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Preface 

Glycosylation is a post-translational modification of proteins occurring through the 
covalent attachment of glycans to the polypeptide chains during their maturation 
events. Affecting more then 70% of the eukariotic proteins, glycosylation is one of the 
most fascinating cellular processes in terms of  its consequences upon the protein 
function. Normally exposed at the protein surface, glycans may protect  proteins from 
denaturation or proteases attack securing their functional integrity in tissues or may 
act as targets for various biological recognition events. In the absence of glycosylation, 
some therapeutical recombinant proteins were reported to lose specificity of function. 
A lot of  effort  has been made to discover the glycosylation signature in the DNA 
sequence, to uncover the structural diversity of glycans in various organisms and to 
understand the way this post-translational process may determine the fate of a 
protein. 

This book, outlining the concepts of glycobiology, is a suite of reviews and articles 
written by a team of acknowledged researchers and covers some of the key topics in 
the field.   

The fundamentals of the N-glycosylation process occurring within the endoplasmic 
reticulum, together with the role of bioinformatics in understanding the process, with 
emphasis on the definition and role of the glycosylation sequon for glycoprotein 
function are presented. The reader is further introduced to the NMR spectroscopy  
described here  as a tool for understanding glycobiology at a molecular level, but also 
for medical application related to glycosylated biomarkers in disease. An important 
chapter of the structural biology section deals  with the most advanced methods 
developed to produce highly homogenous glycoforms for crystalisation studies using 
various expression systems. 

The increasing interest in the cell biology of glycosylation is reflected in an interesting 
approach regarding a role of glycosylation in the intracellular transport of amyloids 
and the dynamics of amyloid formation. In the same section, we address the role of 
glycosylation in modulating the functions of glycoproteins, in particular receptor 
signaling and the sorting of proteoglycans in specialised cells. 



XII Preface

Considering the growing knowledge in the multiple glycoforms discovered recently in 
both eukariotes and prokariotes, several chapters dealing with the diversity of 
glycosylation, as well as new functions of some toxins as glycosylating enzymes are 
also included in this book. 

A biomedical application of acquiring in depth knowledge of glycosylation principles 
is the formulation of pharmaceutically active proteins. The glycosylation of 
recombinant proteins and the generation of sialylated monoclonal antibodies with 
specific therapeutic goals is presented in a dedicated section. 

Covering a wide range of theoretical and practical issues in the field of glycobiology, 
the Glycosylation  book  will be of immediate value for students, academics and 
researchers involved in drug glycoengineering and biomedical research. 

I would like to acknowledge and thank all authors for their contribution  in writing the 
book and   Mr. Vedran Greblo  and his team for their technical guidance. 

Sefana Petrescu, Ph.D 
Director of Institute of Biochemistry, Romanian Academy, Bucharest, 

Romania 
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The Structural Assessment of  
Glycosylation Sites Database - SAGS –  
An Overall View on N-Glycosylation 

Marius D. Surleac, Laurentiu N. Spiridon, Robi Tacutu,  
Adina L. Milac, Stefana M. Petrescu and Andrei-J Petrescu 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/51690 

1. Introduction 

The expansion of high-throughput technologies have led over the past decade to an 
unprecedented increase of the pace of data accumulation in biological science at molecular 
level. However this increase was not even - as while over 2000 genomes are already 
completed (Pagani et al, 2012) the vast majority of encoded proteins have not yet an assigned 
3D structure and the functions of these proteins are still under investigation. While next-
generation massive parallel sequencers are heading toward a 1 genome per day threshold, 
with significant impact on medical and environmental research (Sastre 2011; Shokralla et al 
2012), the overall number of known protein structures remains well below 105 as their 
determination still relies on techniques such as crystallography and NMR which are time 
consuming, expensive and do not always work, despite the efforts made to automate the 
experimental flow in crystallization factories (Stuart et al, 2006) and the emergence of over 
20 consortiums of Structural Genomics (Chandonia & Brenner, 2006) aiming at large scale 
3D protein structure solving in Europe, United States and Japan.  

Similarly in glycomics and glycoproteomics the gap between compositional and structural 
information has also increased. By combining techniques such as liquid chromatography, 
capillary electrophoresis and mass spectrometry significant advances were made in the last 
couple of years related to glycan profiling and the assessment of glycan heterogeneity and 
site occupancy (Liu et al, 2011; Mittermayr et al, 2011; North et al, 2010; Song et al, 2011; Zaia, 
2010, Zauner et al, 2010). For example by pairing glycosylation site-specific stable isotope 
tagging of lectin affinity-captured N-linked glycopeptides with mass spectrometry a 
number of 1465 N-glycosylated sites were identified on 829 proteins expressed in 
Caenorhabditis elegans (Kaji et al, 2007). More recently, using a "filter aided sample 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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preparation" (FASP) method in which glycopeptides are enriched by binding to lectins on 
the top of a filter, it was possible to map using mass spectrometry 6367 N-glycosylation sites 
on 2352 proteins in four mouse tissues and blood plasma (Zielinska et al 2010). By contrast 
the pace of data accumulation in structural glycobiology remained very low as less than 4% 
of the structural files deposited in the protein data bank (PDB) contain oligosaccharide 
structures.  

In this context bioinformatics became crucial in the endeavor of interpreting the raw 
experimental data, in depositing, ordering and annotating the massive amount of 
accumulated information and also, when combined with molecular modeling, in getting 
more structural insights were experimental data is still unavailable.  

For example to assist the interpretation of MS data in Glycobiology tools with different aims 
and flavors such as GlycoWorkbench, SysBioWare or SimGlycan were lately developed. 
GlycoWorkbench resulted from the EUROCarbDB initiative and was designed to assist the 
manual interpretation of MS data, hence this aims to evaluate user proposed structures by 
matching their theoretical list of fragment masses against the list of peaks derived from the 
MS spectrum (Ceroni et al, 2008). On the other hand SysBioWare performs isotopic grouping 
of detected peaks after de-noising and wavelet analysis and allows compositional 
assignment according to the tuned building block library (Vakhrushev et al, 2009); while 
SimGlycan predicts the glycan structure using a MS/MS database searching technique, and 
also facilitates novel glycans prediction by drawing a glycan and mapping it onto an 
experimental spectrum to check the degree of proximity between the theoretical and the 
experimental glycans (Apte & Meitei, 2010). Similarly other software platforms were 
developed for modeling the oligosaccharide composition starting from HPLC data - such as 
autoGU (Campbel et al, 2008) or from NMR Spectra - such as CASPER (Loss et al, 2006) or 
CCPN (Stevens et al, 2011). For depositing, ordering and annotating data in Glycobiology, a 
large number of web portals and frameworks appeared in the last couple of years such as 
KEGG (Hashimoto et al, 2006), CFG (Raman et al, 2006), GLYCOSCIENCES.de (Lütteke et al, 
2006), RINGS (Akune et al, 2010) or UniCarbKB (Campbell et al, 2011). Finally, related to 
glycan and glycoprotein modeling we would mention here the results of Rob Woods group 
(Woods & Tessier, 2010) and the tools such as SWEET-II or GlyProt developed at 
GLYCOSCIENCES.de.  

Structural information on glycans and glycoproteins is scarce. Intrinsic flexibility make 
oligosaccharides to be seldom resolved by crystallography as either they simply do not 
crystallize or they generate local disorder in glycoprotein crystals that make them 
unidentifiable in the electron density. In addition, the presence of glycoforms and glycan 
conformational heterogeneity usually prevent glycoprotein crystallization (Chang et al, 
2007). Consequently structural glycoinformatics get relatively low attention and only 
recently a number of resources and services were developed such as GlycoCD (Lütteke, 
2006), SAGS (Petrescu et al, 2006) or Glycoconjugate Data Bank (Nakahara et al, 2008).  

We will concentrate here on SAGS - the Structural Assessment of Glycosylation Site 
Database (web: http://sags.biochim.ro) that contains information on N-linked 
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oligosaccharides and structural properties of the protein core around N-glycosylation sites, 
and was used over the past decade to fulfill statistical analysis on structural aspects of 
protein glycosylation.  

2. Redundant and non-redundant sets in SAGS for structural analysis 

Historically SAGS was initiated around 1997 aiming to gather information related to the 
structure of N- and O-linked oligosaccharides starting from crystallographic data, in order 
to derive from this the general conformational rules governing the glycosidic linkages for 
use in glycoprotein model refinement (Wormald et al, 2002; Paduraru et al, 2006; Cioaca et 
al, 2011). Compared to NMR or theoretical methods, crystallography has the advantage 
that delivers a complete deterministic model of the oligosaccharide structure from the 
experimental data, yet this is static in nature and gives no clue on the flexibility of 
glycosidic linkages - as can be inferred from some NMR or theoretical models. However in 
ergodic conditions the statistical ensemble of the overall set of static structures found in 
protein data bank, PDB, is expected to be equivalent to the configurational space sampled 
during dynamics by any given glycan and thus it gives information on the flexibility of 
glycosidic linkages. This is why the overall nonredundant set of glycan structures found 
in PDB was used to gauge various glycosidic linkage configurations (Petrescu et al, 1999, 
Wormald et al, 2002).  

Gradually the focus of the database has extended to cover also the assessment of structural 
properties of the protein core around N-glycosylation sites. These are critical in 
understanding the function of protein glycosylation in general, while in particular we were 
interested to see if from an overall view on glycosylation patterns some lessons could be 
retrieve related to site occupancy and GP folding which was our main interest at that stage. 
Whether N-glycans are used only to anchor glycoproteins to the quality control system 
during their folding and processing by the plethora of lectins, chaperones and enzymes 
(Petrescu et al, 1997, Zapun et al, 1997, Petrescu et al, 2000, Branza-Nichita et al, 2000), or do 
have a more direct effect onto the structure of the protein core is a fundamental problem in 
which a survey of the location of N-glycosylation sites in proteins is critical.  

Nevertheless, investigating properties related to the (glyco)protein core implies a different 
approach from that used in glycosidic linkage evaluation. The overall set of glycoproteins 
found in PDB comprise in many cases multiple copies of the same protein or very close 
homologues crystallized or co-crystallized in various conditions, for instance there are no 
less than 50 copies of various variants of Hemagglutinin in PDB. While atomic level 
parameters such as the dihedral angles of various glycosidic linkages at a given site may 
vary drastically from crystal to crystal (Fig. 1) higher level properties such as the 
glycosylation site occupancy or accessibility, the sequence and secondary structure 
upstream and downstream a given site do not change so much and have to be counted only 
once in the statistics as otherwise multiple copies induce a bias into the statistics. To 
overcome this bias SAGS was provided with a system of clustering glycoproteins in general, 
according to their fold, but also the individual N-glycosylation sites. 
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Figure 1. Structure variability of the glycan linked at N42 in all 19 crystal structures of the alpha 
subunit of the high affinity IG ε-receptor showing SAGS cluster ID: b.060.0040.ETT.h.12. 
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No simple N-site clustering system based entirely on either the sequence or the 3D 
structure was found to be adequate. For example very different sequences may adopt 
identical configurations, equally identical sequences may be found in significantly 
different configurations (Fig. 2). Tests have shown that an optimal separation between 
groups of similar N-sites is obtained by a two step procedure. First the sequence between 
-15 to +15 around a new N-site is compared to that of the existing clusters and in the case 
the identity is less than 60% the site is considered a new entry in SAGS. Secondly, if the 
identity is higher than 60% but lower than 90% a structural superposition onto the existing 
sites is further performed and again the site is retained as a new entry if the RMS to the 
rest of the sites is higher than 2Å, otherwise it is clustered to the closest group. Hence 
SAGS was automated to cluster groups of N-glycosylation sites that have over 60% 
sequence similarity and their structure is in less than 2Å from each other. Representatives 
for each cluster are further selected for representation and statistical analysis of higher 
scale properties based on non-redundant sets. Selection of the cluster representative relies 
on two criteria. First, sites with the highest number of glycosidic units are selected and 
secondly at equal glycan size the site in the crystal structure at the highest resolution is 
retained. 

 
Figure 2. (A) Very different sequences can adopt almost identical structures. 
12_A_1g8w - SAGS cluster ID: b.060.0120.CCG.h.53 
12_A_1g7y - SAGS cluster ID: b.060.0120.CCS.m.55 
(B) The same sequence can be found in different main chain configurations in various crystals. 
SAGS cluster ID: b.060.0040.CCE.h.87  

Each cluster is described by an identifier that captures the main structural properties of the 
group such that closely related groups to be close into the list. The identifier describes the 
class, architecture and topology of the glycosylated protein according the CATH taxonomy 

A. 

B. 
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(Greene et al, 2007), it then incorporates information on the secondary structure (ss) in 
positions N-1, N and N+1 based on DSSP (Kabsch & Sander, 1983) followed by a three state 
accessibility quantification: l, m, h (low, medium and high) and a counter. As CATH 
involves expert assessment of the protein fold and it is not automatically updated while 
SAGS is now fully automated we have had to introduce five states describing the class: a, b, 
c, d or x - corresponding to all alpha (a), all beta (b), alpha/beta (c), few secondary (d) and 
not yet assigned (x). An example is given in Table 1: 

 
c.020.0020.HHH.m.36: 

class architecture topology N-1_ss N_ss N+1_ss accessibility counter 
alpha/beta barrel Tim Barrel Helix Helix Helix medium 36 

Table 1. Example for the structural significance of an identifier in SAGS 

Introduction of glycoprotein and N-site non-redundant sets with their identifiers was 
particularly instrumental not only in ordering the data, with consequences on a more 
accurate statistical assessment of various structural aspects of protein N-glycosylation, but 
also in generating and overall map of N-glycosylation onto the protein fold taxonomy. Even 
if ~40% of recently accumulated structures are yet to be assigned by CATH it is still striking 
to note that ~50% of all assigned glycoproteins in SAGS are of 'sandwich' type architecture. 
In particular, over 35% of all assigned structures are β-sandwiches which is two times more 
than their occurrence into the overall set of known protein structures present in CATH (Fig. 
3). Therefore sandwich type architecture seems particularly fit to accommodate N-
glycosylation either due to its prevalence in the secretome either due to its stability or other 
features favoring N-glycosylation. Further investigation is needed to address questions 
related to this striking prevalence.  
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Figure 3. Occurrence of N-glycosylation into the four CATH classes (A) and more resolved 
architectures (B).  
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  2003 2005 2007 2008 2010 2011 2012 

 % from PDB 3.0 3.0 3.0 3.1 2.8 3.0 3.2 

glycosylated polypeptides 763 1443 2546 3010 3574 4349 4842 

potential N-sites (sequons) 2219 5043 9157 11184 13895 16979 19164 

occupied N-sites 1362 3013 5774 6985 8425 10142 11267 

occupation [%] 61 60 63 62 61 60 59 

non-redundant sequons 626 1055 1497 1825 2150 2580 2910 

non-redundant N-sites 386 622 990 1184 1389 1666 1853 

occupation [%] 62 59 66 65 65 65 64 

Table 2. The evolution of the PDB data processed in SAGS over the past decade 

As can be seen since 2003 the amount of data increased more than four fold. Interestingly, 
the main patterns proved surprisingly consistent over the time while new, more refined 
patterns shaped up as a result of the significant accumulation of data.  

For example the ratio between NxT and NxS occupied sequons remained consistently 65% 
vs 35%. Similarly the occurrence of aromatic aminoacids in position N-2 and N-1 remained 
consistently in the range 15÷17% - namely 2-3 standard deviations (σ) over the expected 
percentage of ~10%; while the occurrence of acidic aminoacids in the same positions is >2σ 
lower than the 11% expected value, namely 5÷6%. Similar to the initial set the main 
deviations from the expected values remained located close to the N-site, in the region N-2 ÷ 
N+3. For the 2012 set these are shown in Fig. 4.  

As the set of occupied sites increased over 4 fold more refined correlations are now possible 
to investigate. For instance when looking more closely by sequons types it is striking to see 
that in NxS sequons the occurrences of aromatic aminoacids raise to 19% in position N-2 (i.e. 
4σ) and for acidic aminoacids these fall below 4% (i.e. 3σ) suggesting that the 'signature' for 
occupation was enhanced to compensate the presence of serine in position N+2. Similarly 
more subtle correlations between occurrence and accessibility shape up in occupied sites, 
e.g. in low accessibility sites aromatics are highly preferred in position N-1 (>3.6σ) while in 
highly accessible sites aromatics are far more frequent in position N-2 (>3.2σ).  

Over the years the secondary structure statistics has also varied only marginally in SAGS, 
with a slight decrease of Turns, Bends and Coils in favor of β-structures that rise at 
glycosylation site (position N) from 20% to 27% (Fig. 5A). On the other hand these slight 
variations do not affect in any way the rate of change measured as the probability of having 
one type of structure in a given position followed by a different type for the next amino acid, 
suggesting that glycosylation remains strongly correlated with changes in secondary 
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structure that make N-sites frequently landmarks for starting or ending regular secondary 
structure landmarks (Fig. 5B). 

Turning now to the properties of the protein surface around N-glycosylation sites some of 
them remained remarkably stable while new other emerged during the analysis of the new 5 
fold larger set of nonredundant entries in SAGS. For example the proportion of N-sites 
deeply buried in the surface remained surprisingly high as in the old, reduced set. Figure 6A 
shows the change in accessibility to a water molecule probe (1.5Å) when the glycan is taken 
into account at occupied sites. Here again, over 15% of the N-sites see their Asn side-chain 
accessibility reduced to less than 5%, showing that the glycan’s first NAcGlc unit acts as part 
of the protein surface and completely obstructs the access of water to the Asn side-chain. 
Also very robust proved to be the distribution of contacts between the first two NAcGlc 
glycan units and the aminoacids brought close in space by the folding process. The 
percentage of contacts with aromatic aminoacids increased slightly to more than 3 fold than 
expected by chance (Fig. 6B). On the other hand as the non-redundant set and number of 
documented contacts increased significantly during time new details emerged from their 
analysis. For instance there are now 450 N-sites, from 1853, in which were identified 592 
very close glycan-protein contacts, laying within less than 3Å. Interestingly over 30% of 
such hydrogen-bond contacts are formed with acidic aminoacids brought close in space by 
the folding process, which is twice the percentage expected by chance.  

