed genome wide and consequently 
results in the generation of cells with a broad developmental potential [53]. This period 
involves demethylation and remethylation in cells in a tissue specific manner. A basic 
premise of epigenetic processes is that once it is established, these marks are maintained 
through rounds of mitotic cell division and stable for the life of the organism [54]. Thus, 
maternal smoking during pregnancy and early postnatal life may have lasting effects on 
DNA methylation and as a result influence expression and disease phenotypes across the 
life  time of the individual [55] or result in adult onset of disease [56].  

In regard to the adult onset of disease, the most sensitive developmental periods to 
environmental exposures, are the period of fetal development as well as the early postnatal 
period [57, 58]. The reason for this is that various developmental processes are occurring 
that, when changed permanently, will alter subsequent organ development and function 
[59]. Alternatively, active organ development during late fetal and early postnatal life also 
undergoes critical programming of the epigenome and transcriptome that is associated with 
cellular differentiation and organogenesis. It has indeed been shown recently that exposures 
to environmental toxicants, such as maternal smoking during gestation and lactation, can 
modify the epigenome to increase the susceptibility to adult onset of disease [58]. This may 
explain the increased risk for asthma among adolescents and those exposed to maternal 
smoking during the in utero period of development [51]. 

Nicotine is also associated with DNA damage [60]. It also induces ROS production [61] 
which induce DNA damage [62]. It is therefore plausible that the irreversible adverse effect 
on carbohydrate metabolism of lungs of rats that were exposed to nicotine via the placenta 
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and mother’s milk [63] is due to change in DNA or of the epigenetic control system. This is 
supported by the findings of Benyshek et al, [64] who showed that glucose metabolism of the 
ggrand-maternal offspring (F3) of female rats that were malnourished during development, is 
also adversely affected. It is likely that the structural changes that are getting progressively 
worse over time, were due to programming alterations during organ development in utero as 
well as during the early developmental periods. Adverse adjustment of carbohydrate 
metabolism may also impact negatively on the long-term maintenance of lung structure and 
function [65]. In addition the metabolic changes induced by maternal exposure to nicotine 
during pregnancy and lactation may induce premature aging of the lungs of the offspring [66] 
and consequently the increased risk of respiratory disease. It is therefore likely that maternal 
smoking, or the use of nicotine to quit smoking during pregnancy and lactation result in 
epigenetic changes in the lungs of the offspring which can be transferred to following 
generations and result in adult onset of respiratory disease. 

6. Programming and future respiratory health 
It has been shown that maternal nicotine exposure during critical windows of development 
result in offspring with a structurally and functionally normal respiratory system at birth 
[67]. However, as the offspring age structural changes become apparent. These include 
parenchymal changes that resemble emphysema and thickening of alveolar walls. The latter 
is due to accumulation of connective tissue in the extracellular matrix [68]. It was also 
shown that different structural changes appear in different age groups suggesting a 
programmed process [66]. This is likely due to altered gene expression in a time-specific 
manner. Such alterations are irreversible [69]. The data suggests that in utero exposure to 
nicotine resulted in an increase susceptibility to disease later in life. This programming is 
due to changes in gene expression due to altered imprinting. These changes appear to be 
heritable. The end result is an individual that is sensitized to be more susceptible to diseases 
later in life. The environmental insult could act via: 1) an in utero exposure that can result in 
pathophysiology later in life, or 2) an in utero exposure combined with a neonatal exposure, 
or 3) adult exposure that would induce the pathophysiology. The pathophysiology can lead 
to: 1) disease that would not normally have occurred, or 2) increase the risk for disease that 
would not normally have been the case or, 3) either and early onset of disease that would 
have normally occurred, or 4) an exacerbation of the disease [70]. Altered lung function, 
exacerbation of symptoms, and acceleration of disease processes seen with smoking during 
pregnancy might arise from direct injury suffered by the developing fetus by altering fetal 
gene expression [71]. It is also possible that the pathophysiology could have a long latent 
period from the onset during the perinatal period to the actual disease. These effects could 
potentially be transgenerational [72].  