 

 
Figure 4. The main deviations from the expected occurrence around occupied N-glycosylation involve 
hydrophobic (VLIM), aromatic (F,Y,W) and acidic (E,D) aminoacids. These are shown here measured in 
standard deviations from the expected values.  
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Figure 5. (A) Secondary structure distribution in positions N-2 to N+1.  
(B) Rate of secondary structure change measured as the probability of having one type of structure in a 
given position followed by a different type for the next amino acid.  
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Figure 6. (A) Change of Asn side-chain accessibility over glycosylation.  
(B) Percentage of glycan-protein contacts induced by folding.  
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The SAGS increase over time led also to a 10 fold increase of documented structures of 
glycans larger than the manosidic core. In the non-redundant set there are now available 
29 complex glycan structures and 28 high mannose structures which makes now possible 
to investigate statistically not only the relation between N-glycosylation and folding but 
also if and how the structure of the protein core influence glycan processing into the 
Golgi.  

These examples suggest that the analysis of ever increasing number of SAGS entries will 
soon make possible to develop more refined tools for glycoprotein modeling and predicting 
site occupancy based on the assessment of multiple sequence properties. 

4. Significance and cross-validation of some results derived from SAGS 
analysis 

Statistical analysis on SAGS suggests the existence of several sequence signatures that favor 
occupation. It is hence interesting to see if these correlate in any way with some different 
statistics performed on other data sets. Of particular importance is to use an as large as 
possible data set of sequences with known subcellular localization. On this line we found 
most useful LOCATE which curates all documented proteins sequences from mouse and 
human (Sprenger et al, 2008) and CYGD that comprise the documented localization in yeast 
(Güldener et al, 2005).  

As cytosolic proteins are not subject to glycosylation, aminoacid occurrences is expected to 
be consistent with an independent probabilistic model while in the secretome or 
transmembrane proteins evolutionary pressures related to glycosylation, if any, are 
expected to influence the occurrences by inducing positive or negative correlations. 
Calculations are strikingly consistent with the statistical data from SAGS. Indeed in cytosolic 
proteins in all cases joint probabilities are within less than 5% from an independent 
probabilistic model. On the other hand within the secretome and membrane proteins 
significant correlations are shaping up. For example, in both secretome and TM proteins the 
occurrence of threonine in NxT sequences is 50% ÷ 60% higher than expected from 
independent probabilities in mouse and human respectively. Interestingly in yeast the 
deviation from independency is only 15%. Results on the occurrences of aromatic 
aminoacids in position N-2 and N-1 are even more striking. They reach an >80% increase in 
human secretome while in mouse and TM proteins the increase is >60%. In addition 
sequences of type Aro-N-x-S occur 70% (human) ÷ 80% (mouse) more frequently in the 
secretome than in the cytosol while for those of type Aro-N-x-T the difference in occurrence 
peaks even higher levels: 120% ÷ 150% in mouse and human respectively. In yeast these 
correlations still exists but again they are far less significant as they do not exceed 20-30%. 
Similar positive correlations shape up for hydrophobic bulky aminoacids (VLIM) in position 
N+1. These are on average 40% ÷ 60% more frequent than expected from independent 
probabilities in the secretome and 30%÷90% more frequent when compared to N(VLIM)S/T 
stretches in cytosolic proteins of mouse and humans. By contrast in yeast correlations are 
again dumped to less than 15%. 
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Hence an evolutionary pressure enhancing the occurrence of sequences known from SAGS 
to favoring occupation is obvious in the secretome and TM proteins. Besides this is far more 
significant in higher eukaryotes than in yeast. 

N-site occupation is a direct consequence of the co- and post-translational interaction of the 
nascent polypeptide with the oligosaccharyltransferase (OST). Hence the yield of N-
glycosylation at any given site depends on both the structure of OST and the sequence and 
local structure of the polypeptide at the time the transfer takes place.  

In Eukaryotes OST is a multimeric complex located in the endoplasmic reticulum (ER), 
partly buried within the membrane of this compartment. Eukaryal OST transfers en-block a 
Glc3Man9GlcNAc2 (G3M9) oligosaccharide from a dolichol pyrophosphate carrier to the 
side-chain amide nitrogen of only those asparagines located in sequons. The OST complex is 
composed from seven subunits of which two: the catalytic subunit and the thioredoxin-like 
subunit, come each in two isoforms: Stt3A/Stt3B and N33-Tusc3/IAP respectively. This 
results in four possible forms of the complex which are presumed to be optimized for co- vs. 
post-translational events and/or different types of substrates (Mohorko et al, 2011). In lower 
eukaryotes OST is a single-polypeptide membrane protein consisting alone in a Stt3 
homologue (Maita et al, 2010) and similar monomeric Stt3 homologues performing OST 
functions were even identified in Bacteria and Archaea (Wacker et al 2002, Calo et al, 2010, 
Dell et al, 2010). In this diversity it is hence expected that peculiarities of each OST dictate 
the occupation rules, as indicated by the increasing number of studies reporting 
glycosylation at N-sites breaking the general accepted NxS/T sequon rule (Schwarz et al, 
2011). Even in higher eukaryotes were the occupation control by OST is highly sophisticated 
deviations from the generally accepted NxS/T rules were recently reported (Schwarz & 
Aebi, 2011). Interestingly even the occurrence of N-glycosylation at an NPS site was recently 
identified in SAGS (ID: x.000.0000.ECC.m.77), in viral envelope GP160 (pdb code: 2qad-
A362, Huang et al, 2007). This brings the absence of proline in position N+1 into the realm of 
statistical rare events, rather than a compulsory rule - as previously considered.  

The mechanism by which OST transfers the G3M9 glycan to the asparagine is not yet fully 
understood but most likely this involves a nucleophilic attack to the amide nitrogen of the 
Asn side-chain. Historically there were two mechanisms proposed for this transfer both of 
which imply the involvement of β-OH group of the serine/threonine found in position N+2 
of the sequon (NxS/T). However significant distance constraints have to be fulfilled in order 
that such an interaction between the amide of the Asn side-chain and the OH group of 
Ser/Thr to take place. These are satisfied only in a local geometry of the main chain 
consistent with β-turn or Asx turn configurations.  

On this line SAGS provided a good opportunity to assess the proportion of sites in folded 
glycoproteins that actually fulfill the constraints imposed by the historic models of N-
glycosylation. Both the distribution of N-sites in secondary structures and the distance 
measurements between the ND2 atom of Asn and the OG atom of Ser/Thr have shown that 
less than 20% of the N-sites found in SAGS are consistent with the two mechanisms. This 
indicates that either a different mechanism involving the nucleophilic attack provided by 
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OST is actually in place, or the polypeptide adopts transiently, at each site, a β-turn 
configuration before folding (Petrescu et al, 2006). Yet this later possibility is highly 
improbable in a process in which both the initial unfolded state and the final native state are 
locally far more extended than a β-turn, at over 80% of the N-sites.  

It is only recently that the inference on the existence of a mechanism involving the 
intervention of OST in the nucleophilic attack was substantiated by the work performed at 
ETH in Zurich by the groups of Markus Aebi and Kaspar Locher (Lizak et al, 2011). From 
their seminal work on a bacterial homologue of OST, the PglB protein from Campylobacter 
lari - which was co-crystallized with an acceptor polypeptide - it results that the nucleophilic 
attack is facilitated by the aspartic acid D56 and glutamic acid E319 of Pg1B and not by the 
threonine in position N+2 of the glycosylated polypeptide. The crystal structure shows also, 
in agreement with what is an expected state along the folding pathway, that the polypeptide 
complexed to Pg1B is in fact in an extended configuration. The structure also indicates that 
the threonine/serine in position N+2 lays at the interface between the periplasmic and TM 
domain of Pg1B and that its side chain β-OH group is anchored by hydrogen bonds to the 
WWD motif 462-464 of Pg1B. In addition threonine (N+2) based complexes are further 
stabilized by hydrophobic interactions with I572 and V575 of Pg1B, as their side-chains are 
in contact with threonine gamma carbon (CG2) which in addition prevents free rotation of 
its side chain. Conversely these stabilization factors lack in serine (N+2) based complexes 
due to the absence of the gamma carbon. The additional stability induced by CG2 methyl 
group might explain the higher transfer yield to threonine as compared to serine sequons, 
shown by SAGS.  

As seen many aspects of the statistics preformed on SAGS have a firm structural basis and 
the details of higher eukaryote OST structure, which are not yet known, will probably 
explain the other aspects of occupation signatures. 
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1. Introduction 

Asparagine (N-) linked protein glycosylation is a common and essential post-translational 
modification of proteins in eukaryotes, archaea and some bacteria. It plays crucial roles in 
protein folding and in regulation of protein function. Although the general principles of N-
glycosylation have been long known, the precise details governing whether a particular 
asparagine residue will be N-glycosylated or not are not well understood. This is of broad 
general importance in understanding the structure and function of the immense variety of 
N-glycoproteins in diverse biological systems. This chapter will review the current 
understanding of the mechanisms that determine how asparagine residues are selected for 
glycosylation by the enzyme oligosaccharyltransferase. 

2. Overview of N-glycosylation in the endoplasmic reticulum 

The initial steps in N-glycosylation take place in the lumen of the endoplasmic reticulum 
(ER). The enzyme oligosaccharyltransferase (OTase) catalyzes the key step in N-
glycosylation, en bloc transfer of mature glycan from a lipid carrier to selected asparagine 
residues in nascent polypeptide chains (Kelleher & Gilmore, 2006). Glycan to be transferred 
to protein is synthesized by sequential addition of monosaccharides linked to a dolichol 
pyrophosphate lipid carrier (Burda & Aebi, 1999). This process is essentially linear, and in 
most organisms OTase specifically recognizes the final -1,2-linked glucose, ensuring 
efficient transfer of only the mature Glc3Man9GlcNAc2 glycan structure (Karaoglu et al., 
2001).  

2.1. Oligosaccharyltransferase 

The OTase enzyme is a multiprotein complex in most eukaryotes, and in yeast consists of 8 
protein subunits (Ost1p, Ost2p, Ost3/6p, Ost4p, Ost5p, Swp1p, Wbp1p and Stt3p) (Kelleher 
& Gilmore, 2006). It is now clear that the Stt3p protein houses the catalytic site of OTase, 
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while the accessory protein subunits of multiprotein complex OTases are required for 
complex stability, enzymatic regulation of OTase activity, substrate recognition and OTase 
enzyme localization (Mohorko et al., 2011). OTase physically associates with the translocon 
(Shibatani et al., 2005, Yan & Lennarz, 2005) and the ribosome (Harada et al., 2009), and so 
has direct access to nascent polypeptides immediately as they enter the ER lumen (Dempski 
& Imperiali, 2002). Glycosylation of many asparagines is co-translocational, and occurs 
essentially as soon as they enter the ER lumen and can reach the OTase active site (Whitley 
et al., 1996). Other sites are also glycosylated post-translocationally, with extended residence 
of protein in the ER lumen (Ruiz-Canada et al., 2009). However, in all cases the protein 
substrate of OTase must be unfolded for glycosylation to occur.  

2.2. Roles of N-glycans in protein folding 

The key role of N-glycans on proteins in the ER is to assist in productive protein folding 
(Helenius & Aebi, 2004). By virtue of their hydrophilic bulk, N-glycans alter the overall 
biophysical properties of nascent polypeptides, increasing their solubility and constraining 
local polypeptide conformation (Wormald & Dwek, 1999). N-glycans can also function as 
signals for incomplete folding of particular domains of proteins, and so direct these to the 
ER resident thiol oxidoreductase ERp57 via the lectins calnexin and calreticulin (Oliver et al., 
1999). Timed trimming of N-glycans on glycoproteins in the ER lumen is also key for 
regulating retro-translocation of incorrectly folded glycoproteins to the cytoplasm for 
degradation (Aebi et al., 2010).  

3. The ‘glycosylation sequon’ 

The key recognition factor for selection of asparagines for glycosylation by OTase is the 
‘glycosylation sequon’. This has been historically defined as Asn-Xaa-Ser/Thr (Xaa  Pro). 
However, it has also long been clear that this is not an adequate predictor of glycosylation, 
as ~1/3rd of Asn in sequons in secreted proteins are not glycosylated. In addition to this, 
several examples of glycosylation of Asn residues not in sequons have been reported in 
recent years.  

3.1. Definition of the sequon 

The term ‘sequon’ was likely first used by Derek Marshall (Marshall, 1974) to describe the 
apparent three amino acid local sequence requirement for N-glycosylation. However, it was 
long recognized that the presence of a sequon was not sufficient for N-glycosylation to occur 
at a given Asn in portions of polypeptides entering the ER lumen. Nonetheless, the 
efficiency of glycosylation at a given asparagine is primarily determined by the flanking 
amino acids, with the primary factor increasing glycosylation being the presence of a 
threonine or serine at the +2 position. This has such a strong influence of the efficiency of 
glycosylation that it has been termed the ‘glycosylation sequon’ in recognition of its 
importance. However, the presence of a glycosylation sequon is neither necessary nor 
sufficient for an asparagine to be glycosylated.  
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3.2. The ‘+2’ position: Thr, Ser, Cys, Etc 

Whilst both Ser and Thr are accepted as amino acids at the +2 position in glycosylation 
sequons, they are not equal, as glycosylation of Asn-Xaa-Thr sequons is approximately 40 
times efficient than of Asn-Xaa-Ser sequons (Kasturi et al., 1995, Kasturi et al., 1997). Far and 
away the majority of glycosylated asparagines are in traditional Asn-Xaa-Ser/Thr (XaaPro) 
sequons. However, several very well validated examples have been reported of asparagines 
not in sequons that are nonetheless efficiently glycosylated.  

Several reports have been made of glycosylation at asparagines in the sequence Asn-Xaa-
Cys. Human CD69 has such an Asn-Xaa-Cys glycosylation site (Vance et al, 1997). Human 
beta protein C is glycosylated at an Asn with cysteine at the +2 position (Miletich & Broze, 
1990). Interestingly, the Cys in beta protein C is involved in a disulfide bond in the mature 
protein, and the formation of this disulfide competes directly with glycosylation at the 
preceding Asn. CHO-cell expressed recombinant human epidermal growth factor receptor 
(EGRF) also has such a glycosylation site (Sato et al., 2000). Heterologous expression of an 
insect cathepsin B-like counter-defense protein in Pichia pastoris resulted in glycosylation at 
an asparagine in the sequence Asn-Xaa-Cys (Chi et al., 2010). It is unclear if this site is also 
natively glycosylated. This shows that both mammalian and fungal OTase are capable of 
glycosylating selected Asn-Xaa-Cys sequences. 

Several large-scale discovery projects for identification of N-glycosylation sites have been 
performed. The largest of these, from mouse, identified over 5000 putatively glycosylated 
asparagines (Zielinska et al., 2010). While the vast majority of these were in conventional 
Asn-Xaa-Ser/Thr sequons, a small but significant number of Asn not in such sequons were 
identified as being glycosylated. Asn-Xaa-Cys sites represented 65/5052, and Asn-Xaa-Val 
20/5052. It was also reported that Asn-Gly sites were modified. However, this result must be 
treated with extreme caution, given the propensity for non-catalyzed spontaneous 
deamidation (asparagine-aspartate conversion) is especially high at Asn-Gly sequences 
(Palmisano et al., 2012, Robinson et al., 2004) 

It was proposed that the hydroxyl group of Ser/Thr amino acids at the +2 position was directly 
involved in catalysis, via the formation of an ‘Asparagine turn’ (Imperiali & Hendrickson, 
1995). This proposal was certainly powerful, and could withstand the observation of rare Asn-
Xaa-Cys glycosylation sequons with the relatively weak hydrogen bonding capacity of the 
cysteine sulfhydryl group. However, apparent glycosylation of Asn-Xaa-Val sequons could 
not be explained by this mechanism. Resolution of the role of the +2 amino acid in determining 
glycosylation needed to wait until an atomic resolution structure of OTase was available. 

3.3. Further a field: The ‘X’ position and beyond 

The amino acids immediately proximal to the glycosylated Asn also influence the efficiency of 
its glycosylation. Experimental manipulation of model proteins has shown that the +1 position 
of an Asn has a strong effect on its extent of glycosylation, with bulky hydrophobic or acidic 
amino acids strongly reducing glycosylation occupancy, and small, hydrophilic or basic amino 
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acids giving high levels of modification (Shakin-Eshleman et al., 1996). These results may be 
misleading, as glycosylation only occurs before protein folding, and so mutations which 
disrupt or slow local protein folding could make extrapolation of such results difficult. 
However, roughly this same overall pattern has also been observed in non-experimental 
comparisons of glycosylated and non-glycosylated Asn (Petrescu et al., 2004). Interplay with 
the amino acid at the +2 position has also been shown to be important. Studies in a model 
glycoprotein showed that amino acid substitutions at the +1 position that reduced 
glycosylation efficiency with Ser at the +2 position were still completely modified if Thr was at 
the +1 position (Kasturi et al., 1997). The major difficulty in interpreting these results is that the 
amino acids in the vicinity of a glycosylated Asn residue influence both specific interactions 
with OTase and local protein folding, stability and dynamics. As it is clear that protein folding 
and glycosylation are intimately linked, separating these effects is difficult.  

In addition to local sequence dependency, the position of an asparagine within its protein 
sequence also contributes to the extent or probability of glycosylation. For instance, 
probability and extent of glycosylation increases with increasing distance from the C-
terminus of a protein. This has been measured both experimentally using manipulation of 
model proteins and by in silico surveys of large sets of experimentally characterized native 
glycoproteins (Bano-Polo et al., 2011, Rao et al., 2011). This effect is perhaps due to the 
increased relative protein folding or translocation rates towards the C-terminus. 

3.4. The extended bacterial glycosylation sequon 

The discovery of N-glycosylation systems in bacteria that are homologous to those in 
eukaryotes promised rapid progress in understanding the molecular basis for their specificity 
and activity, given their comparative simplicity and ease of manipulation (Szymanski et al., 
1999, Wacker et al., 2002). Initially it was observed that the C. jejuni N-glycosylaiton system 
modifies Asn with very similar local sequence requirements to eukaryotic N-glycosylation 
sites, that is an Asn-Xaa-Ser/Thr sequon was required but not sufficient for glycosylation 
(Wacker et al., 2002, Nita-Lazar et al., 2005). Later, it was found that an extended ‘sequon’ was 
needed for bacterial glycosylation, with the added requirement of an acidic residue at the -2 
position: Asp/Glu-Xaa-Asn-Xaa-Ser/Thr (XaaPro) (Kowarik et al., 2006b). Close homologues 
to the C. jejuni PglB OTase showed a less strict sequon (Schwarz et al., 2011b). In either case, 
such an extended sequon was not sufficient for modification. A key defining factor 
determining glycosylation was that such a sequon was efficiently glycosylated in unfolded 
polypeptide or in flexible stretches of folded proteins (Kowarik et al., 2006a). Thus, as in the 
eukaryotic system, flexible acceptor substrate was a key requirement for bacterial OTase.  