In conclusion, it is clear that smoking and nicotine can affect the offspring phenotype via 
genetic and epigenetic adjustments with long term consequences, and is an illustration of 
the interplay between genetic, developmental and environmental factors. The gene-
environment interactions may therefore, play an important role in the etiology of complex 
diseases where many of these diseases such as COPD may already be induced during in 
utero development of the offspring. It has been shown that oxidative damage occur even in 
ex-smokers. It is therefore plausible that the effect of nicotine and smoking during gestation 
and lactation may have a similar persistent effect in the lungs of the offspring. If this is so, it 
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Studies by Jorgenson and his co-workers [50] showed that exposure of cells to cigarette 
smoke containing nicotine leads to formation of double-strand DNA breaks in A549 cells in 
culture. It is therefore plausible that nicotine can have the same effect on type II 
pneumocytes in lung tissue in vivo. Chronic obstructive pulmonary disease (COPD), 
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lung disease most often seen in aging people with a tobacco smoking history [51]. On the 
other hand, only 20% of cigarette smokers develop full-blown emphysema. COPD may also 
be seen in non-smokers. The question is whether the latter group is not more susceptible to 
COPD due to changes in the program that controls lung aging and maintenance as well as 
its ability to protect itself against the onslaughts of the environment Therefore, genetic 
susceptibility is rapidly gaining ground in recent COPD research.  

Apart from genetic alterations, genetic changes such as DNA polymorphism may have no or 
a very small immediate impact on developing organs such as the lungs with an apparent 
normal phenotype during the early developmental phases of the child. Although no clear 
differences are seen in the new phenotype, it may have reduced compensatory capacity 
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environment. This environment can be in utero or external. The latter implies that the 
lifestyle of the parents may actually increase the susceptibility of the offspring to COPD. 

Changes to the epigenome is one of the mechanisms whereby exposures during gestation 
may affect disease later in life. DNA methylation is perhaps the most known type of 
epigenetic mark. In mammals there are at least two very important developmental periods 
namely, in germ cells and in pre-implantation embryos. During these periods of 
development the methylation patterns are reprogrammed genome wide and consequently 
results in the generation of cells with a broad developmental potential [53]. This period 
involves demethylation and remethylation in cells in a tissue specific manner. A basic 
premise of epigenetic processes is that once it is established, these marks are maintained 
through rounds of mitotic cell division and stable for the life of the organism [54]. Thus, 
maternal smoking during pregnancy and early postnatal life may have lasting effects on 
DNA methylation and as a result influence expression and disease phenotypes across the 
life  time of the individual [55] or result in adult onset of disease [56].  

In regard to the adult onset of disease, the most sensitive developmental periods to 
environmental exposures, are the period of fetal development as well as the early postnatal 
period [57, 58]. The reason for this is that various developmental processes are occurring 
that, when changed permanently, will alter subsequent organ development and function 
[59]. Alternatively, active organ development during late fetal and early postnatal life also 
undergoes critical programming of the epigenome and transcriptome that is associated with 
cellular differentiation and organogenesis. It has indeed been shown recently that exposures 
to environmental toxicants, such as maternal smoking during gestation and lactation, can 
modify the epigenome to increase the susceptibility to adult onset of disease [58]. This may 
explain the increased risk for asthma among adolescents and those exposed to maternal 
smoking during the in utero period of development [51]. 