3.5. Structural insights into the requirement for the glycosylation sequon 

The high-resolution 3D crystal structure of the Campylobacter lari PglB OTase finally 
provided a structural basis for the requirement of a glycosylation sequon (Lizak et al., 
2011b). This structure was solved with co-crystallization of an acceptor peptide. The key 
pertinent feature of the structure was that the +2 position Thr was too far away from the Asn 
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3.5. Structural insights into the requirement for the glycosylation sequon 

The high-resolution 3D crystal structure of the Campylobacter lari PglB OTase finally 
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pertinent feature of the structure was that the +2 position Thr was too far away from the Asn 
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to be directly involved in catalysis. Instead, this Thr was hydrogen bonded with two 
tryptophans and the aspartate in the WWDYG motif conserved in all known OTase 
homologues. Thr also formed van der Waals interactions with Ile572 of PglB, which Ser at 
the +2 position could not form, explaining the preference for Thr over Ser in sequons. 
Proline at the +1 or -1 position would not have allowed this binding conformation, 
providing a structural basis for the requirement that proline not be present at these positions 
at glycosylation sites. The requirement of bacterial OTases for an acidic amino acid in the -2 
position (Kowarik et al., 2006b) was also explained by formation of a salt bridge from this 
residue to Arg331 that is conserved in bacterial, but not eukaryotic, PglB/Stt3p OTases.  

This structure of the PglB OTase provides clear evidence that the role of the glycosylation 
sequon is to increase the binding affinity of asparagines to the active site of OTase (Lizak et 
al., 2011b). Accessory subunits of multiprotein complex OTases in many eukaryotes have 
been shown to bind substrate polypeptide, perhaps contributing to increasing the binding 
affinity of specific Asn and leading to the short requirement of specific binding of an Asn-
Xaa-Ser/Thr. In contrast, the single protein OTases such as the bacterial PglB may have 
evolved the requirement for an extended sequon in the absence of such additional binding 
by accessory OTase subunits. 

3.6. The future of the sequon 

How to best define the glycosylation ‘sequon’? Many factors influence whether a particular 
asparagine is glycosylated, including: binding affinity of the region immediately proximal to 
the Asn to the polypeptide acceptor site of OTase; local folding, such as secondary structural 
elements, disulfide bond formation or hydrophobic collapse; the regulatory state of OTase, 
including the concentration and structure of lipid-linked oligosaccharide donor; protein 
expression rate, both global (rate of protein secretion saturates OTase catalytic ability) and 
local (position of Asn within the protein sequence); and the affect of glycosylation at an Asn on 
the total possibility of protein folding. (If glycosylation at a given Asn would not allow correct 
folding of the protein, such that the portion of nascent polypeptides that were glycosylated 
there would never correctly fold, then that Asn would appear to never be glycosylated. The 
converse is also true, that if glycosylation is strictly required at a particular Asn for correct 
protein folding, then that Asn will appear to always be glycosylated, even if most of the 
nascent polypeptide is not modified and degraded by the quality control systems of the ER.) 

It is the combination of these factors that determines if a particular Asn reaches the 
threshold for modification by OTase. However, even the definition of this threshold is an 
analytical artefact, as it is increasingly apparent that most glycosylated Asn are only 
partially modified, with some portion ranging from a fraction of a percent to essentially all 
copies of a protein, actually glycosylated (Hülsmeier et al., 2007, Sumer-Bayraktar et al., 
2011). This pattern seems to contrast with the general requirement of many proteins for N-
glycosylation for correct and efficient protein folding (Helenius & Aebi, 2004). Two key 
factors probably explain this conundrum. Many proteins can fold correctly even without 
glycosylation at many sites, as long as a certain critical level of glycosylation is present, 
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perhaps sufficient for ER-lectin chaperone recruitment to crucial protein domains, or overall 
biophysical solubility. Additionally, Asn residues are inherently likely to be present at the 
ends of secondary structural elements. This means that glycosylation at such sites is, in 
general, not likely to strongly disrupt protein folding. 

In the end it appears that the descriptive beauty of the ‘glycosylation sequon’ is actually a 
dramatic simplification. However, the current state of knowledge is far from being able to 
quantify the ‘glycosylatability’ of a particular Asn. In place of this developing skill, the 
‘sequon’ as it is traditionally defined is still a very accurate predictor of the possibility of 
glycosylation.  

4. Oligosaccharyltransferase defines the sequon 

The enzyme oligosaccharyltransferase (OTase) catalyses transfer of oligosaccharide from lipid 
to nascent polypeptide in the ER. However, while this enzyme shows a high degree of 
conservation between species with respect to the small scale reaction it catalyses, the immense 
range of different polypeptide substrates in various biological systems can be efficiently 
glycosylated because of co-evolution of these substrate proteins and the acceptor specificities of 
OTase. In turn, this evolutionary history determines whether a particular asparagine residue 
will be efficiently glycosylated in a given biological system. The OTase defines the ‘sequon’. 

4.1. OTase protein subunits 

OTase consists of the catalytic protein subunit Stt3p/PglB with varying numbers of additional 
accessory subunits in different organisms (reviewed in (Kelleher & Gilmore, 2006, Mohorko et 
al., 2011)). Comparison of the evolutionary tree of eukaryotes with the protein subunit 
composition of OTase implies that accessory protein subunits have been added sequentially 
during eukaryotic evolution, starting from an ancestral single protein Stt3p OTase enzyme. 
The functions of most accessory OTase subunits are not clearly defined, although roles in 
recognition and regulation of glycan and protein substrate have been proposed.  

4.2. Single protein OTases 

Some divergent eukaryotes such as Trypanosoma, Leishmania and Giardia have single subunit 
OTases, consisting of only a catalytic Stt3p protein. However, many species within these 
groups have multiple different Stt3p homologues. In all of the systems in which the 
functions of these homologues have been characterized it is apparent that this duplication is 
functionally important, as the different enzymes vary in their protein acceptor and/or glycan 
donor substrate specificities.  

4.2.1. Single protein OTases in Trypanosoma brucei 

Trypanosoma brucei, the causative agent of sleeping sickness, has a genome encoding three 
full-length Stt3p homologues. Several lines of evidence in vivo in T. brucei, in in vitro 
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enzyme assays and in a yeast ex vivo system support a model in which these three 
enzymes transfer different glycan structures to selected sets of Asn residues – they have 
different specificities for both the glycan they transfer, and the asparagines they modify 
(Izquiedro et al., 2012, Izquiedro et al., 2009). With regard to the asparagine residues on 
proteins glycosylated by these homologues, heterologous expression of these proteins in 
S. cerevisiae lacking the yeast STT3 gene and quantitative analysis of glycosylation site 
occupancy in cell wall glycoproteins showed that the two of these proteins that allowed 
survival had different protein substrate specificities. The TbStt3B enzyme efficiently 
glycoslyated Asn surrounded by basic residues, while the TbStt3C enzyme preferentially 
glycosylated Asn surrounded by acidic residues. These substrate specificities correlated 
with the presence of complementary residues near the active site of the TbStt3B (acidic) 
and TbStt3C (basic) enzymes. This suggests that these enzymes have alternate protein 
substrate specificities determined by ionic interactions between the peptide-binding site 
and protein substrates. This specificity can be viewed as a type of ill-defined ‘extended 
sequon’, similar to the requirement of bacterial OTase for the extended Asp/Glu-Xaa-Asn-
Xaa-Ser/Thr sequon, but with less stringency to the precise location of the charged 
residues.  

4.2.2. Single protein OTases in Leishmania major 

The single subunit OTase enzymes of the related Leishmania major have also been studied ex 
vivo (Nasab et al 2008). Heterologous expression of the four different Leishmania major STT3 
protein homologues in S. cerevisiae showed that these proteins do not integrate into the yeast 
OTase complex, but are instead truly single subunit enzymes. Not all of these homologues 
were capable of allowing survival of S. cerevisiae in the absence of the yeast OTase activity, 
and those that did complement lack of yeast OTase activity showed different protein 
substrate specific activities – the enzymes showed differences in the glycosylation sites they 
glycosylated efficiently.  

4.2.3. Role of OTase catalytic subunit homologues STT3A and STT3B 

Even when present in multiprotein complexes, STT3 homologues have different activities. 
OTase complexes containing either of the homologous mammalian STT3A and STT3B 
proteins have different kinetic parameters (Kelleher et al., 2003), and are also responsible for 
either co-translocational or post-translocational N-glycosylation (Ruiz-Canada et al., 2009), 
thereby glycosylating different protein substrates (Wilson & High, 2007). However, it is not 
clear if there is further definition of protein or glycan substrate specificity defined by the 
presence of Stt3A or Stt3B in an OTase complex. 

4.3. Role of accessory OTase proteins 

In organisms with multiprotein complex OTases, there are several lines of evidence that 
some of these additional non-catalytic subunits provide different protein substrate 
specificities and allow regulation of oligosaccharide substrate recognition and enzymatics.  
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4.3.1. Role of accessory OTase proteins Ost3p and Ost6p 

The S. cerevisaie Ost3p and Ost6p OTase subunits are homologous proteins with the same 
topology of a thioredoxin-like N-terminal ER lumenal domain, followed by four transmembrane 
helices (Fetrow et al., 2001, Schwarz et al., 2005). These proteins are homologous to the 
mammalian proteins TUSC3 and MagT1 (Kelleher & Gilmore, 2006). Only one of these 
homologues is incorporated into a given OTase complex, meaning that there exist two isoforms 
of OTase in yeast, defined by the presence of either Ost3p or Ost6p (Schwarz et al., 2005, Spirig et 
al., 2005). These different isoforms have been shown to have different protein substrate specific 
glycosylation efficiencies at the level of individual glycosylation sites (Karaoglu et al., 1995, 
Knauer & Lehle, 1999, Schulz & Aebi, 2009). Some Asn residues require the Ost3p-OTase for 
efficient glycosylation, while other Asn residues require the Ost6p-OTase (Schulz & Aebi, 2009). 
The mechanistic basis for this difference is likely transient binding of stretches of nascent 
polypeptide by peptide-binding grooves in the ER lumenal domains of Ost3p and Ost6p (Schulz 
et al., 2009). In vitro assays have shown that Ost3p and Ost6p can transiently non-covalently bind 
peptides complementary to the characteristics of their peptide-binding grooves (Jamaluddin et 
al., 2011, Schulz et al., 2009). As the amino acids forming these grooves are different in Ost3p and 
Ost6p, it is proposed that they would tend to bind different stretches of nascent polypeptide, 
thereby increasing the efficiency of glycosylation at distinct sets of glycosylation sites. The 
peptide-binding specificity of yeast Ost6p is for short stretches of aliphatic amino acids, with 
additional affinity provided by the presence of neighbouring acidic residues (Jamaluddin et al., 
2011). Such sequences are complementary to the peptide binding groove of Ost6p, as revealed by 
its 3D crystal structure, which shows a groove with a hydrophobic base, and lined by neutral and 
basic amino acids (Schulz et al., 2009). The dimensions of the groove are appropriate for binding 
a ~4-5 amino acid stretch of extended polypeptide, or an amphipathic alpha helix. Ost3p also 
binds hydrophobic stretches of polypeptide, but with a distinct amino acid characteristic 
specificity to Ost6p (Jamaluddin et al., 2011). It has also been proposed that the oxidoreductase 
activity of the thioredoxin-like ER lumenal domain of Ost3p and Ost6p could form mixed 
disulfides with cysteines in nascent polypeptides (Schulz et al., 2009). This would serve to tether 
nascent polypeptide close to the active site of OTase, and also efficiently inhibit oxidative protein 
folding. This transient binding of cysteines and hydrophobic stretches of nascent polypeptide is 
an optimal strategy for inhibiting local protein folding, as such stretches would be normally 
internal to folded protein domains. This fits with the requirement of the catalytic site of OTase for 
unfolded or flexible protein acceptor substrate. 

4.3.2. Role of accessory OTase protein ribophorin I / Ost1p 

Mammalian Ribophorin I (Ost1p in yeast) is required for efficient glycosylation of selected 
membrane proteins. Ribophorin I physically associates with selected membrane proteins 
after insertion into the ER membrane (Wilson et al., 2005). This interaction with these 
selected substrate proteins was also shown to be required for their efficient glycosylation by 
OTase (Wilson & High, 2007). The interaction between selected membrane proteins and 
ribophorin I is direct, but the precise mechanisms of the interaction are not clear (Wilson et 
al., 2008). It is possible that ribophorin I / Ost1p function in a conceptually similar way to 
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Ost3/6p, in transiently tethering substrate protein close to the catalytic site of OTase to allow 
efficient glycosylation of a defined subset of glycosylation sites or glycoproteins.  

4.3.3. Additional known accessory OTase proteins 

An integral membrane protein with homology to the integral membrane domain of Ost3p 
and Ost6p has been identified in mammalian cells. This protein, DC2 or OSTC, is required 
for glycosylation of specific substrate glycoproteins (Wilson & High, 2007). A further 
protein, Keratinocyte-associated protein 2 (KCP2), has been shown biochemically to be a 
subunit of the mammalian OTase (Sanyal & Menon, 2010, Roboti & High, 2012), and to be 
required for glycosylation of some proteins (Wilson & High, 2007). 

4.3.4. Putative accessory OTase protein presenilin 1 

A direct link between site-specific glycosylation and Alzheimer’s disease has been made, through 
the Presenilin-1 protein (Lee et al., 2010). N-glycosylation of the vaculoar ATPase subunit V0a1 is 
mediated by selective binding of the Alzheimer’s disease related protein presenilin-1 (PS1) to 
unglyclosylated V0a1 and OTase. V0a1 glycosylation is required for ER-lysosome trafficking, and 
so lack of PS1 causes deficiencies in lysosomal acidification and proteolysis during autophagy. It 
is not clear if PS1 is a truly protein-specific enhancer of glycosylation, or if it interacts with 
additional substrate glycoproteins to enhance their glycosylation. 

4.3.5. How many OTase subunits are there? 

Have all OTase subunits been identified? Most known OTase subunit proteins have been 
identified in the yeast S. cerevisiae through genetic screens, and so it is likely that this set is 
complete. These proteins are identifiable in other eukaryotes including animals and plants. 
However, the presence of additional subunits cannot be easily predicted. As described 
above, several such additional subunits have been identified biochemically in recent years in 
the mammalian OTase enzyme. 

It is possible that other, less tightly bound or lowly expressed proteins are yet to be identified. 
It is also possible that sequential addition of accessory proteins to the OTase complex has 
proceeded divergently in different eukaryotic lineages. This would mean that biochemical 
analyses, rather than genomic comparisons, would be necessary to identify any additional 
OTase complexes in for example the plant or protozoan OTase. Any such additional subunits 
would likely have diverse additional roles in regulation of OTase core activity. 

5. Analytical approaches to determine site-specific glycosylation 
occupancy 

5.1. Glycosylation site identification and occupancy 

A goal of understanding the function of OTase in diverse biological systems is to enable 
accurate prediction of whether a particular Asn will be efficiently glycosylated. However, 
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such prediction depends on a complete understanding of how OTase interacts with 
substrate polypeptides in each biological system, and as such is probably a very difficult 
problem. In addition to the diversity of OTase subunit proteins, OTase activity may also be 
subject to regulation. In the absence of accurate prediction tools, analytical identification and 
quantification of glycosylation occupancy is therefore necessary for accurate characterisation 
of the glycosylation status of a protein. In addition, it is not sufficient to identify that a site is 
glycosylated, as an Asn can be identified as ‘glycosylated’ in enrichment experiments, but 
may actually only be modified at a very low occupancy. The physiological relevance of 
glycosylation at such sites is therefore questionable. The converse of this is also true, as it 
appears that with sensitive analytical detection some or even most glycosylation sites are 
not completely occupied (there exists a small but significant proportion of proteins that are 
not glycosylated at that particular site) (Hülsmeier et al., 2007). Analytical methods should 
therefore consider the proportion of a particular Asn that is glycosylated, for instance using 
LC-MS approaches that can compare the abundance of glycosylated and non-glycosylated 
versions of the same peptide (Schulz & Aebi, 2009). Although these methods are not in 
general absolutely quantitative, they can provide relative quantification and a first step 
towards characterization of the site-specific extent of glycosylation.  

5.2. Western blotting for measuring glycosylation occupancy 

Numerous studies have made use of Western blotting with antibodies recognizing a specific 
protein of interest to gauge glycosylation occupancy. However, Western blotting is 
inherently limited to analysis of proteins for which specific antisera are available, and is 
constrained to low-throughput assays. Western blotting can also only identify protein-wide 
glycosylation occupancy, and cannot distinguish between partial glycosylation at different 
Asn residues on the same protein. Mass spectrometry can overcome both of these key 
difficulties, as it is a general analysis tool that can be used for site-specific analysis of protein 
glycosylation.  

5.3. Glycoconjugate enrichment stragtegies 

Detection of glycosylation at a specific site is the first step in its quantitative analysis (Schulz 
et al., 2012). Enrichment of glycoproteins or glycopeptides is key to the success of high 
sensitivity detection of glycosylation sites. Various enrichment strategies can be employed 
depending on the biological system of interest, and the analytes of interest within that 
system. The physical properties of carbohydrates that distinguish them from protein can be 
used to enrich glycopeptides and glycoproteins. Typical enrichment strategies based on the 
physical properties of glycans include hydrophilic interaction chromatography (Mysling et 
al., 2010, Gilar et al., 2011, Christiansen et al., 2010), phenyl boronic acid (Li et al., 2000, Li et 
al., 2001) and hydrazide (Zhang & Aebersold, 2006, Zhang et al., 2003) attachment. A key 
mechanism mediating the functional roles of glycans in many biological systems is 
recognition of specific glycan structures by proteins, or lectins. The specificity of such lectins 
for defined glycan structures can be used to enrich particular subsets of glycopeptides or 
glycoproteins bearing those structures (Drake et al., 2006, Zielinska et al., 2010).  
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5.4. Mass spectrometry for measuring glycosylation occupancy 

To obtain quantitative or semi-quantitative measurement of the extent of glycosylation at 
that site subsequent comparison must be made with the unglycosylated form of the detected 
peptide. This can be done using comparison of ion intensities of the glycosylated and 
unglycosylated peptides. The unglycosylated form of the peptide will only be present in one 
form. However, as glycosylation generally results in a complex mixture of glycan structures 
at each glycosylation site, measurement of the abundance of the glycosylated form of a 
given site is not trivial. Some approaches have used detection of entire glycopeptides, 
although this approach generally requires more specialized and targeted LC-MS 
technologies (Sumer-Bayraktar et al., 2011). Other approaches have focused on improving 
quantification of occupancy, and have discarded information on site-specific glycan 
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interest in glycosylation per se, but because of the ubiquity of glycosylation, and its proven 
utility in biomarker discovery. However, some analyses have used this approach to 
specifically measure glycosylation occupancy, for instance in patients with congenital 
disorders of glycosylation (Hülsmeier et al., 2007).  

5.6. Future analytical directions 

Use of tools such as those outlined above, in combination with experimental manipulation 
of growth conditions, N-glycan biosynthetic pathways, protein translation and 
translocation, and OTase function or composition, will allow identification of the regulation 
and roles of site-specific N-glycosylation occupancy at a systems level. 

6. Is the ‘glycosylation sequon’ an example of convergent evolution? 
Insights into glycosylation site evolution 

6.1. HMW-ABC glycosylation in non-typeable Haemophilus influenzae 

A family of cytoplasmic bacterial enzymes have been recently described that catalyse an N-
glycosylation reaction remarkably reminiscent of ‘traditional’ N-glycosylation. These 
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enzymes are the HMW-C glycosyltransferase of non-typeable Haemophilus influenzae (NTHi), 
and related organisms primarily in the Pasteurellaceae. NTHi can be a commensal resident 
of the nasopharynx in humans, but in mixed cultures with Streptococucus pneumoniae and 
Moraxella catarrhalis is a primary cause of middle ear infections (otitis media) which in 
developed countries is the most common reason for children to visit doctors and for 
antibiotic prescriptions (Murphy et al., 2009). Chronic otitis media is common in indigenous 
communities worldwide, and can lead to hearing loss with subsequent learning difficulties. 
NTHi is also associated with chronic obstructive pulmonary disease (COPD), a major 
burden on health care systems worldwide (Murphy, 2006). Understanding of the role of 
glycosylation of the outer membrane protein components in these organisms is likely of key 
importance in the development of effective vaccines against NTHi infection. 

A key step in NTHi infection is adherence to the host epithelium. Surface exposed adhesin 
proteins mediate this adherence, with the high molecular weight (HMW) adhesin system being 
of key importance in many NTHi clinical isolates. HMW-C is a glycosyltransferase associated 
with this two-partner secretion system adhesin, encoded in the HMW-ABC locus. Two highly 
homologous loci are present in the ~80% of NTHi clinical isolates that encode this system, 
HMW1ABC and HMW2ABC respectively (St. Geme et al., 1998, Ecevit et al., 2004). HMW1A 
encodes an adhesin glycoprotein (Gross et al., 2008, Grass et al., 2003), which is secreted across 
the inner membrane via the Sec apparatus, and requires the outer membrane protein HMW1B 
for correct export across the outer membrane (St Geme & Yeo, 2009). HMW1C encodes a family 
41 glycosyltransferase that glycosylates HMW1A (Grass et al., 2010, Kawai et al., 2011, Choi et al., 
2010). This glycosylation is required for stability, efficient folding and secretion of the HMW1A 
glycoprotein adhesin (Grass et al., 2003). In turn, the HMW1A adhesin is important for NTHi 
colonisation and pathogenesis (St Geme et al., 1993, St Geme, 1994). 

Similar to several other described bacterial protein glycosyltransferases, HMW1C 
glycosylates its HMW1A substrate protein in the cytoplasm, before secretion across the 
inner membrane (Fleckenstein et al., 2006, Charbonneau et al., 2012, Choi et al., 2010, 
Schwarz et al., 2011a). Most of these other reported bacterial glycosyltransferases are O-
glycosyltransferases, transferring nucleotide-activated monosaccharides to the hydroxyl 
groups of Ser or Thr. In contrast, HMW1C glycosylates Asn residues, with a strong tendency 
to glycosylate Asn within glycosylation sequons with the sequence Asn-Xaa-Ser/Thr (Gross 
et al., 2008). 

6.2. HMW-C versus OTase: Unrelated enzymes, same sequon? 

The HMW-C and OTase systems are not homologous, as traditional N-glycosylation as 
described above is catalysed by the integral membrane OTase, which transfers an 
oligosaccharide from a lipid linked carrier to nascent polypeptide in the lumen of the ER (or 
periplasm). In contrast, the HMW-C cytoplasmic system of some bacteria is catalysed by a 
soluble glycosyltransferase that transfers a nucleotide-activated monosaccharide to protein in 
the cytoplasm. However, it is striking that the bacterial cytoplasmic HMW-C enzymes have 
very similar site recognition to ‘traditional’ OTase enzymes: they efficiently glycosylate Asn in 
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‘sequons’ with Asn-Xaa-Ser/Thr (Xaa≠Pro), but are capable of glycosylating some selected 
asparagines lacking S/T at the +2 position (Choi et al., 2010, Grass et al., 2010, Schwarz et al., 
2011a, Schwarz & Aebi, 2011). HMW-C enzymes also share the substrate requirement of OTase 
for unfolded protein, or flexible loops in folded protein (Schwarz et al., 2011a).  

A high-resolution 3D crystal structure of an HMW-C enzyme from Actinobacillus 
pleuropneumoniae has been reported (Kawai et al., 2011), which is highly similar to HMW-C 
enzymes from NTHi. This structure was solved in the presence of acceptor peptide 
substrate, but electron density for the peptide was not visible in the structure. Nonetheless, 
the ability of HMW-C enzymes to glycosylate asparagines not in Asn-Xaa-Ser/Thr 
glycosylation sequons strongly suggests that this sequence is not directly involved in 
catalysis. It is likely that, as with OTase, this local sequence requirement is instead involved 
in increasing the affinity for acceptor polypeptide binding, and in substrate recognition.  

This then raises the very curious observation that two non-homologous enzymatic systems for 
glycosylation of Asn have independently evolved essentially identical substrate recognition 
motifs. This suggests convergent evolution of enzyme-substrate interactions in these two 
systems, which would in turn imply that there is some functional benefit for site recognition of 
Ser/Thr at +2 amino acid residues of an Asparagine. It is tempting to speculate that this sequence 
may have evolved to balance the need for sufficient binding affinity of the polypeptide acceptor 
with the advantages of a general glycosylation system.  

The selection pressure for OTase and HMW-C to require unfolded polypeptide substrate is not 
completely clear. However, this requirement is likely due to the benefit of glycoysylation in 
increasing both protein folding efficiency and the stability of folded proteins. Addition of 
glycans to already folded proteins can serve to increase their stability, potentially in a 
regulated manner (Yuzwa et al., 2012). However, to be of assistance in protein folding, glycans 
must be transferred to proteins while they are unfolded or still in the process of folding. This 
would then lead to the requirement of binding of flexible polypeptide acceptor to 
OTase/HMW-C, which in turn limits recognition to stretches of amino acid sequence, rather 
than a more complex folded protein structural motif. Binding of a single Asn residue in a 
stretch of unfolded polypeptide would be the smallest possible recognition motif, but 
hydrogen bonding and van der Waals interactions would likely not be sufficient for binding of 
adequate affinity to allow efficient glycan transfer. A solution to allow increased affinity 
would be to increase the length of the recognition sequence, and apparently a 3 or 5 amino 
acid sequence is sufficient, as shown by the Asn-Xaa-Ser/Thr and Asp/Glu-Xaa-Asn-Xaa-
Ser/Thr OTase glycosylation sequons of eukaryotes and bacteria. This is evidenced in the 
structure of bacterial PglB (STT3), in which most of the length of the extended sequon is 
involved in direct contacts with the OTase peptide binding site (Lizak et al., 2011a). 

6.3. Why is the sequon as it is? 

Why then should Ser/Thr be part of a preferred glycosylation recognition sequence, and not 
any other amino acids? Perhaps part of the answer is that these hydroxyl-containing residues 
are typically surface exposed and are not charged. The hydrophilic nature of Ser and Thr 
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means that they are generally not present internally in folded proteins, but are almost always 
surface exposed. As addition of a glycan in the hydrophobic core of a protein would be 
incompatible with correct protein folding, a hydrophilic recognition motif is necessary. 
Charged residues (His, Arg, Lys, Asp, Glu) would also be potential candidates for such a role, 
but here the generality of the neutral hydroxyl groups of Ser and Thr is perhaps important. 
Neutral hydrophilic residues such as Ser and Thr are compatible with almost any position on 
the surface of a folded protein. In contrast, charge-based attraction and repulsion is an 
important contributor to protein folding, stability and function. Point mutation to insert one of 
these charged amino acids on the surface of a protein is likely to disrupt the protein structure. 
Ser/Thr as an extended recognition sequence therefore likely provides the affinity and ubiquity 
necessary for evolution of OTase/HMW-C enzymes as general glycosylation enzymes capable 
of glycosylating multiple Asn residues in many different proteins. 

7. Conclusion 

The structural basis for the glycosylation sequon is now apparent. However, it is also clear 
that recognition and glycosylation of selected asparagine residues is subject to further 
control and regulation depending on variation within catalytic STT3 enzymes, and on the 
presence of accessory protein subunits of multiprotein OTase complexes. In order to 
understand the roles of these accessory proteins, it is however necessary for them to be 
completely identified. With recent years showing the identification and preliminary 
characterization of several novel accessory proteins of mammalian OTase, it is probable that 
additional subunits still remain to be discovered. Biochemical characterization of OTase 
complexes in other eukaryotes may well also present additional, non-homologous, accessory 
protein subunits. Further, OTase enzymatic activity is actively regulated, adding to the 
complexity of potential OTase function. Mass spectrometry-based future analytics for 
glycosylation analysis will enable phenotypic characterization of the site-specific activity of 
OTase in these varied biological circumstances. Such analysis will contribute to, and also 
benefit from, a complete quantitative understanding of the interplay between glycoprotein 
folding and N-glycosylation. Finally, understanding of the molecular mechanisms of N-
glycosylation site selection is beginning to open the possibilities for co-engineering of 
glycosylation sites and OTases in synthetic biology approaches outside of natural 
evolutionary constraints, moving N-glycosylation beyond the sequon.  
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1. Introduction 

In recent years, the field of structural biology has seen many advances in technology for the 
production of recombinant proteins, mainly led by the high-throughput techniques of the 
structural genomics community. These technologies have largely focussed on expression 
using Escherichia coli with around 88 % of the protein chains in the Protein Data Bank (PDB) 
in 2010 being produced using this bacterium [1]. However, many proteins require post-
translational modification for correct folding and/or activity. By far the most common 
modification is glycosylation and it has been estimated that over half of all human proteins 
including many membrane proteins are glycosylated [2-3]. Therefore, the production of 
correctly glycosylated proteins for functional and structural studies requires the use of 
eukaryotic systems [4].  

Glycoproteins represent a unique challenge to the structural biologist due to the size and 
heterogeneity of the oligosaccharide chains. Glycans can constitute from 1 % to over 80 % of 
the total protein mass [5] with variation in the type and number of sugars attached to a 
glycosylation site and also the occupancy of a site. The heterogeneity introduced by 
glycosylation can hinder crystallization of a glycoprotein [4] thus limiting the use of X-ray 
crystallography, one of the major techniques using in protein structure solution.  

The following chapter reviews options for the production of glycoproteins from different types 
of expression system, both prokaryotic and eukaryotic, along with methods for addressing 
glycan heterogeneity in order to produce homogeneous glycoprotein samples which are 
amenable for structural studies. The use of such homogeneous glycoprotein samples in both 
crystallization and nuclear magnetic resonance (NMR) experiments are discussed. 

2. Glycosylation in mammalian cells 

In eukaryotes, glycans are added to the polypeptide chain in the endoplamic reticulum  
(ER) and the Golgi as the protein is secreted (see Figure 1). There are two types of 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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glycosylation, one involves linkage of an oligosaccahride to an asparagine residue and the 
second involves linkage to a serine or threonine residue referred to as N- and O-
glycosylation respectively. 
 

 
Figure 1. Simplified representation of the N-glycosylation pathway in humans with the initial core 
Man9GlcNAc2 sugar being formed in the endoplasmic reticulum (ER) and further modifications taking 
place in the Golgi. 

N-glycosylation occurs co-translationally in the ER at the consensus sequon Asn-X-
Ser/Thr/Cys-X where X is any amino acid except proline. The exact sequence of the sequon 
has a bearing on the occupancy of the glycosylation site. N-glycosylation is often essential 
for the expression and folding of a glycoprotein [6], with the initial glycan formed in the ER 
being further modified and decorated in the Golgi apparatus. This elaboration of the glycan 
core leads to a large number of possible structures which are classified as high mannose, 
complex or hybrid (Figure 2). 

O-glycosylation (See Figure 3) usually occurs in regions containing large numbers of 
sequential serine, threonine and proline residues which are known as mucin domains. These 
regions show little secondary structure and are therefore often excluded from structural 
studies as proteins containing such disorder are unlikely to crystallize. O-glycosylation 
occurring outside mucin regions is difficult to predict accurately and so is usually only 
detected after production of a protein. As O-glycosylation occurs in the Golgi, it has little 
bearing on the early stages of protein folding and therefore sites found to be O-glycosylated 
can be engineered out of the protein by site-directed mutagenesis of the acceptor Ser/Thr 
residues. 
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Figure 2. Diagrammatic representation of the major classes of N-linked sugars produced by 
mammalian cells. 

 
Figure 3. Representation of the core structures of the common O-glycans produced by mammalian cells. 

3. Expression systems 
For the correct production and folding of glycoproteins, the expression host needs to post-
translationally modify the protein chain by adding sugars at the glycosylation sites. Therefore, 
production of glycoproteins is most often performed using eukaryotic cells, although the 
aglycosylated protein can be expressed as inclusion bodies in E. coli and refolded and also 
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produced using cell-free systems. Recent advances in glycosylation pathway engineering have 
resulted in both E. coli [7] and cell-free systems [8] which are capable of introducing N-
glycosylation onto a protein. These methods are discussed in the relevant sections below. 

In addition to finding an appropriate system for the over-expression of the target 
glycoprotein, the ability of this system to incorporate selenomethioine into the protein must 
be assessed. Selenomethioine labelling enables phasing of X-ray diffraction data by multi-
wavelength anomalous diffraction (MAD) [9]. Proteins expressed using E. coli routinely 
incorporate 100 % selenomethionine, whereas incorporation is more variable for proteins 
produced in higher eukaryotic systems. 

3.1. Escherichia coli 

E. coli is an attractive host as it is fast, simple to use, robust and cost-effective and therefore 
remains the dominant host for the production of recombinant proteins. In terms of 
glycoprotein production, the protein is usually expressed in inclusion bodies as bacteria do 
not have either the endoplasmic reticulum or the Golgi apparatus needed to secrete and 
post-translationally modify glycoproteins. As the protein is produced in inclusion bodies, 
refolding is needed to produce samples for structural biology – a process which can be time 
consuming and inefficient. However this method has proved useful for a number of 
products, for instance Watson et al. used E. coli to produce crystals of the extracellular 
domain of human UL16-binding protein ULBP1 [10]. Here the authors investigated various 
refolding strategies before finding the optimum protocol of slow dilution of guanidine-
solubilised protein in solution containing arginine, ethylenediaminetetraacetic acid, reduced 
and oxidized glutathione and phenylmethyl-sulphonyl fluoride over 48 hours. In addition, 
recently the crystal structures of the murine class I major histocompatibility complex H-2Kb 
(PDB entry 3ROL) [11] and human β-secretase I with bound inhibitors (PDB entry 3S7M and 
3S7L) [12] and the NMR structure of the sterile alpha motifs of EphA2 and SHIP2 (PDB 
entry 2KSO) [13] have solved using production in E. coli followed by refolding. 

Another approach is to express the glycoprotein in the periplasm of E. coli using a bacterial 
signal sequence such as OmpA. For example, human α1-microglubulin was produced in the 
periplasm of E. coli and used to obtain the crystal structure to 2.3 Å resolution which 
revealed a potential heme binding site (PDB entry 3QKG) [14]. 

Recently an engineered eukaryotic protein glycosylation pathway has been inserted into E. 
coli resulting in cells capable of producing glycoproteins with Man3GlcNAc2 sugars attached 
[7]. Four glycosyltransfereases from Saccharomyces cerevisae, the uridine diphosphate-N-
acetylglucosamine transferases Alg13 and Alg14 and the mannosyltransferases Alg1 and Alg2, 
are used to generate the glycan. The glycan is then transferred onto an N-glycosylation site 
using the oligosaccharyltransferase PglB from Campylobacter jejuni. Valderrama-Rincon et al. 
tested production of three eukaryotic glycoproteins; the Fc domain of human IgG1, bovine 
RNaseA and the placental variant of human growth hormone, and detected expression of 
glycosylated proteins [7]. Although currently only ~1 % of the expressed proteins were found 
to be glycosylated, this technology represents a huge potential for the cost-effective production 
of glycoproteins with a defined glycosylation pattern. 
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3.2. Insect cells 

Glycoproteins produced by insect cells, such as Spodoptera frugiperda, Trichoplusia ni and 
Drosophila melanogaster, express products with glycans which are oligomannose and 
paucimannose in nature and mainly of the form α1-6 fucosylated Man3GlcNAc2 (Figure 4A) 
[15]. This compact, relatively homogeneous glycoform is compatible with protein 
crystallization and a number of structures have been determined of glycoproteins produced 
using insect cells. For example, the crystal structure of FcγRIIa was solved to 1.5 Å 
resolution using baculovirus infected S. frugiperda (Sf) 21 cells (PDB entry 3RY4) and also its 
structure bound to human IgG1-Fc was resolved to 3.8 Å (PDB entry 3RY6) [16].  