Nicotine is also associated with DNA damage [60]. It also induces ROS production [61] 
which induce DNA damage [62]. It is therefore plausible that the irreversible adverse effect 
on carbohydrate metabolism of lungs of rats that were exposed to nicotine via the placenta 
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and mother’s milk [63] is due to change in DNA or of the epigenetic control system. This is 
supported by the findings of Benyshek et al, [64] who showed that glucose metabolism of the 
ggrand-maternal offspring (F3) of female rats that were malnourished during development, is 
also adversely affected. It is likely that the structural changes that are getting progressively 
worse over time, were due to programming alterations during organ development in utero as 
well as during the early developmental periods. Adverse adjustment of carbohydrate 
metabolism may also impact negatively on the long-term maintenance of lung structure and 
function [65]. In addition the metabolic changes induced by maternal exposure to nicotine 
during pregnancy and lactation may induce premature aging of the lungs of the offspring [66] 
and consequently the increased risk of respiratory disease. It is therefore likely that maternal 
smoking, or the use of nicotine to quit smoking during pregnancy and lactation result in 
epigenetic changes in the lungs of the offspring which can be transferred to following 
generations and result in adult onset of respiratory disease. 

6. Programming and future respiratory health 
It has been shown that maternal nicotine exposure during critical windows of development 
result in offspring with a structurally and functionally normal respiratory system at birth 
[67]. However, as the offspring age structural changes become apparent. These include 
parenchymal changes that resemble emphysema and thickening of alveolar walls. The latter 
is due to accumulation of connective tissue in the extracellular matrix [68]. It was also 
shown that different structural changes appear in different age groups suggesting a 
programmed process [66]. This is likely due to altered gene expression in a time-specific 
manner. Such alterations are irreversible [69]. The data suggests that in utero exposure to 
nicotine resulted in an increase susceptibility to disease later in life. This programming is 
due to changes in gene expression due to altered imprinting. These changes appear to be 
heritable. The end result is an individual that is sensitized to be more susceptible to diseases 
later in life. The environmental insult could act via: 1) an in utero exposure that can result in 
pathophysiology later in life, or 2) an in utero exposure combined with a neonatal exposure, 
or 3) adult exposure that would induce the pathophysiology. The pathophysiology can lead 
to: 1) disease that would not normally have occurred, or 2) increase the risk for disease that 
would not normally have been the case or, 3) either and early onset of disease that would 
have normally occurred, or 4) an exacerbation of the disease [70]. Altered lung function, 
exacerbation of symptoms, and acceleration of disease processes seen with smoking during 
pregnancy might arise from direct injury suffered by the developing fetus by altering fetal 
gene expression [71]. It is also possible that the pathophysiology could have a long latent 
period from the onset during the perinatal period to the actual disease. These effects could 
potentially be transgenerational [72].  

In conclusion, it is clear that smoking and nicotine can affect the offspring phenotype via 
genetic and epigenetic adjustments with long term consequences, and is an illustration of 
the interplay between genetic, developmental and environmental factors. The gene-
environment interactions may therefore, play an important role in the etiology of complex 
diseases where many of these diseases such as COPD may already be induced during in 
utero development of the offspring. It has been shown that oxidative damage occur even in 
ex-smokers. It is therefore plausible that the effect of nicotine and smoking during gestation 
and lactation may have a similar persistent effect in the lungs of the offspring. If this is so, it 
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implies that oxidants and nicotine induce irreversible damage to the epigenome and 
transcriptome of the lungs of the offspring. This will adversely affect the ability of the lung 
of the offspring to protect itself against environmental insults. Consequently the prevalence 
of respiratory diseases will be higher in the offspring of grand-parents or parents who 
smoked or used nicotine during pregnancy and lactation.  

Despite a wealth of epidemiologic and experimental evidence, there is still resistance to the 
concept that environmental as well as other interference with early lung development have 
a profound effect on the vulnerability to disease later in life. Due to a lack of knowledge by 
health professionals and decision makers about developmental plasticity and 
intergenerational effects, they are not able to introduce or implement relatively simple 
approaches to reduce the burden of disease in particular in the low socioeconomic groups. It 
is, therefore, important to support approaches that will enable health professionals to 
introduce those who want to quit smoking to strategies other than nicotine replacement 
therapy; strategies that will not interfere with programming of the offspring in such a way 
that they may become more prone to respiratory disease later in life 
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1. Introduction 
Over the last 5 decades, because of the revolution in recombinant DNA technology, site-
directed mutagenesis became one of the most powerful tools in molecular life sciences. Its 
power lies in the ability to manipulate a specific DNA sequence in a definable and often 
predetermined way. Subsequently, genetic changes are correlated with a change in 
phenotype. Hence, this method offers the possibility to test protein functions down to the 
individual amino acid level and to characterize single nucleotides within regulatory RNA 
and DNA elements. In addition, synthetic point mutagenesis makes it possible to test 
whether specific mutations in a gene are benign or detrimental and thus lead to disease or 
not, in a model organism (Smith, 1985). 

2. Point mutagenesis, a historical perspective 
During the 1920’s, Hermann Joseph Muller, was the first scientist to report the effects of 
mutagens on DNA. He demonstrated that there was a quantitative relation between the 
exposure to x-ray radiation and lethal mutations in Drosophila. He used this technique later on 
to create Drosophila mutants for his genetic research. Furthermore, he noted that x-rays could 
not only mutate genes in fruit flies but also have effects on the human genome (Crow, 2005). 

In 1941, Charlotte Auberauch demonstrated similar results as Muller using mustard gas as a 
mutagen in microbes and Drosophila. Within her studies several biological effects of 
mutations were described such as mosaicism and the heritability of mutations when 
occurring in the gametes (Sobels, 1975). 

In 1978, Hutchison et al. (Hutchison et al., 1978) were among the first to describe site-
directed mutagenesis using synthetic oligonucleotides. They demonstrated that a chemically 
synthesized oligonucleotide annealed to a phage genome could produce a specific mutation 
when incorporated in a closed circular phage genome by in vitro enzymatic reactions. The 
basic procedure was to use a mutation-bearing oligonucleotide as a primer for DNA 
polymerase to synthesize a mutant single-stranded genome. A ligase was included so that 
the newly elongated DNA strand was ligated into the circular vector (Smith, 1985; 
Hutchison et al., 1971; Hutchison et al., 1978). Later on, several other techniques were 
described, including site-directed mutagenesis of double-strand plasmid DNA vectors and 
targeted random mutagenesis using chemical reagents (Botstein et al., 1985). A major 
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downside of these site directed point mutagenesis techniques was that they were time-
consuming. In particular the introduction of the mutated target sequence into the 
appropriate plasmid vector systems required multiple time-consuming steps. Furthermore, 
designed mutations were often obtained at low frequencies (Ho et al., 1989). 

The development of the Polymerase Chain Reaction (PCR) technique by Mullis in 1983 
provided opportunities to resolve these drawbacks. PCR uses two synthetic 
oligonucleotides as primers to exponentially amplify a specific DNA sequence. The primers 
are complementary to the ends of the amplified DNA and are oriented in opposite 
directions. Exponential amplification of target DNA occurs in multiple cycles of DNA 
duplex denaturation, primer annealing to single strand DNA and annealed primer 
extension by DNA polymerase. PCR is familiar as a method for the detection of a specific 
DNA sequence (Bartlett et al., 2003). As exemplified below, this method is also commonly 
applied to modify DNA sequences by design, using protocols that are collectively known as 
PCR-mediated site-directed mutagenesis.  

3. Site-directed mutagenesis I: PCR synthesis of bacterial plasmid vectors 
Site-directed mutagenesis is an important method to investigate the relationship between a 
given gene and its function. The technique is based on hybridization of a synthetic DNA 
primer containing the desired point mutation(s) with single-stranded target DNA 
encompassing the gene of interest. The hybridized DNA primer is extended by a DNA 
polymerase creating double-stranded DNA that can eventually be transformed into a host 
cell and cloned (Carter, 1986). 

Over the years optimization has taken place, creating a rapid and simple to execute protocol 
to alter plasmid-borne genes with high fidelity in a specific and precise fashion in vitro.  