 
Figure 4. Representation of the N-glycans attached to proteins produced by (A) insect cells; (B) the 
yeast Saccharomyces cerevisiae (selected yeast oligosaccharide); (C) mutant CHO and HEK cell lines; and 
(D) mammalian cell lines in the presence of small molecule inhibitors. 

The glycoforms produced by insect cells can be trimmed by treatment with 
endoglycosidases, for example endoglycosidase (endo) H or endo F1 and endo D will 
remove oligomannose and paucimannose sugars respectively leaving one GlcNAc residue 
on N-glcyosylation sites. In addition, endo F2 can be used in combination with endo F3 to 
cleave oligomannose and biantennary complex sugars and core fucosylated bi and 
triantennary complex gycans. Using this de-glycosylation strategy Fan et al. reported the 
successful crystallization and structure determination of a complex of human follicle 
stimulating hormone with its receptor (PDB entry 1XWD). Here crystals of fully 
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glycosylated complex diffracted to 9 Å whereas 2.9 Å resolution was obtained after de-
glycosylation with endo F2 and endo F3 [17]. Also, the structure of HIV-1 envelope 
glycoprotein gp120 was solved to 2.2 Å using de-glycosylation with endo H and endo D 
(PDB entry 1G9N) [18]. Although less common, tunicamycin has been used during 
production to block all glycosylation in order to promote crystallization. For example, 
evasin-1 structure was solved to 1.63 Å in its non-glycosylated form and to 2.7 Å in its 
glycosylated form (PDB entries 3FPR and 3FPT respectively) [19]. 

Selenomethionine labelling in insect cell systems can be difficult due to the toxicity of 
selenomethionine and the long incubation times needed as late baculovirus promoters such as 
polyhedron or P10 are normally used [1]. The levels of incorporation for secreted 
glycoproteins is higher than for intracellular proteins as unlabelled protein is removed during 
the media exchange process [20]. For example, 85 % selenomethionine incorporation was 
achieved for envelope glycoprotein D from HSV1 [21] and 76 % for palmitoyl protein 
thioesterase 1 (PDB entry 1EI9 and 1EH5) [22]. In 2007, Cronin et al. addressed this problem of 
variability in levels of incorporation and developed a method which consistently gave 70-75 % 
selenomethionine incorporation with a yield of around 20 % of the unlabelled protein [23]. 

3.3. Yeast cells 

Yeast have been used for the production of human glycoproteins, with the most popular 
expression hosts being Saccharomyces cerevisiae and Pichia pastoris [24-25]. Recombinant 
proteins are secreted and post-translationally glycosylated to give glycoforms that are 
sensitive to endo H or endo F1 treatment and are therefore suitable for crystallization 
(Figure 4B). For example, de-glycosylation of protein produced in P. pastoris was used to 
prepare the G-protein coupled receptor (GPCR) human β2 adrenergic receptor for 
crystallization [26] and production of gastric intrinsic factor with cobalamin (vitamin B12) 
bound (IF-Cbl) in P. pastoris was followed by complex formation with the cubilin IF-Cbl-
binding-region and endo H treatment prior to crystallization of the complex to give a 3.3 Å 
resolution crystal structure (PDB entry 3KQ4) [27]. 

There are examples in the literature where retaining the N-glycans on the glycosylated protein 
produced in yeast is important, such as the of human and mouse glutaminyl cyclases (QC), 
enzymes linked with Alzheimer’s disease, (PDB entry 3SI0) [28]. The structure of human QC 
had already been solved using protein produced in E. coli (PDB entry 2AFO) [29]. However, 
the glycosylated structure was shown to be more stable and to contain a disulphide bond not 
present in the non-glycosylated structure. The reduced stability of the aglycosylated human 
QC was associated with ready loss of the catalytic zinc ion [28].  

Production of selenomethionine labelled proteins is possible in yeast with incorporation 
levels of around 50 % routinely reported for both P. pastoris and S. cerevisiae [20]. However 
higher selenomethionine incorporation has been reported. For instance, incorporation of ~98 
% selenomethionine was reported for production of the carboxy-terminal fragment of the 
RNA-dependent RNA polymerase from Neurospora crassa, QDE-1 using S. cerevisiae [30]. 
This labelled protein was used to generate crystals which diffracted to 3.2 Å and allowed 
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phasing of the native data giving a 2.3 Å resolution crystal structure (PDB entry 2J7N). More 
recently Malkowski et al. described generation of a selenomethionine-resistant strain of S. 
cerevisiae by blocking the S-adenosylmethionine synthesis pathway [31]. This strain was 
used to produce tryptophanyl-tRNA synthetase with >95 % selenomethionine incorporation 
which led to the determination of the structure of this yeast enzyme. [31]. Using the strain to 
produce and label heterologous proteins has so far not been reported. 

3.4. Mammalian cells 

Mammalian cells are a popular choice for the expression of glycoproteins, particularly for 
the production of human proteins. These cells have the correct machinery to fold and post-
translationally modify glycoproteins. The two main cell lines used are human embryonic 
kidney (HEK) 293 cells and Chinese hamster ovary (CHO) cells, both of which are readily 
transfected with polythyleneimine (PEI), calcium phosphate or commercial lipids giving 
expression in 60-80 % of the cells [32-33]. There are two main variants of HEK 293 cells, (i) 
293T which expresses the SV40 large-T antigen and (ii) 293E which expresses the Epstein-
Barr virus (EBV) nuclear antigen 1 (EBNA1). Plasmids containing the SV40 or EBV origins of 
replication are amplified within these variants, giving more copies of the plasmid per cell 
and therefore a higher levels of protein expression [34]. An alternative method of 
introducing genes into mammalian cells is to use viral-mediated transduction such as the 
BacMam system [35], which has been shown to give milligram quantities of protein for 
structural studies [36]. 

Mammalian cells can be grown in either attached or suspension culture and automation of 
the culturing processes is possible in both cases [37-38]. Structural studies have been 
performed on proteins produced both by transient transfection, formation of a stable cell 
line, and using stable pools. Transient transfection is attractive due to the short timeframe 
between transfection and purified protein. Glycoprotein yields for non-antibodies of up to 
40 mg/L have been obtained from attached HEK cells [39] and 36 mg/L from HEK cells in 
suspension [40], with yields of 27 mg/L from CHO cells in suspension [40]. 

Formation of a stable cell line producing a glycoprotein of interest often gives higher yields 
than utilizing transient transfection, however establishment of a stable cell line can take 2-6 
months [41]. Automation can give a three-fold increase in throughput, although the timeline 
is the same [42]. An advantage of the system is that once the stable cell line has been 
established, production of the glycoprotein is fast and robust. 

Use of stable transfection pools for expression are becoming increasingly popular as the 
protein yield is usually higher than for transient transfection but the timeline is shorter than 
for making a stable cell line. Post-transfection, the cells are sorted, often using a fluorescence 
marker, in order to enrich the pool for high producers. Using such a method, highly 
productive pools of cells can be obtained in 3 weeks, though yields may decline over time in 
culture as the transfection cells are not clonal. Using this method, expression levels of 
monoclonal antibodies from 100 mg/L to 1 g/L can be achieved in 2 months post transfection 
using CHO cells [43]. 
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Selenomethionine labelling in mammalian cells is not as efficient as in E. coli, however levels of 
up to 90 % have been reported for stable HEK cell lines [44] and 78 % for transient 
glycoprotein production [1]. Generally cells are grown for a period of about 12 hours in media 
lacking methionine in order to deplete the intracellular methionine pools before the addition of 
selenomethionine. Keeping the concentration of selenomethionine used to 60 mg/L or below is 
important due to its toxicity which will lead to a lower yield of glycoprotein. 

Unlike insect and fungi, mammalian cells produce glycoproteins with complex 
oligosaccharide chains (Figure 2) which are very heterogeneous and therefore not readily 
amenable to crystallization. Complete removal of N-linked glycans can be achieved by 
treatment of a purified glycoprotein with Peptide N-glycosidase (PNGase) F thus aiding 
crystallization [45]. In practice, two problems are encountered which limit this approach. 
Firstly, incomplete removal of glycans leading to partial de-glycosylation of the product; 
and secondly, insolubility due to protein aggregation following removal of all the sugars. 
Alternatively, glycosylation can be completely blocked in cells by treatment with 
tunicamycin. However, if glycosylation is required for proper folding and/or solubility in 
situ, then this approach will compromise the synthesis of the product. Two methods have 
been developed to get round these problems both of which depend upon manipulating N-
glycosylation during glycoprotein biosynthesis by blocking the action of processing 
enzymes using either chemical inhibitors or null mutant cell lines. 

3.4.1. Inhibitors 

Three inhibitors have been used in the production of glycoproteins to manipulate the 
glycosylation pathway: N-butyldeoxynojirimycin (NB-DNJ), swainsonine and kifunensine. 
NB-DNJ inhibits α-glucosidase, thus blocking the early stages of N-glycan processing and 
giving products which contain high mannose or hybrid type sugars (Figure 4A). NB-DNJ 
has mainly being used in combination with the mutant CHO cell line, CHO Lec3.2.8.1 
(Section 3.4.2), for instance in the crystallization of human costimulatory molecule B7-1 
which is important in human immune response which gave crystals diffracting to 2.7 Å after 
treatment with endo H [46]. Swainsonine blocks α-mannosidase II resulting in high 
mannose or hybid type sugars shown in Figure 4D. Kifunensine strongly inhibits α-
mannosidase I activity resulting in sugars of the form Man9GlcNAc2 (Figure 4D) [4]. 
Treatment of cells with the any of the above inhibitors results in relatively simple and 
chemically uniform glycoforms. Further, the high mannose and hybrid glycans resulting 
from the use of these drugs are cleavable using endoglycosidase (endo) H or endo F1 to 
leave one GlcNAc residue attached to the N-glycosylation site.  

In practice, kifunensine is the most commonly used inhibitor in the production of 
glycoproteins for structural studies as the resulting glycans are the most homogeneous. In 
fact, the structures of glycoproteins can be solved following kifunensine treatment, without 
the use of endoglycosidase (for example, PDB entry 2WAH [47]), however more commonly 
the sugars are trimmed with endo H before crystallization studies. For example, Bishop et al. 
used transient transfection of HEK 293T cells in the presence of kifunensine to produce a 
number of glycoproteins involved in human Hedgehog signalling pathway. These were 
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treated with endo H before crystallization and co-crystallization to give structures of 
hedgehog interaction protein ectodomain (Hhip) and Desert hedgehog in isolation and Hhip 
in complex with Desert hedgehog and sonic hedgehog (PDB entries 2WFT, 2WFR, 2WFQ, 
2WG3, 2WFX and 2WG4) [48]. Production in the presence of kifunensine followed by endo 
H treatment has also been used with a stable CHO cell line in the crystallization of the 
extracellular region of cytotoxic T-lymphocyte antigen 4 (CTLA-4) giving crystals which 
diffracted to 1.8 Å [49].  

3.4.2. Mutant cell lines 

CHO and HEK cell lines have been generated with mutations in their glycosylation 
pathways which disrupt the action of GlcNAc transferase I (GnTI) [50-51]. CHO Lec3.2.1 
contains four mutations which are in the Gne, Slc35a1, Slc35a2 and Mgat1 open reading 
frames leading to lower activity of various glycosylation enzymes including GnTI [50]. Use 
of CHO Lec3.2.8.1 leads to proteins mainly containing high mannose glycans which are 
sensitive to removal of all but the last GlcNAc residue with endo H or endo F1 (Figure 4C). 
However, the mutations in CHO Lec3.2.8.1 do not completely inhibit the formation of 
complex glycans [50] with, in some cases, as little as 10 % of the glycoprotein produced 
being endoglycosidase sensitive [4]. Structural studies have been carried out using CHO 
Lec3.2.8.1 both in the absence and presence of NB-DNJ which has a complementary 
inhibition effect to the mutant cell line giving endoglycosidase sensitive sugars (For 
examples see [46, 52-54]). 

The GnTI-deficient cell line, HEK 293 GnTI- (also known as HEK 293S) produces glycoproteins 
with high mannose glycans (Figure 4C) which are endo H and endo F1 sensitive. Use of HEK 
293 GnTI- cells gives product containing a very uniform glycosylation pattern of the form 
Man5GlcNAc2 with only traces of other glycan patterns being detected [51, 55]. This cell line 
has proved popular, recently facilitating structure solution of NetrinG1 and NetrinG2 in 
complex with their respective ligands at 3.25 Å and 2.6 Å resolution respectively (PDB entries 
3ZYJ and 3ZYJ) [56]; the human glutamate receptor GluR2 amino terminal domain at 1.8 Å 
resolution (PDB entries 2WJW and 2WJX) [57]; and the orphan domain of the membrane 
glycoprotein endoglin using small angle X-ray scattering (SAXS) [58]. 

3.5. Other 

Although not currently in mainstream use for the production of glycoproteins, two other 
expression systems are worth mentioning, namely cell-based production in the protozoan 
Leishmania tarentolae and cell-free synthesis using coupled transcription-translation systems. 

The structure of human Cu/Zn superoxide dismutase has been recently published and 
represents the first structure solved using L. tarentolae as the expression host (PDB entry 
3KH3) [59]. The advantages of the L. tarentolae system (commercialized by Jena Biosciences 
as LEXSY) are that it is simple to use, gives high yields and is inexpensive compared with 
the higher eukaryotes. L. tarentolae has eukaryotic folding and post-translational machinery 
and has been used in a proof of principle experiment to express glycosylated human 
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erythropoietin [60]. These data show that use of L. tarentolae as a host system is applicable to 
the expression of glycoproteins for structural studies. 

Cell-free synthesis systems have been used for structural studies for a number of years and 
are commonly based on lysates from E. coli, wheat germ and rabbit reticulocytes [61]. 
Glycoproteins can be produced by supplementing lysates with microsomal fractions [62], or 
using extracts of eukaryotes such as insect cells [63], hybridomas [64] and mammalian cells 
[65], although the yields are often poor. These systems give glycosylation patterns native to 
the host which in the case of insect cells can be modified using endoglycosidases and in the 
case of mammalian cells can be blocked using inhibitors (Section 3.4.1). Recently both the E. 
coli lysate cell free synthesis system and the PURE system for in vitro translation using 
purified components of E. coli [66] have been adapted for production of glycoproteins [8]. In 
this article, Guarino and DeLisa used the protein glycosylation locus from Campylobater 
jejuni to supplement both systems and produce glycoprotein with the GlcGalNAc5Bac 
(where Bac represents bacillosamine) glycosylation pattern of C. jejuni (Figure 5) [8]. Cell-
free systems have yet to yield a glycosylated protein for which a structure has been 
deposited in the PDB. However the ability to micro-engineer the components of the 
glycosylation pathway in an “open system” is an interesting and useful addition to the 
structural biologist’s toolbox. 

 
Figure 5. Representation of the glycosylation pattern added to glycoproteins using the cell-free 
synthesis system of Guarino and DeLisa [8]. 

4. Variable occupancy of glycosylation sites 
In addition to the types of oligosaccharide chain attached to a glycosylation site, i.e. the 
glycoform, heterogeneity occurs in the occupancy of a glycosylation site. The occupancy of 
an N-glycosylation site depends upon the recognition sequon along with the structure of the 
protein in proximity to the glycosylation site. Some N-glycosylation sites have very low 
occupancy as a result of the local sequence composition, secondary structure and also 
distance to the C-terminus [67-69]. Bioinformatics programmes such as NetNGlyc and 
NetOGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/ and http://www.cbs.dtu.dk/services 
/NetOGlyc/) [70-71] can predict occupancy of N-glycosylation and O-glycosylation sites 
respectively; however these are sequence based predictions and so need to be verified 
experimentally. After experimental identification of glycosylation site occupancy, variably 
occupied sites can be removed. Removal of variably occupied glycosylation sites should not 
affect the activity of a glycoprotein as these glycans are only present in a proportion of the 
sample and therefore must not be important for folding and solubility. 
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distance to the C-terminus [67-69]. Bioinformatics programmes such as NetNGlyc and 
NetOGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/ and http://www.cbs.dtu.dk/services 
/NetOGlyc/) [70-71] can predict occupancy of N-glycosylation and O-glycosylation sites 
respectively; however these are sequence based predictions and so need to be verified 
experimentally. After experimental identification of glycosylation site occupancy, variably 
occupied sites can be removed. Removal of variably occupied glycosylation sites should not 
affect the activity of a glycoprotein as these glycans are only present in a proportion of the 
sample and therefore must not be important for folding and solubility. 
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4.1. Identification methods 

Analysis of glycosylation site occupancy is usually carried out using mass spectrometry. For 
a review of recent developments in glycoprotein analysis and glycomics see Zaia [72]. In the 
most straightforward experiment, the occupancy of an N-glycosylation site can be 
determined using a combination of tryptic digest and PNGase F treatment, followed by 
analysis of the resulting peptide [73]. The peptide contains asparagine at the proposed site if 
no glycan is present and, due to the action of PNGase F, an aspartic acid if sugars are 
attached. As glycopeptides are not readily ionized within a mass spectrometer, they can be 
enriched in the sample using hydrophilic interaction liquid chromatography (HILIC), thus 
increasing the likelihood of a glycosylation site-containing peptide being detected [74-75]. 
Mapping of glycoproteins, including both analysis of the glycosylation site and analysis of 
the glycans themselves, has been miniaturized and automated, such as methods using 
functionalized magnetic nanoparticles [76] and integrating chromatography steps [77] 
which allow for rapid acquisition of results. 

Determination of O-glycosylation site occupancy is more difficult than for N-glycoslation 
sites as there is no endoglycosidase which universally releases O-linked glycans in the same 
way that PNGase F does for N-linked glycans. However, Halfinger et al. have developed a 
robust protocol using partial digestion with exoglycosidase and β-elimination using a mild 
alkylamine base followed by Michael addition and analysis using collision induced 
dissociation (CID) MS/MS [78]. 

Variable occupancy of glycosylation sites has also been detected by mutation studies. Here 
all the potential sites are mutated and the resulting protein analysed for activity. For 
example, Garman et al. analysed human IgE-FcεRIα and identified three glycosylation sites, 
N74, N135 and T142, which were not essential for protein folding, secretion and activity 
[79]. These sites were later confirmed by mass spectrometric analysis to be variably occupied 
[74]. However, mapping glycosylation occupancy by systematic mutation studies is labour 
intensive and is likely to result in many mutants that do not express or fold correctly as 
essential glycosylation sites have been removed. 