One of the first methods used mutagenic primers which, after PCR, incorporate point 
mutations close to the PCR fragment’s ends. After PCR amplification the PCR products had 
to be cleaved with restriction enzymes and inserted in place of the wild-type sequence in a 
bacterial plasmid vector. However, the above site directed point mutagenesis protocol was 
limited by the (non)availability of restrictions sites in the close vicinity of the DNA sequence 
to be mutated. Furthermore, wild-type clones were recovered at a high frequency, making it 
tedious to isolate the desired mutant clones (Kadowaki et al., 1989). Hemsley et al. (Hemsley 
et al., 1989) improved the protocol by using an adaptation of inverse PCR, amplifying the 
whole circular plasmid to incorporate mutations at any site of the plasmid without relying 
on restriction sites in the close vicinity. This approach was fast and simple, and only a small 
amount of plasmid template DNA was required. Still, after PCR, linear instead of circular 
mutated plasmid DNA was obtained and this was physically separated from the original 
plasmid and circularized by ligation before transformation in E. coli. Despite these 
improvements the frequency of transformed bacteria harboring the desired mutant plasmid 
was still relatively low (Hemsley et al., 1989). Furthermore, the rates of unwanted random 
base substitution in these PCR reactions varied according to the reaction conditions, the 
precise DNA sequence and the DNA polymerase that had been used. Optimization of DNA 
polymerase fidelity in several PCR applications reduced the error-rate and thereby 
increased efficiency. The 3’5’ exonuclease activity of proofreading DNA polymerases is 
one of the most important replication error correction mechanisms in vivo (Eckert et al., 
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1991). Where former studies used thermostable DNA polymerases without 3’5’ 
exonuclease activity, nowadays thermostable DNA polymerases with proofreading activity 
are included to reduce the error-rate. For PCR controlled mutagenesis a balance between 
proofreading and mutagenesis is sought so as to allow introduction of desired point 
mutations into the target DNA sequence but not other mismatches. Combining two different 
DNA polymerases not only reduced the random error-rate but also allowed efficient 
amplification of considerably longer PCR fragments. This led to the invention of ‘long-
distance PCR’ where fragments up to 40kb in length are amplified, solving some of the 
technical limitations ascribed to gene and plasmid size (Barnes, 1994). 

Current site-directed mutagenesis of plasmid-borne DNA sequences (eg. Figure 1) use two 
complementary mutagenic overlapping primers that bind to the two complementary 
sequences at the site of the desired mutation and amplify the entire plasmid. Mutated 
plasmids are created through heteroduplex formation between the wild type template and 
the mutation-bearing primers during the first PCR cycles, normally using a mixture of DNA 
polymerases with and without proofreading activity, where consecutive cycles realize 
amplification. Where former mutagenesis protocols had trouble separating the mutated 
plasmid from the original template, newly marketed techniques resolved this problem. 
Restriction enzymes, like DpnI (target sequence, 5'-GmeATC-3') are specific for methylated 
and hemimethylated E. coli DNA and will degrade the original plasmid by enzymatic 
digestion (Figure 1) (Fisher et al., 1997; Li et al., 2002). The mutant PCR products, however, 
will be preserved from cleavage because they are enzymatically synthesized in vitro using 
unmethylated adenosine, contrary to the original plasmid templates produced by E. coli 
which are methylated at every GATC palyndrome. Although after amplification by PCR the 
mutant plasmid DNA is not a pristine closed double stranded DNA plasmid, the presence of 
single strand nicks is not an obstacle for transformation in bacteria, indicating that 
endogenous bacterial enzymes repair the PCR products (Figure 1). Overall, this technology 
offers the possibility to easily engineer and obtain mutated cloned plasmids in a highly 
efficient fashion in less than one week (Aslam 2010). 

4. Site-directed mutagenesis II: Vector engineering via homologous 
recombination in bacteria 
A second modern point mutagenesis protocol relies on homologous recombination of PCR 
products in bacteria and was pioneered by the Stewart laboratory at the EMBL in the late 
1990s.  

Homologous recombination is a class of genetic recombination in which genetic information 
is exchanged between two identical or nearly identical DNA molecules. In eukaryotes 
homologous recombination is used to repair several types of DNA damage and it plays a 
vital role during meiosis, creating genetic diversity in sexually reproducing populations. In 
bacteria, the main function of homologous recombination is to rescue DNA replication forks 
that collapsed due to template strand DNA damage. Bacteriophages also code for 
homologous recombination enzymes, indicating that they employ homologous 
recombination to maintain themselves at some yet undetermined point of their life cycle. 
Furthermore, bacterial homologous recombination also occurs during conjugation when 
plasmid and/or chromosomal DNA is transferred between bacterial cells in a process called 
horizontal gene transfer. 



 
Point Mutation 

 

336 
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bacterial plasmid vector. However, the above site directed point mutagenesis protocol was 
limited by the (non)availability of restrictions sites in the close vicinity of the DNA sequence 
to be mutated. Furthermore, wild-type clones were recovered at a high frequency, making it 
tedious to isolate the desired mutant clones (Kadowaki et al., 1989). Hemsley et al. (Hemsley 
et al., 1989) improved the protocol by using an adaptation of inverse PCR, amplifying the 
whole circular plasmid to incorporate mutations at any site of the plasmid without relying 
on restriction sites in the close vicinity. This approach was fast and simple, and only a small 
amount of plasmid template DNA was required. Still, after PCR, linear instead of circular 
mutated plasmid DNA was obtained and this was physically separated from the original 
plasmid and circularized by ligation before transformation in E. coli. Despite these 
improvements the frequency of transformed bacteria harboring the desired mutant plasmid 
was still relatively low (Hemsley et al., 1989). Furthermore, the rates of unwanted random 
base substitution in these PCR reactions varied according to the reaction conditions, the 
precise DNA sequence and the DNA polymerase that had been used. Optimization of DNA 
polymerase fidelity in several PCR applications reduced the error-rate and thereby 
increased efficiency. The 3’5’ exonuclease activity of proofreading DNA polymerases is 
one of the most important replication error correction mechanisms in vivo (Eckert et al., 
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1991). Where former studies used thermostable DNA polymerases without 3’5’ 
exonuclease activity, nowadays thermostable DNA polymerases with proofreading activity 
are included to reduce the error-rate. For PCR controlled mutagenesis a balance between 
proofreading and mutagenesis is sought so as to allow introduction of desired point 
mutations into the target DNA sequence but not other mismatches. Combining two different 
DNA polymerases not only reduced the random error-rate but also allowed efficient 
amplification of considerably longer PCR fragments. This led to the invention of ‘long-
distance PCR’ where fragments up to 40kb in length are amplified, solving some of the 
technical limitations ascribed to gene and plasmid size (Barnes, 1994). 

Current site-directed mutagenesis of plasmid-borne DNA sequences (eg. Figure 1) use two 
complementary mutagenic overlapping primers that bind to the two complementary 
sequences at the site of the desired mutation and amplify the entire plasmid. Mutated 
plasmids are created through heteroduplex formation between the wild type template and 
the mutation-bearing primers during the first PCR cycles, normally using a mixture of DNA 
polymerases with and without proofreading activity, where consecutive cycles realize 
amplification. Where former mutagenesis protocols had trouble separating the mutated 
plasmid from the original template, newly marketed techniques resolved this problem. 
Restriction enzymes, like DpnI (target sequence, 5'-GmeATC-3') are specific for methylated 
and hemimethylated E. coli DNA and will degrade the original plasmid by enzymatic 
digestion (Figure 1) (Fisher et al., 1997; Li et al., 2002). The mutant PCR products, however, 
will be preserved from cleavage because they are enzymatically synthesized in vitro using 
unmethylated adenosine, contrary to the original plasmid templates produced by E. coli 
which are methylated at every GATC palyndrome. Although after amplification by PCR the 
mutant plasmid DNA is not a pristine closed double stranded DNA plasmid, the presence of 
single strand nicks is not an obstacle for transformation in bacteria, indicating that 
endogenous bacterial enzymes repair the PCR products (Figure 1). Overall, this technology 
offers the possibility to easily engineer and obtain mutated cloned plasmids in a highly 
efficient fashion in less than one week (Aslam 2010). 