4.2. Removal of glycosylation sites 

Glycosylation sites found to be non-essential are often removed using site directed 
mutagenesis of the asparagine codon to a glutamine codon as this amino acid is similar in 
size and charge, but is not an attachment site for a glycan chain. 

Formation of an N174Q mutant version of human ephrinA2 was essential in obtaining 
crystals of the EphA4:ephrinA2 complex which resulted in the structure being solved to 2.3 
Å resolution (PDB entry 2WO3) [80]. In contrast, previous attempts at crystallization using 
wild type ephrinA2 with EphA4 were not successful. Although the N174 was shown to be 
invariably glycosylated, this site is not conserved across the ephrin family, (Nettleship, 
Bowden, unpublished results), and therefore was presumed to be non-essential. 

In the case of human alpha-N-acetylgalactosaminidase, which has five N-glycosylation sites, 
mutation of N201 to glutamine led to crystals giving diffraction to 1.9 Å resolution (PDB 
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entry 3H53) as opposed to the 8 Å resolution data collected using wild type glycoprotein 
crystals [81]. 

5. Structural studies 

5.1. Crystallization and X-ray crystallography 

Glycoproteins crystallize in a variety of conditions and trials are usually set up using the 
same screens as non-glycosylated proteins; such as those found in kits sold by Hampton 
Research, Molecular Dimensions and Emerald Biosystems. A number of reviews have 
addressed the problems connected with crystallization of glycoproteins such as the increase 
in surface entropy associated with large post-translational modifications and the 
microheterogenity of glycans [82-83]. However, it is to be noted that the presence of glycans 
can be an advantage for crystallization as they can form essential intermolecular contacts in 
crystal lattices [82]. Indeed glycoprotein crystallization has a success rate of around 50 % 
which is comparable to that for non-glycosylated proteins [82]. Methods around 
glycoprotein crystallization have developed to include automation and miniaturization 
using microscale crystallization techniques with as little as 65 μg of protein sample [45].  

The strategy which is unique to the crystallization of glycoproteins is manipulation of the 
glycoform as described above. Such manipulations affect the propensity of a glycosylated 
protein to crystallize and also the quality of the resulting crystals. As shown in Figure 6, the 
type of oligosaccharide attached to the protein affects crystal morphology. Interestingly, in 
the case of human IgE-FcεRIα, the Man5GlcNAc2 glycoform gave better diffracting crystals 
than the shorter Man1GlcNAc2 (Figure 6E and 6D respectively) and therefore setting up 
crystallization trials with more than one glycoform can be advantageous. 

X-ray crystal structures of glycoproteins often only show the initial GlcNAc residue even  
if more sugar residues are known to be attached to the protein because the glycan chains  
are flexible and so electron density for further sugar residues is not present. In rare cases, 
more of the oligosaccharide chain is resolved due to it either forming crystal contacts  
or interacting with the polypeptide chain. For example Figure 7 shows that the 
oligosaccharide chain attached to N297 of human IgG1-Fc could be fully resolved (PDB 
entry 2WAH) [47].  

In solving a glycoprotein structure, it is important that the carbohydrate chains are built 
into the relevant electron density taking into account the restrictions on sugar 
conformation, including torsion angles, and linkages found in nature [87-88]. Recently, 
Crispin et al. have described the biosynthesis of glycans with emphasis on how these 
pathways lead to the glycosidic linkages found in glycoprotein structures [88]. If the 
production host gave sugars of a defined composition, for example HEK 293 GnTI- gives 
sugars of the form Man5GlcNAc2, modelling the glycans is relatively straightforward. For 
other cases, there are a number of databases where the structures of known glycans are 
deposited, with GlycomeDB (www.glycome-db.org) being the most comprehensive and 
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unified carbohydrate database containing information from all public carbohydrate 
databases and the PDB [89-90]. Such databases are a useful resource for checking on the 
possible oligosaccharides and linkages likely to be attached to a glycoprotein produced 
using a given host cell. For building a three-dimensional model of an oligosaccharide 
chain, bioinformatics resources such as Sweet-II (www.glycosciences.de/spec/sweet2) [91] 
and Glycam Biomolecule Builder (glycam.ccrc.uga.edu/CCRC/biombuilder/biomb_ 
index.jsp) [92] are available. After modelling the glycan, Glycam Biomolecule Builder 
attaches the sugar chain to the protein structure at the glycosylation site, with glycans 
generated by Sweet-II being attached using the glyProt software (www.glycosciences.de/ 
modeling/glyprot/php/main.php) [93]. Upon deposition of the glycoprotein structure into 
the PDB, pdb-care (PDB carbohydrate residue check) can help with problems found 
within glycan structures [94-95]. Overall, use of these web-based tools allows for the 
correct building of sugar chains into glycoprotein structures when electron density is 
available. 

 
 

 
 
 

Figure 6. Crystals of human programmed cell death 1-ligand 1 formed from glycoprotein secreted by 
HEK 293T cells (A) in the presence of kifunensine and (B) after treatment with endo F1. Diffraction was 
to 7 Å and 3.7 Å respectively. Crystals of human IgE-FcεRIα (N74A, N135A, T142A) from protein 
produced using HEK 293T cells (C) in the presence of kifunensine; (D) after treatment with jack bean 
mannosidase and (E) produced by HEK 293 GnTI- cells. Diffraction was around 10 Å, to 6 Å and to 3.5 
Å respectively. In each case the insert shows the major glycosylation state of the protein upon 
crystallization and the resolution of diffraction data collected. (Human programmed cell death 1-ligand 
1 - PDB entry 3BIS [84] and human IgE-FcεRIα - PDB entry 2Y7Q [85]) 
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Figure 7. Cartoon representation of the human IgG1-Fc glycan attached to N297 shown as sticks in red 
with the protein backbone shown in green. The glycoprotein was produced in HEK 293T cells in the 
presence of kifunensine, giving sugars of the form Man9GlcNAc2. (The diagram was produced using 
PyMOL [86] and PDB entry 2WAH [47]). 

5.2. NMR spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy can be used to study protein structure, but 
the technique faces some obstacles in terms of its use for glycoproteins, namely the 1H 
chemical shift overlap between carbohydrate and protein signal [96] and the difficulty of 
obtaining sufficient yield of labelled protein from eukaryotic systems. These challenges have 
led to the majority of glycoproteins structures solved by NMR being of the aglycosylated 
protein chains expressed in E. coli.  

Labelling with 15N or both 15N and 13C has been demonstrated in mammalian cells [97], 
insect cells [98] and yeast [99]. Such eukaryotic expression systems have been used to solve a 
few recombinant glycoprotein structures containing glycans such as fragments of human 
fibronectin (PBD entry 1E8B), human thrombomadulin (PBD entry 1DQB) and the 
extracellular domain of human cytotoxic T lymphocylte-associated protein (CTLA)-4 (PDB 
entry 1AH1) [100-102]. 

The problem of signal overlap between proteins and carbohydrates has been tackled by 
Slynko et al. who added unlabelled glycan chains using in vitro N-glycosylation technology 
[103] to AcrA from C. jejuni produced using E. coli with 15N and 13C labelling (PDB entry 
2K32) [96]. This allowed a NOESY (Nuclear Overhauser effect spectroscopy) experiment to 
be performed without confusion between protein and glycan resonances which often cause 
difficulty in structure determination of unlabelled or 15N-labelled glycoproteins [96]. 
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In NMR structures, the protein chains and attached glycans are in solution and so are able to 
move around. Unlike in crystal structures, solution NMR allows the flexibility of both the 
oligosaccharide chain and the protein chain around a glycosylation site to be observed. In 
the case of AcrA (PDB entry 2K32), the flexibility was seen to be in the α-helical loop region 
containing the N42 glycosylation site (Figure 8A), with the heptasaccharide glycan having a 
well defined rod-like structure [96]. Human CTLA4 (PDB entry 1AH1) contains two N-
glycosylation sites, N78 and N111 which are occupied with partially deglycosylated glycans 
of the form Man1GlcNAc2 (Figure 8B). The glycan attached to N78 interacts extensively with 
the side chains of a nearby β-sheet and is therefore ordered, whereas N111 had limited 
interaction with the protein chain and so only the initial GlcNAc residue is well defined 
[102]. 

 
Figure 8. (A) Cartoon representation of the NMR ensemble structure of AcrA showing the N42 
glycosylation site (in red) in the flexible lower domain of the protein. (B) A space filling model of 
CTLA4 with the glycans attached to N78 (in red) showing interaction with the nearby β-sheet and the 
N111 sugar chain (in blue) being remote from the polypeptide chain. (Diagrams were produced using 
PyMOL [86] and PDB entries 2K32 [96] and 1AH1 [102] respectively). 

6. Conclusions and future prospects 

This chapter has reviewed some of the recent developments in the field of glycoprotein 
structural biology. Increasingly, the expression system of choice for the production of 
recombinant glycoproteins is the mammalian cell, and in particular HEK in the presence of 
kifunensine which modifies glycan processing. This enables treatment of the purified 
glycoprotein with endoglycosidase to reduce the sugar “load” to a single GlcNAc at each N-
linked attachment site. Experience shows that by preparing glycoproteins with different 
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glycoforms the chances of obtaining diffraction quality crystals are significantly increased. 
Combining this approach with the inclusion of novel additives in the crystallization 
experiment, for example “smart materials”, such as the molecularly imprinted polymers 
(MIPs) recently reported by Sarkidakis et al. [104], adds another dimension to crystallization. 

Future developments in simpler low cost expression technology as exemplified by 
Leishmania tarentolae system will also have an impact on the structural biology of 
glycoproteins. It is anticipated that the number of structures solved by X-ray 
crystallography and NMR for this important class of proteins will rapidly increase in the 
next few years. 

Author details 

Joanne E. Nettleship 
OPPF-UK, Research Complex at Harwell, R92 Rutherford Appleton Laboratories, Harwell Oxford, 
Didcot, UK 

Division of Structural Biology, Oxford University, Wellcome Trust Centre for Human Genetics, 
Roosevelt Drive, Oxford, UK 

Acknowledgement 

The author would like to thank Ray Owens and Max Crispin for critical reading of the 
manuscript. The OPPF-UK is funded by the UK Medical Research Council and 
Biotechnology and Biological Sciences Research Council. 

7. References 
[1] Nettleship JE, Assenberg R, Diprose JM, Rahman-Huq N, Owens RJ. Recent advances in 

the production of proteins in insect and mammalian cells for structural biology. J Struct 
Biol. 2010 Oct;172(1):55-65. 

[2] Apweiler R, Hermjakob H, Sharon N. On the frequency of protein glycosylation, as 
deduced from analysis of the SWISS-PROT database. Biochim Biophys Acta. 1999 Dec 
6;1473(1):4-8. 

[3] Zafar S, Nasir A, Bokhari H. Computational analysis reveals abundance of potential 
glycoproteins in Archaea, Bacteria and Eukarya. Bioinformation. 2011;6(9):352-5. 

[4] Davis SJ, Crispin M. Solutions to the Glycosylation Problem for Low- and High-
Throughput Structural Glycoproteomics. In: Owens RJ, Nettleship JE, editors. 
Functional and Structural Proteomics of Glycoproteins2011. p. 127-58. 

[5] Varki A, Sharon N. Historical Background and Overview. 2009. 
[6] Parodi AJ. Protein glucosylation and its role in protein folding. Annu Rev Biochem. 

2000;69:69-93. 
[7] Valderrama-Rincon JD, Fisher AC, Merritt JH, Fan YY, Reading CA, Chhiba K, et al. An 

engineered eukaryotic protein glycosylation pathway in Escherichia coli. Nat Chem 
Biol. 2012;8(5):434-6. 



 
Glycosylation 56 

glycoforms the chances of obtaining diffraction quality crystals are significantly increased. 
Combining this approach with the inclusion of novel additives in the crystallization 
experiment, for example “smart materials”, such as the molecularly imprinted polymers 
(MIPs) recently reported by Sarkidakis et al. [104], adds another dimension to crystallization. 

Future developments in simpler low cost expression technology as exemplified by 
Leishmania tarentolae system will also have an impact on the structural biology of 
glycoproteins. It is anticipated that the number of structures solved by X-ray 
crystallography and NMR for this important class of proteins will rapidly increase in the 
next few years. 

Author details 

Joanne E. Nettleship 
OPPF-UK, Research Complex at Harwell, R92 Rutherford Appleton Laboratories, Harwell Oxford, 
Didcot, UK 

Division of Structural Biology, Oxford University, Wellcome Trust Centre for Human Genetics, 
Roosevelt Drive, Oxford, UK 

Acknowledgement 

The author would like to thank Ray Owens and Max Crispin for critical reading of the 
manuscript. The OPPF-UK is funded by the UK Medical Research Council and 
Biotechnology and Biological Sciences Research Council. 

7. References 
[1] Nettleship JE, Assenberg R, Diprose JM, Rahman-Huq N, Owens RJ. Recent advances in 

the production of proteins in insect and mammalian cells for structural biology. J Struct 
Biol. 2010 Oct;172(1):55-65. 

[2] Apweiler R, Hermjakob H, Sharon N. On the frequency of protein glycosylation, as 
deduced from analysis of the SWISS-PROT database. Biochim Biophys Acta. 1999 Dec 
6;1473(1):4-8. 

[3] Zafar S, Nasir A, Bokhari H. Computational analysis reveals abundance of potential 
glycoproteins in Archaea, Bacteria and Eukarya. Bioinformation. 2011;6(9):352-5. 

[4] Davis SJ, Crispin M. Solutions to the Glycosylation Problem for Low- and High-
Throughput Structural Glycoproteomics. In: Owens RJ, Nettleship JE, editors. 
Functional and Structural Proteomics of Glycoproteins2011. p. 127-58. 

[5] Varki A, Sharon N. Historical Background and Overview. 2009. 
[6] Parodi AJ. Protein glucosylation and its role in protein folding. Annu Rev Biochem. 

2000;69:69-93. 
[7] Valderrama-Rincon JD, Fisher AC, Merritt JH, Fan YY, Reading CA, Chhiba K, et al. An 

engineered eukaryotic protein glycosylation pathway in Escherichia coli. Nat Chem 
Biol. 2012;8(5):434-6. 

 
Structural Biology of Glycoproteins 57 

[8] Guarino C, Delisa MP. A prokaryote-based cell-free translation system that efficiently 
synthesizes glycoproteins. Glycobiology. 2011 Nov 8;8:8. 

[9] Hendrickson WA, Horton JR, LeMaster DM. Selenomethionyl proteins produced for 
analysis by multiwavelength anomalous diffraction (MAD): a vehicle for direct 
determination of three-dimensional structure. Embo J. 1990 May;9(5):1665-72. 

[10] Watson AA, Christou CM, O'Callaghan CA. Expression, purification and crystallization 
of the human UL16-binding protein ULBP1. Protein Expr Purif. 2011 Sep;79(1):44-8. 

[11] Madhurantakam C, Duru AD, Sandalova T, Webb JR, Achour A. Inflammation-
Associated Nitrotyrosination Affects TCR Recognition through Reduced Stability and 
Alteration of the Molecular Surface of the MHC Complex. PLoS One. 2012;7(3):e32805. 

[12] Malamas MS, Erdei J, Gunawan I, Barnes K, Hui Y, Johnson M, et al. New pyrazolyl 
and thienyl aminohydantoins as potent BACE1 inhibitors: exploring the S2' region. 
Bioorg Med Chem Lett. 2011 Sep 15;21(18):5164-70. 

[13] Lee HJ, Hota PK, Chugha P, Guo H, Miao H, Zhang L, et al. NMR structure of a 
heterodimeric SAM:SAM complex: characterization and manipulation of EphA2 
binding reveal new cellular functions of SHIP2. Structure. 2012 Jan 11;20(1):41-55. 

[14] Meining W, Skerra A. The crystal structure of human alpha1-microglobulin reveals a 
potential haem-binding site. Biochem J. 2012 Apr 19;19:19. 

[15] Harrison RL, Jarvis DL. Protein N-glycosylation in the baculovirus-insect cell 
expression system and engineering of insect cells to produce "mammalianized" 
recombinant glycoproteins. Adv Virus Res. 2006;68:159-91. 

[16] Ramsland PA, Farrugia W, Bradford TM, Sardjono CT, Esparon S, Trist HM, et al. 
Structural basis for Fc gammaRIIa recognition of human IgG and formation of 
inflammatory signaling complexes. J Immunol. 2011 Sep 15;187(6):3208-17. 

[17] Fan QR, Hendrickson WA. Structure of human follicle-stimulating hormone in complex 
with its receptor. Nature. 2005 Jan 20;433(7023):269-77. 

[18] Kwong PD, Wyatt R, Desjardins E, Robinson J, Culp JS, Hellmig BD, et al. Probability 
analysis of variational crystallization and its application to gp120, the exterior envelope 
glycoprotein of type 1 human immunodeficiency virus (HIV-1). J Biol Chem. 1999 Feb 
12;274(7):4115-23. 

[19] Dias JM, Losberger C, Deruaz M, Power CA, Proudfoot AE, Shaw JP. Structural basis of 
chemokine sequestration by a tick chemokine binding protein: the crystal structure of 
the complex between Evasin-1 and CCL3. PLoS One. 2009;4(12):e8514. 

[20] Walden H. Selenium incorporation using recombinant techniques. Acta Crystallogr D 
Biol Crystallogr. 2010 Apr;66(Pt 4):352-7. 

[21] Carfi A, Gong H, Lou H, Willis SH, Cohen GH, Eisenberg RJ, et al. Crystallization and 
preliminary diffraction studies of the ectodomain of the envelope glycoprotein D from 
herpes simplex virus 1 alone and in complex with the ectodomain of the human 
receptor HveA. Acta Crystallogr D Biol Crystallogr. 2002 May;58(Pt 5):836-8. 

[22] Bellizzi JJ, 3rd, Widom J, Kemp C, Lu JY, Das AK, Hofmann SL, et al. The crystal 
structure of palmitoyl protein thioesterase 1 and the molecular basis of infantile 
neuronal ceroid lipofuscinosis. Proc Natl Acad Sci U S A. 2000 Apr 25;97(9):4573-8. 

[23] Cronin CN, Lim KB, Rogers J. Production of selenomethionyl-derivatized proteins in 
baculovirus-infected insect cells. Protein Sci. 2007 Sep;16(9):2023-9. 



 
Glycosylation 58 

[24] Mattanovich D, Branduardi P, Dato L, Gasser B, Sauer M, Porro D. Recombinant 
protein production in yeasts. Methods Mol Biol. 2012;824:329-58. 

[25] Damasceno LM, Huang CJ, Batt CA. Protein secretion in Pichia pastoris and advances 
in protein production. Appl Microbiol Biotechnol. 2012 Jan;93(1):31-9. 

[26] Noguchi S, Satow Y. Purification of human beta2-adrenergic receptor expressed in 
methylotrophic yeast Pichia pastoris. J Biochem. 2006 Dec;140(6):799-804. 

[27] Andersen CB, Madsen M, Storm T, Moestrup SK, Andersen GR. Structural basis for 
receptor recognition of vitamin-B(12)-intrinsic factor complexes. Nature. 2010 Mar 
18;464(7287):445-8. 

[28] Ruiz-Carrillo D, Koch B, Parthier C, Wermann M, Dambe T, Buchholz M, et al. 
Structures of glycosylated mammalian glutaminyl cyclases reveal conformational 
variability near the active center. Biochemistry. 2011 Jul 19;50(28):6280-8. 

[29] Huang KF, Liu YL, Cheng WJ, Ko TP, Wang AH. Crystal structures of human 
glutaminyl cyclase, an enzyme responsible for protein N-terminal pyroglutamate 
formation. Proc Natl Acad Sci U S A. 2005 Sep 13;102(37):13117-22. 

[30] Laurila MR, Salgado PS, Makeyev EV, Nettelship J, Stuart DI, Grimes JM, et al. Gene 
silencing pathway RNA-dependent RNA polymerase of Neurospora crassa: yeast 
expression and crystallization of selenomethionated QDE-1 protein. J Struct Biol. 2005 
Jan;149(1):111-5. 

[31] Malkowski MG, Quartley E, Friedman AE, Babulski J, Kon Y, Wolfley J, et al. Blocking 
S-adenosylmethionine synthesis in yeast allows selenomethionine incorporation and 
multiwavelength anomalous dispersion phasing. Proc Natl Acad Sci U S A. 2007 Apr 
17;104(16):6678-83. 

[32] Huh SH, Do HJ, Lim HY, Kim DK, Choi SJ, Song H, et al. Optimization of 25 kDa linear 
polyethylenimine for efficient gene delivery. Biologicals. 2007 Jun;35(3):165-71. 

[33] Martin-Montanez E, Lopez-Tellez JF, Acevedo MJ, Pavia J, Khan ZU. Efficiency of gene 
transfection reagents in NG108-15, SH-SY5Y and CHO-K1 cell lines. Methods Find Exp 
Clin Pharmacol. 2010 Jun;32(5):291-7. 

[34] Van Craenenbroeck K, Vanhoenacker P, Haegeman G. Episomal vectors for gene 
expression in mammalian cells. Eur J Biochem. 2000 Sep;267(18):5665-78. 

[35] Jardin BA, Elias CB, Prakash S. Expression of a secreted protein in mammalian cells 
using baculovirus particles. Methods Mol Biol. 2012;801:41-63. 

[36] Dukkipati A, Park HH, Waghray D, Fischer S, Garcia KC. BacMam system for high-
level expression of recombinant soluble and membrane glycoproteins for structural 
studies. Protein Expr Purif. 2008 Dec;62(2):160-70. 

[37] Zhao Y, Bishop B, Clay JE, Lu W, Jones M, Daenke S, et al. Automation of large scale 
transient protein expression in mammalian cells. J Struct Biol. 2011 Aug;175(2):209-15. 

[38] Gonzalez R, Jennings LL, Knuth M, Orth AP, Klock HE, Ou W, et al. Screening the 
mammalian extracellular proteome for regulators of embryonic human stem cell 
pluripotency. Proc Natl Acad Sci U S A. 2010 Feb 23;107(8):3552-7. 

[39] Aricescu AR, Lu W, Jones EY. A time- and cost-efficient system for high-level protein 
production in mammalian cells. Acta Crystallogr D Biol Crystallogr. 2006 Oct;62(Pt 
10):1243-50. 

[40] Bollin F, Dechavanne V, Chevalet L. Design of Experiment in CHO and HEK transient 
transfection condition optimization. Protein Expr Purif. 2011 Jul;78(1):61-8. 



 
Glycosylation 58 

[24] Mattanovich D, Branduardi P, Dato L, Gasser B, Sauer M, Porro D. Recombinant 
protein production in yeasts. Methods Mol Biol. 2012;824:329-58. 

[25] Damasceno LM, Huang CJ, Batt CA. Protein secretion in Pichia pastoris and advances 
in protein production. Appl Microbiol Biotechnol. 2012 Jan;93(1):31-9. 

[26] Noguchi S, Satow Y. Purification of human beta2-adrenergic receptor expressed in 
methylotrophic yeast Pichia pastoris. J Biochem. 2006 Dec;140(6):799-804. 

[27] Andersen CB, Madsen M, Storm T, Moestrup SK, Andersen GR. Structural basis for 
receptor recognition of vitamin-B(12)-intrinsic factor complexes. Nature. 2010 Mar 
18;464(7287):445-8. 

[28] Ruiz-Carrillo D, Koch B, Parthier C, Wermann M, Dambe T, Buchholz M, et al. 
Structures of glycosylated mammalian glutaminyl cyclases reveal conformational 
variability near the active center. Biochemistry. 2011 Jul 19;50(28):6280-8. 

[29] Huang KF, Liu YL, Cheng WJ, Ko TP, Wang AH. Crystal structures of human 
glutaminyl cyclase, an enzyme responsible for protein N-terminal pyroglutamate 
formation. Proc Natl Acad Sci U S A. 2005 Sep 13;102(37):13117-22. 

[30] Laurila MR, Salgado PS, Makeyev EV, Nettelship J, Stuart DI, Grimes JM, et al. Gene 
silencing pathway RNA-dependent RNA polymerase of Neurospora crassa: yeast 
expression and crystallization of selenomethionated QDE-1 protein. J Struct Biol. 2005 
Jan;149(1):111-5. 

[31] Malkowski MG, Quartley E, Friedman AE, Babulski J, Kon Y, Wolfley J, et al. Blocking 
S-adenosylmethionine synthesis in yeast allows selenomethionine incorporation and 
multiwavelength anomalous dispersion phasing. Proc Natl Acad Sci U S A. 2007 Apr 
17;104(16):6678-83. 

[32] Huh SH, Do HJ, Lim HY, Kim DK, Choi SJ, Song H, et al. Optimization of 25 kDa linear 
polyethylenimine for efficient gene delivery. Biologicals. 2007 Jun;35(3):165-71. 

[33] Martin-Montanez E, Lopez-Tellez JF, Acevedo MJ, Pavia J, Khan ZU. Efficiency of gene 
transfection reagents in NG108-15, SH-SY5Y and CHO-K1 cell lines. Methods Find Exp 
Clin Pharmacol. 2010 Jun;32(5):291-7. 

[34] Van Craenenbroeck K, Vanhoenacker P, Haegeman G. Episomal vectors for gene 
expression in mammalian cells. Eur J Biochem. 2000 Sep;267(18):5665-78. 

[35] Jardin BA, Elias CB, Prakash S. Expression of a secreted protein in mammalian cells 
using baculovirus particles. Methods Mol Biol. 2012;801:41-63. 

[36] Dukkipati A, Park HH, Waghray D, Fischer S, Garcia KC. BacMam system for high-
level expression of recombinant soluble and membrane glycoproteins for structural 
studies. Protein Expr Purif. 2008 Dec;62(2):160-70. 

[37] Zhao Y, Bishop B, Clay JE, Lu W, Jones M, Daenke S, et al. Automation of large scale 
transient protein expression in mammalian cells. J Struct Biol. 2011 Aug;175(2):209-15. 

[38] Gonzalez R, Jennings LL, Knuth M, Orth AP, Klock HE, Ou W, et al. Screening the 
mammalian extracellular proteome for regulators of embryonic human stem cell 
pluripotency. Proc Natl Acad Sci U S A. 2010 Feb 23;107(8):3552-7. 

[39] Aricescu AR, Lu W, Jones EY. A time- and cost-efficient system for high-level protein 
production in mammalian cells. Acta Crystallogr D Biol Crystallogr. 2006 Oct;62(Pt 
10):1243-50. 

[40] Bollin F, Dechavanne V, Chevalet L. Design of Experiment in CHO and HEK transient 
transfection condition optimization. Protein Expr Purif. 2011 Jul;78(1):61-8. 

 
Structural Biology of Glycoproteins 59 

[41] Wurm FM. Production of recombinant protein therapeutics in cultivated mammalian 
cells. Nat Biotechnol. 2004 Nov;22(11):1393-8. 

[42] Lindgren K, Salmen A, Lundgren M, Bylund L, Ebler A, Faldt E, et al. Automation of 
cell line development. Cytotechnology. 2009 Jan;59(1):1-10. 

[43] Ye J, Alvin K, Latif H, Hsu A, Parikh V, Whitmer T, et al. Rapid protein production 
using CHO stable transfection pools. Biotechnol Prog. 2010 Sep-Oct;26(5):1431-7. 

[44] Barton WA, Tzvetkova-Robev D, Erdjument-Bromage H, Tempst P, Nikolov DB. Highly 
efficient selenomethionine labeling of recombinant proteins produced in mammalian 
cells. Protein Sci. 2006 Aug;15(8):2008-13. 

[45] Lee JE, Fusco ML, Saphire EO. An efficient platform for screening expression and 
crystallization of glycoproteins produced in human cells. Nat Protoc. 2009;4(4):592-604. 

[46] Davis SJ, Ikemizu S, Collins AV, Fennelly JA, Harlos K, Jones EY, et al. Crystallization 
and functional analysis of a soluble deglycosylated form of the human costimulatory 
molecule B7-1. Acta Crystallogr D Biol Crystallogr. 2001 Apr;57(Pt 4):605-8. 

[47] Crispin M, Bowden TA, Coles CH, Harlos K, Aricescu AR, Harvey DJ, et al. 
Carbohydrate and domain architecture of an immature antibody glycoform exhibiting 
enhanced effector functions. J Mol Biol. 2009 Apr 17;387(5):1061-6. 

[48] Bishop B, Aricescu AR, Harlos K, O'Callaghan CA, Jones EY, Siebold C. Structural 
insights into hedgehog ligand sequestration by the human hedgehog-interacting 
protein HHIP. Nat Struct Mol Biol. 2009 Jul;16(7):698-703. 

[49] Yu C, Crispin M, Sonnen AF, Harvey DJ, Chang VT, Evans EJ, et al. Use of the alpha-
mannosidase I inhibitor kifunensine allows the crystallization of apo CTLA-4 
homodimer produced in long-term cultures of Chinese hamster ovary cells. Acta 
Crystallogr Sect F Struct Biol Cryst Commun. 2011 Jul 1;67(Pt 7):785-9. 

[50] North SJ, Huang HH, Sundaram S, Jang-Lee J, Etienne AT, Trollope A, et al. Glycomics 
profiling of Chinese hamster ovary cell glycosylation mutants reveals N-glycans of a 
novel size and complexity. J Biol Chem. 2010 Feb 19;285(8):5759-75. 

[51] Chang VT, Crispin M, Aricescu AR, Harvey DJ, Nettleship JE, Fennelly JA, et al. 
Glycoprotein structural genomics: solving the glycosylation problem. Structure. 2007 
Mar;15(3):267-73. 

[52] Wilke S, Groebe L, Maffenbeier V, Jager V, Gossen M, Josewski J, et al. Streamlining 
homogeneous glycoprotein production for biophysical and structural applications by 
targeted cell line development. PLoS One. 2011;6(12):e27829. 

[53] Fischer PB, Karlsson GB, Butters TD, Dwek RA, Platt FM. N-butyldeoxynojirimycin-
mediated inhibition of human immunodeficiency virus entry correlates with changes in 
antibody recognition of the V1/V2 region of gp120. J Virol. 1996 Oct;70(10):7143-52. 

[54] Butters TD, Sparks LM, Harlos K, Ikemizu S, Stuart DI, Jones EY, et al. Effects of N-
butyldeoxynojirimycin and the Lec3.2.8.1 mutant phenotype on N-glycan processing in 
Chinese hamster ovary cells: application to glycoprotein crystallization. Protein Sci. 
1999 Aug;8(8):1696-701. 

[55] Crispin M, Harvey DJ, Chang VT, Yu C, Aricescu AR, Jones EY, et al. Inhibition of 
hybrid- and complex-type glycosylation reveals the presence of the GlcNAc transferase 
I-independent fucosylation pathway. Glycobiology. 2006 Aug;16(8):748-56. 



 
Glycosylation 60 

[56] Seiradake E, Coles CH, Perestenko PV, Harlos K, McIlhinney RA, Aricescu AR, et al. 
Structural basis for cell surface patterning through NetrinG-NGL interactions. Embo J. 
2011 Nov 2;30(21):4479-88. 

[57] Clayton A, Siebold C, Gilbert RJ, Sutton GC, Harlos K, McIlhinney RA, et al. Crystal 
structure of the GluR2 amino-terminal domain provides insights into the architecture 
and assembly of ionotropic glutamate receptors. J Mol Biol. 2009 Oct 9;392(5):1125-32. 

[58] Alt A, Miguel-Romero L, Donderis J, Aristorena M, Blanco FJ, Round A, et al. Structural 
and functional insights into endoglin ligand recognition and binding. PLoS One. 
2012;7(2):e29948. 

[59] Gazdag EM, Cirstea IC, Breitling R, Lukes J, Blankenfeldt W, Alexandrov K. 
Purification and crystallization of human Cu/Zn superoxide dismutase recombinantly 
produced in the protozoan Leishmania tarentolae. Acta Crystallogr Sect F Struct Biol 
Cryst Commun. 2010 Aug 1;66(Pt 8):871-7. 

[60] Breitling R, Klingner S, Callewaert N, Pietrucha R, Geyer A, Ehrlich G, et al. Non-
pathogenic trypanosomatid protozoa as a platform for protein research and production. 
Protein Expr Purif. 2002 Jul;25(2):209-18. 

[61] Katzen F, Chang G, Kudlicki W. The past, present and future of cell-free protein 
synthesis. Trends Biotechnol. 2005 Mar;23(3):150-6. 

[62] Walter P, Blobel G. Preparation of microsomal membranes for cotranslational protein 
translocation. Methods Enzymol. 1983;96:84-93. 

[63] Tarui H, Murata M, Tani I, Imanishi S, Nishikawa S, Hara T. Establishment and 
characterization of cell-free translation/glycosylation in insect cell (Spodoptera 
frugiperda 21) extract prepared with high pressure treatment. Appl Microbiol 
Biotechnol. 2001 May;55(4):446-53. 

[64] Mikami S, Kobayashi T, Yokoyama S, Imataka H. A hybridoma-based in vitro 
translation system that efficiently synthesizes glycoproteins. J Biotechnol. 2006 Dec 
15;127(1):65-78. 

[65] Shibutani M, Kim E, Lazarovici P, Oshima M, Guroff G. Preparation of a cell-free 
translation system from PC12 cell. Neurochem Res. 1996 Jul;21(7):801-7. 

[66] Ohashi H, Kanamori T, Shimizu Y, Ueda T. A highly controllable reconstituted cell-free 
system--a breakthrough in protein synthesis research. Curr Pharm Biotechnol. 2010 
Apr;11(3):267-71. 

[67] Rao RS, Bernd W. Do N-glycoproteins have preference for specific sequons? 
Bioinformation. 2010;5(5):208-12. 

[68] Petrescu AJ, Milac AL, Petrescu SM, Dwek RA, Wormald MR. Statistical analysis of the 
protein environment of N-glycosylation sites: implications for occupancy, structure, 
and folding. Glycobiology. 2004 Feb;14(2):103-14. 

[69] Bano-Polo M, Baldin F, Tamborero S, Marti-Renom MA, Mingarro I. N-glycosylation 
efficiency is determined by the distance to the C-terminus and the amino acid preceding 
an Asn-Ser-Thr sequon. Protein Sci. 2011 Jan;20(1):179-86. 

[70] Gupta R, Brunak S. Prediction of glycosylation across the human proteome and the 
correlation to protein function. Pac Symp Biocomput. 2002:310-22. 

[71] Julenius K, Molgaard A, Gupta R, Brunak S. Prediction, conservation analysis, and 
structural characterization of mammalian mucin-type O-glycosylation sites. 
Glycobiology. 2005 Feb;15(2):153-64. 



 
Glycosylation 60 

[56] Seiradake E, Coles CH, Perestenko PV, Harlos K, McIlhinney RA, Aricescu AR, et al. 
Structural basis for cell surface patterning through NetrinG-NGL interactions. Embo J. 
2011 Nov 2;30(21):4479-88. 

[57] Clayton A, Siebold C, Gilbert RJ, Sutton GC, Harlos K, McIlhinney RA, et al. Crystal 
structure of the GluR2 amino-terminal domain provides insights into the architecture 
and assembly of ionotropic glutamate receptors. J Mol Biol. 2009 Oct 9;392(5):1125-32. 

[58] Alt A, Miguel-Romero L, Donderis J, Aristorena M, Blanco FJ, Round A, et al. Structural 
and functional insights into endoglin ligand recognition and binding. PLoS One. 
2012;7(2):e29948. 

[59] Gazdag EM, Cirstea IC, Breitling R, Lukes J, Blankenfeldt W, Alexandrov K. 
Purification and crystallization of human Cu/Zn superoxide dismutase recombinantly 
produced in the protozoan Leishmania tarentolae. Acta Crystallogr Sect F Struct Biol 
Cryst Commun. 2010 Aug 1;66(Pt 8):871-7. 

[60] Breitling R, Klingner S, Callewaert N, Pietrucha R, Geyer A, Ehrlich G, et al. Non-
pathogenic trypanosomatid protozoa as a platform for protein research and production. 
Protein Expr Purif. 2002 Jul;25(2):209-18. 

[61] Katzen F, Chang G, Kudlicki W. The past, present and future of cell-free protein 
synthesis. Trends Biotechnol. 2005 Mar;23(3):150-6. 

[62] Walter P, Blobel G. Preparation of microsomal membranes for cotranslational protein 
translocation. Methods Enzymol. 1983;96:84-93. 