4. Site-directed mutagenesis II: Vector engineering via homologous 
recombination in bacteria 
A second modern point mutagenesis protocol relies on homologous recombination of PCR 
products in bacteria and was pioneered by the Stewart laboratory at the EMBL in the late 
1990s.  

Homologous recombination is a class of genetic recombination in which genetic information 
is exchanged between two identical or nearly identical DNA molecules. In eukaryotes 
homologous recombination is used to repair several types of DNA damage and it plays a 
vital role during meiosis, creating genetic diversity in sexually reproducing populations. In 
bacteria, the main function of homologous recombination is to rescue DNA replication forks 
that collapsed due to template strand DNA damage. Bacteriophages also code for 
homologous recombination enzymes, indicating that they employ homologous 
recombination to maintain themselves at some yet undetermined point of their life cycle. 
Furthermore, bacterial homologous recombination also occurs during conjugation when 
plasmid and/or chromosomal DNA is transferred between bacterial cells in a process called 
horizontal gene transfer. 
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Fig. 1. Bacterial plasmid vector mutagenesis by PCR. A purified bacterial plasmid with the 
sequence to be mutated is amplified by two complementary PCR primers (black arrows) 
bearing the desired point mutation (indicated by a white star). The DpnI methylated-DNA-
specific restriction enzyme is then used to destroy the original bacterial DNA vector, leaving 
only the mutant PCR version of the plasmid intact (right hand side). Destruction of the 
original template greatly reduces the number of E. coli clones, most of which now harbour 
the desired mutant plasmid. 
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Recombinogenic engineering, also known as ‘recombineering’ exploits homologous 
recombination to modify a DNA molecule inside bacteria in a precise and specific manner 
(Figure 2). Modification of a DNA molecule is accomplished by generating a synthetic 
targeting DNA construct (e.g. by PCR amplification) containing two regions that are 
homologous to regions flanking the target site. The targeting construct is introduced into an 
appropriate bacterial host cell that already bears the locus to be modified. Homologous 
recombination factors first resect the double strand DNA ends of the targeting construct into 
3’ single strand DNAs that align the construct with the double strand target locus and then 
insert it there via DNA polymerization at the invading 3’ end, followed by resolution of the 
resulting Holliday junctions. This is the case for simple modifications, such as inserting or 
deleting a DNA sequence. In many cases a second recombination step is performed to 
remove the selectable and counter selectable gene (Figure 2). One major advantage of this 
technique is that the sequences of homology regions can be selected freely, so long as they 
are unique, which makes it possible to specifically alter DNA sequences in bacteria at almost 
any position. The second advantage of two step recombineering is that it is possible to 
design strategies whereby the resultant mutant DNA bears no sequence alterations other 
than the desired mutation (Muyrers et al., 2000a; 2001). 

 
Fig. 2. Bacterial artificial chromosome point mutagenesis Two PCR products, bearing ~ 50 
bp homology arms (gray and black boxes) are used in sequence to select bacteria 
harbouring, firstly a chromosome with the desired point mutation together with a 
selectable/counter selectable gene and secondly to remove the selectable/counter selectable 
marker, leaving only the desired point mutation. 



 
Point Mutation 

 

338 

 
Fig. 1. Bacterial plasmid vector mutagenesis by PCR. A purified bacterial plasmid with the 
sequence to be mutated is amplified by two complementary PCR primers (black arrows) 
bearing the desired point mutation (indicated by a white star). The DpnI methylated-DNA-
specific restriction enzyme is then used to destroy the original bacterial DNA vector, leaving 
only the mutant PCR version of the plasmid intact (right hand side). Destruction of the 
original template greatly reduces the number of E. coli clones, most of which now harbour 
the desired mutant plasmid. 

 
Synthetic Point Mutagenesis 

 

339 

Recombinogenic engineering, also known as ‘recombineering’ exploits homologous 
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Bacterial artificial chromosomes (BAC) are usually more than 100 kb large, rendering their 
ex-vivo manipulation exceedingly difficult, mainly because these giant DNA molecules tend 
to fragment through exposure to shearing forces typically associated with liquid solution 
manipulation. Because BACs are vectors that can carry very large inserts, they do offer the 
opportunity to manipulate complete mammalian genes because the genomic DNA inserts 
include gene promoters, exons, introns and regulatory regions. BACs thus provide a milieu 
to modify higher eukaryote chromosomal segments. Recombineering can be applied to 
introduce precise changes in the nucleotide sequence of BACs in bacteria via homologous 
recombination factors and to then transfer the engineered DNA back into a mammal. The 
first part of this procedure has been named ET recombination, as it precisely engineers 
BACs using the homologous recombination factors RecE and RecT enzymes of the RAC 
prophage or the equivalent Red and Red proteins of Lambda phage. RecT and Red are 
DNA strand annealing factors (Erler et al., 2009) whilst RecE and Red are their partner 
5′3′ exonucleases (Muyrers et al., 2000b). ET recombination relies on synthetic linear DNA 
fragments that contain at least 50 nucleotide long homology arms, which are normally 
generated by PCR, to mediate homologous recombination at the desired region on the target 
(BAC) DNA. The use of linear targeting DNA fragments increases the efficiency of gene 
modification significantly because double strand DNA ends are the actual substrates for the 
RecE and Red exonucleases. 

A two-step use of ET recombination was developed to create subtle changes in DNA in 
bacteria, such as point mutations. The two-step protocol is based on a fusion protein that 
permits selection as well as counter selection. Hence, mutagenesis is divided in a selection 
and a counter selection step. In the first step, PCR is applied to create a linear DNA 
fragment containing the (counter)selectable fusion gene, the desired point mutation and 50 
nucleotide homology arms identical to the target DNA (Figure 2). Once that is successfully 
introduced by ET recombination, a second PCR fragment containing the original sequence 
of the BAC region and the desired point mutation is introduced into competent bacteria. 
This second PCR product enables a homologous recombination event that precisely deletes 
the counterselectable marker. The bacteria with the desired mutation are then selected by 
killing all the bacteria that still harbor the counterselectable gene. This two-step ET 
recombination can be applied to introduce single nucleotide substitutions as well as 
kilobase-sized insertions or deletions at any position in a desired locus encompassed by a 
BAC. Site-directed mutagenesis can also be performed on the actual bacterial chromosome, 
on BACs as exemplified here, or on any other double stranded DNA that is stably 
propagated in bacteria (Muyrers et al., 2001). 

5. Conclusion 
Over the years site-directed mutagenesis became an important tool to specifically mutate 
DNA molecules by design. Multiple studies contributed to the development of several 
techniques that can incorporate different kinds of mutations in rapid, simple and efficient 
ways. PCR fragment-mediated mutagenesis is one of these techniques. It permits efficient 
point mutagenesis of genes borne on plasmid vectors. On the other hand, combining PCR 
with recombineering in bacteria results in methodologies that can be applied to modify 
megabase-sized DNA fragments borne on artificial bacterial chromosomes, relying on the 
high fidelity associated with in vivo DNA replication. Subsequent transfer of such modified 
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BAC DNA into mice makes it possible to study the consequences of subtle chromosomal 
alterations, down to single nucleotide changes, within the native chromosomal 
environment. Application of these techniques on a large scale is leading to a better 
fundamental understanding of biology and disease aetiology (Skarnes et al., 2011) as well as 
providing opportunities to improve on what nature has offered to date. 
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