[63] Tarui H, Murata M, Tani I, Imanishi S, Nishikawa S, Hara T. Establishment and 
characterization of cell-free translation/glycosylation in insect cell (Spodoptera 
frugiperda 21) extract prepared with high pressure treatment. Appl Microbiol 
Biotechnol. 2001 May;55(4):446-53. 

[64] Mikami S, Kobayashi T, Yokoyama S, Imataka H. A hybridoma-based in vitro 
translation system that efficiently synthesizes glycoproteins. J Biotechnol. 2006 Dec 
15;127(1):65-78. 

[65] Shibutani M, Kim E, Lazarovici P, Oshima M, Guroff G. Preparation of a cell-free 
translation system from PC12 cell. Neurochem Res. 1996 Jul;21(7):801-7. 

[66] Ohashi H, Kanamori T, Shimizu Y, Ueda T. A highly controllable reconstituted cell-free 
system--a breakthrough in protein synthesis research. Curr Pharm Biotechnol. 2010 
Apr;11(3):267-71. 

[67] Rao RS, Bernd W. Do N-glycoproteins have preference for specific sequons? 
Bioinformation. 2010;5(5):208-12. 

[68] Petrescu AJ, Milac AL, Petrescu SM, Dwek RA, Wormald MR. Statistical analysis of the 
protein environment of N-glycosylation sites: implications for occupancy, structure, 
and folding. Glycobiology. 2004 Feb;14(2):103-14. 

[69] Bano-Polo M, Baldin F, Tamborero S, Marti-Renom MA, Mingarro I. N-glycosylation 
efficiency is determined by the distance to the C-terminus and the amino acid preceding 
an Asn-Ser-Thr sequon. Protein Sci. 2011 Jan;20(1):179-86. 

[70] Gupta R, Brunak S. Prediction of glycosylation across the human proteome and the 
correlation to protein function. Pac Symp Biocomput. 2002:310-22. 

[71] Julenius K, Molgaard A, Gupta R, Brunak S. Prediction, conservation analysis, and 
structural characterization of mammalian mucin-type O-glycosylation sites. 
Glycobiology. 2005 Feb;15(2):153-64. 

 
Structural Biology of Glycoproteins 61 

[72] Zaia J. Mass spectrometry and glycomics. Omics. 2010 Aug;14(4):401-18. 
[73] Nettleship JE, Aplin R, Aricescu AR, Evans EJ, Davis SJ, Crispin M, et al. Analysis of 

variable N-glycosylation site occupancy in glycoproteins by liquid chromatography 
electrospray ionization mass spectrometry. Anal Biochem. 2007 Feb 1;361(1):149-51. 

[74] Nettleship JE. Hydrophilic Interaction Liquid Chromatography in the Characterization 
of Glycoproteins. In: Wang PG, He W, editors. Hydrophilic Interaction Liquid 
Chromatography (HILIC) and Advanced Applications: CRC Press; 2011. p. 523-50. 

[75] Hagglund P, Bunkenborg J, Elortza F, Jensen ON, Roepstorff P. A new strategy for 
identification of N-glycosylated proteins and unambiguous assignment of their 
glycosylation sites using HILIC enrichment and partial deglycosylation. J Proteome Res. 
2004 May-Jun;3(3):556-66. 

[76] Kuo CW, Wu IL, Hsiao HH, Khoo KH. Rapid glycopeptide enrichment and N-
glycosylation site mapping strategies based on amine-functionalized magnetic 
nanoparticles. Anal Bioanal Chem. 2012 Jan 29;29:29. 

[77] Qu Y, Xia S, Yuan H, Wu Q, Li M, Zou L, et al. Integrated sample pretreatment system 
for N-linked glycosylation site profiling with combination of hydrophilic interaction 
chromatography and PNGase F immobilized enzymatic reactor via a strong cation 
exchange precolumn. Anal Chem. 2011 Oct 1;83(19):7457-63. 

[78] Halfinger B, Sarg B, Lindner HH. Evaluation of non-reductive beta-elimination/Michael 
addition for glycosylation site determination in mucin-like O-glycopeptides. 
Electrophoresis. 2011 Dec;32(24):3546-53. 

[79] Garman SC, Wurzburg BA, Tarchevskaya SS, Kinet JP, Jardetzky TS. Structure of the Fc 
fragment of human IgE bound to its high-affinity receptor Fc epsilonRI alpha. Nature. 
2000 Jul 20;406(6793):259-66. 

[80] Bowden TA, Aricescu AR, Nettleship JE, Siebold C, Rahman-Huq N, Owens RJ, et al. 
Structural plasticity of eph receptor A4 facilitates cross-class ephrin signaling. Structure. 
2009 Oct 14;17(10):1386-97. 

[81] Clark NE, Garman SC. The 1.9 a structure of human alpha-N-acetylgalactosaminidase: The 
molecular basis of Schindler and Kanzaki diseases. J Mol Biol. 2009 Oct 23;393(2):435-47. 

[82] Mesters JR, Hilgenfeld R. Protein Glycosylation, Sweet to Crystal Growth? Cryst 
Growth Des. 2007;7(11):2251-3. 

[83] Stura EA, Nemerow GR, Wilson IA. Strategies in the crystallization of glycoproteins 
and protein complexes. J Cryst Growth. 1992;122(1–4):273-85. 

[84] Lin DY, Tanaka Y, Iwasaki M, Gittis AG, Su HP, Mikami B, et al. The PD-1/PD-L1 
complex resembles the antigen-binding Fv domains of antibodies and T cell receptors. 
Proc Natl Acad Sci U S A. 2008 Feb 26;105(8):3011-6. 

[85] Holdom MD, Davies AM, Nettleship JE, Bagby SC, Dhaliwal B, Girardi E, et al. 
Conformational changes in IgE contribute to its uniquely slow dissociation rate from 
receptor FcvarepsilonRI. Nat Struct Mol Biol. 2011 May;18(5):571-6. 

[86] Schrödinger LLC. The PyMOL molecular graphics system. 1.3 ed. 
[87] Crispin M, Stuart DI, Jones EY. Building meaningful models of glycoproteins. Nat 

Struct Mol Biol. 2007 May;14(5):354; discussion -5. 
[88] Crispin M, Scanlan CN, Bowden TA. Structure and Biosynthesis of Glycoprotein 

Carbohydrates. In: Moo-Young M, editor. Comprehensive Biotechnology. 2 ed: Elsevier; 
2011. p. 73-90. 



 
Glycosylation 62 

[89] Ranzinger R, Maaβ K, Lütteke T. Bioinformatics Databases and Applications Available 
for Glycobiology and Glycomics. In: Owens RJ, Nettleship JE, editors. Functional and 
Structural Proteomics of Glycoproteins2011. p. 59-90. 

[90] Ranzinger R, Herget S, von der Lieth CW, Frank M. GlycomeDB--a unified database for 
carbohydrate structures. Nucleic Acids Res. 2011 Jan;39(Database issue):D373-6. 

[91] Bohne A, Lang E, von der Lieth CW. SWEET - WWW-based rapid 3D construction of 
oligo- and polysaccharides. Bioinformatics. 1999 Sep;15(9):767-8. 

[92] Woods Group. GLYCAM Web. Complex Carbohydrate Research Center, University of 
Georgia, Athens, GA 2005-2012. 

[93] Bohne-Lang A, von der Lieth CW. GlyProt: in silico glycosylation of proteins. Nucleic 
Acids Res. 2005 Jul 1;33(Web Server issue):W214-9. 

[94] Lutteke T, von der Lieth CW. pdb-care (PDB carbohydrate residue check): a program to 
support annotation of complex carbohydrate structures in PDB files. BMC 
Bioinformatics. 2004 Jun 4;5(69):69. 

[95] Read RJ, Adams PD, Arendall WB, 3rd, Brunger AT, Emsley P, Joosten RP, et al. A new 
generation of crystallographic validation tools for the protein data bank. Structure. 2011 
Oct 12;19(10):1395-412. 

[96] Slynko V, Schubert M, Numao S, Kowarik M, Aebi M, Allain FH. NMR structure 
determination of a segmentally labeled glycoprotein using in vitro glycosylation. J Am 
Chem Soc. 2009 Jan 28;131(3):1274-81. 

[97] Egorova-Zachernyuk TA, Bosman GJ, Degrip WJ. Uniform stable-isotope labeling in 
mammalian cells: formulation of a cost-effective culture medium. Appl Microbiol 
Biotechnol. 2011 Jan;89(2):397-406. 

[98] Saxena K, Dutta A, Klein-Seetharaman J, Schwalbe H. Isotope labeling in insect cells. 
Methods Mol Biol. 2012;831:37-54. 

[99] Pickford AR, O'Leary JM. Isotopic labeling of recombinant proteins from the 
methylotrophic yeast Pichia pastoris. Methods Mol Biol. 2004;278:17-33. 

[100] Pickford AR, Smith SP, Staunton D, Boyd J, Campbell ID. The hairpin structure of the 
(6)F1(1)F2(2)F2 fragment from human fibronectin enhances gelatin binding. Embo J. 
2001 Apr 2;20(7):1519-29. 

[101] Wood MJ, Sampoli Benitez BA, Komives EA. Solution structure of the smallest 
cofactor-active fragment of thrombomodulin. Nat Struct Biol. 2000 Mar;7(3):200-4. 

[102] Metzler WJ, Bajorath J, Fenderson W, Shaw SY, Constantine KL, Naemura J, et al. 
Solution structure of human CTLA-4 and delineation of a CD80/CD86 binding site 
conserved in CD28. Nat Struct Biol. 1997 Jul;4(7):527-31. 

[103] Kowarik M, Numao S, Feldman MF, Schulz BL, Callewaert N, Kiermaier E, et al. N-
linked glycosylation of folded proteins by the bacterial oligosaccharyltransferase. 
Science. 2006 Nov 17;314(5802):1148-50. 

[104] Saridakis E, Khurshid S, Govada L, Phan Q, Hawkins D, Crichlow GV, et al. Protein 
crystallization facilitated by molecularly imprinted polymers. Proc Natl Acad Sci U S A. 
2011 Jul 5;108(27):11081-6. 



 
Glycosylation 62 

[89] Ranzinger R, Maaβ K, Lütteke T. Bioinformatics Databases and Applications Available 
for Glycobiology and Glycomics. In: Owens RJ, Nettleship JE, editors. Functional and 
Structural Proteomics of Glycoproteins2011. p. 59-90. 

[90] Ranzinger R, Herget S, von der Lieth CW, Frank M. GlycomeDB--a unified database for 
carbohydrate structures. Nucleic Acids Res. 2011 Jan;39(Database issue):D373-6. 

[91] Bohne A, Lang E, von der Lieth CW. SWEET - WWW-based rapid 3D construction of 
oligo- and polysaccharides. Bioinformatics. 1999 Sep;15(9):767-8. 

[92] Woods Group. GLYCAM Web. Complex Carbohydrate Research Center, University of 
Georgia, Athens, GA 2005-2012. 

[93] Bohne-Lang A, von der Lieth CW. GlyProt: in silico glycosylation of proteins. Nucleic 
Acids Res. 2005 Jul 1;33(Web Server issue):W214-9. 

[94] Lutteke T, von der Lieth CW. pdb-care (PDB carbohydrate residue check): a program to 
support annotation of complex carbohydrate structures in PDB files. BMC 
Bioinformatics. 2004 Jun 4;5(69):69. 

[95] Read RJ, Adams PD, Arendall WB, 3rd, Brunger AT, Emsley P, Joosten RP, et al. A new 
generation of crystallographic validation tools for the protein data bank. Structure. 2011 
Oct 12;19(10):1395-412. 

[96] Slynko V, Schubert M, Numao S, Kowarik M, Aebi M, Allain FH. NMR structure 
determination of a segmentally labeled glycoprotein using in vitro glycosylation. J Am 
Chem Soc. 2009 Jan 28;131(3):1274-81. 

[97] Egorova-Zachernyuk TA, Bosman GJ, Degrip WJ. Uniform stable-isotope labeling in 
mammalian cells: formulation of a cost-effective culture medium. Appl Microbiol 
Biotechnol. 2011 Jan;89(2):397-406. 

[98] Saxena K, Dutta A, Klein-Seetharaman J, Schwalbe H. Isotope labeling in insect cells. 
Methods Mol Biol. 2012;831:37-54. 

[99] Pickford AR, O'Leary JM. Isotopic labeling of recombinant proteins from the 
methylotrophic yeast Pichia pastoris. Methods Mol Biol. 2004;278:17-33. 

[100] Pickford AR, Smith SP, Staunton D, Boyd J, Campbell ID. The hairpin structure of the 
(6)F1(1)F2(2)F2 fragment from human fibronectin enhances gelatin binding. Embo J. 
2001 Apr 2;20(7):1519-29. 

[101] Wood MJ, Sampoli Benitez BA, Komives EA. Solution structure of the smallest 
cofactor-active fragment of thrombomodulin. Nat Struct Biol. 2000 Mar;7(3):200-4. 

[102] Metzler WJ, Bajorath J, Fenderson W, Shaw SY, Constantine KL, Naemura J, et al. 
Solution structure of human CTLA-4 and delineation of a CD80/CD86 binding site 
conserved in CD28. Nat Struct Biol. 1997 Jul;4(7):527-31. 

[103] Kowarik M, Numao S, Feldman MF, Schulz BL, Callewaert N, Kiermaier E, et al. N-
linked glycosylation of folded proteins by the bacterial oligosaccharyltransferase. 
Science. 2006 Nov 17;314(5802):1148-50. 

[104] Saridakis E, Khurshid S, Govada L, Phan Q, Hawkins D, Crichlow GV, et al. Protein 
crystallization facilitated by molecularly imprinted polymers. Proc Natl Acad Sci U S A. 
2011 Jul 5;108(27):11081-6. 

Chapter 4 

 

 

 
 

© 2012 Pomin, licensee InTech. This is an open access chapter distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

Unravelling Glycobiology by NMR Spectroscopy 

Vitor H. Pomin 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/48136 

1. Introduction 

1.1. NMR spectroscopy: Approaching glycobiology 

Generally speaking, nuclear magnetic resonance (NMR) spectroscopy seems the most 
powerful technique in current use for structural analysis of biomolecules. Four Nobel prizes 
have been awarded so far due to discoveries related to NMR: 1952 (Physics) to Felix Bloch 
and Edward Mills Purcell for explanations of the physical properties of nuclei under 
magnetization; 1991 (Chemistry) to Richard Ernest for the development of the principles for 
the multidimensionality in NMR spectroscopy; 2002 (Chemistry) to Kurt Wüthrich for 
applying NMR in structural determination of biomolecules, mainly proteins; and 2003 
(Medicine) for Paul Lauterbur and Peter Mansfield to the discoveries concerning the use of 
magnetic resonance imaging in medical diagnostics. The significant boom of NMR 
spectroscopy in structural biology however dates from the beginning of 80´s, mainly due to 
the implementation of two-dimensional techniques associated with advances in 
instrumentation and in vivo or in vitro methods for making suitable samples for NMR 
analysis (especially labeling procedures of NMR-active nuclei) [1]. 

Particularly, we could generalize that in the following two decades, proteins and nucleic 
acids were the primary biomolecule types in NMR studies. This was somewhat related to 
the usual 3D structures these molecules may present in solution. This consequently 
facilitates the detection of valuable spatial contacts between residues that are displaced 
away in a polymeric chain. The achievements by NMR in studies of proteins and nucleic 
acids were also significant to push the genome and proteome projects. Although, 
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dynamic properties (high molecular flexibility). The conception of an unclear or absent 
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© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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However, persistent research groups worldwide have been proving otherwise and showed 
to the community interesting NMR results concerning glycans. These results have helped to 
unravel the biological roles of glycans. Above all, since that time, glycobiology turned to be 
a fertile field for NMR spectroscopy. Due to the current glycomics´ boom, the high number 
of vital biological roles triggered by carbohydrate molecules, and the advances in NMR 
methods, NMR and glycobiology are now a very promising combination. Hence, in this 
chapter, we want to illustrate this new trend. For this, we cover the basis of the major 
solution NMR methods in glycobiology, taking examples from our experiments or from 
published works. We offer to the readership the adequate conclusions of these NMR data 
and moreover, what they represent for explaining the physicochemical mechanisms of the 
glycans addressed.   

2. The essential high-throughput NMR methods exploited in 
glycobiology 

NMR spectroscopy has a special position compared to the other analytical techniques once it 
provides a variety of experiment types to be performed as many as structural features to 
investigate in a biologically relevant macromolecule. Moreover, the NMR studies can be 
performed in solution which can mimic the physiological conditions. The major 
disadvantages in application of NMR spectroscopy are that of sensitivity and limitation in 
high-molecular mass systems. In order to overcome respectively these two obstacles, 
methods of in vitro or in vivo isotopic labeling with specific magnetically active nuclear spins 
(principally 13C and 15N) [2,3] and new pulse sequences to specifically reduce losses from 
transverse relaxation mechanisms [4-6] were developed along the years. These methods, 
established primarily to proteins and nucleic acids [4-9], are now being used to study 
carbohydrates and glycoconjugates as well [10,11].  

Among many NMR techniques to be applied in glycobiology, we shall explain the most basic 
and utilized ones, such as 1) information from different NMR-active isotopes (1H, 13C, 15N); 2) 
cross-peak assignments through multi-dimensional NMR spectra for tabulating chemical shift 
values or structural characterization purposes; 3) dynamic studies by measurements of 
longitudinal or spin-lattice (T1) and transversal or spin-spin (T2) relaxation rates (R1 and R2, 
respectively, in ms to s), and of line-widths or line broadening (in Hz) in certain NMR 
timescale; 4) chemical shift changes (in ppm) that may reflect conformational changes in 
carbohydrates due to temperature variations, or in carbohydrate-binding proteins in the 
presence of ligants where localized chemical shift perturbation is induced by presence of 
intermolecular contacts; 5) measurements of constants of either scalar (J) or dipolar (D) 
couplings (in Hz) and their contribution to the averaged conformational shape of 
carbohydrates or oligosaccharides, and 6) NOE-based though space contacts for determination 
of sugar preferential conformational shapes in solution or in studies of intermolecular 
complexes, especially those of carbohydrate-protein interactions. The NMR data presented 
herein is discussed with the primary objective to help the readership in NMR data 
interpretation and thus conclusions about the physicochemical properties of certain glycans in 
solution. 
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2.1. The NMR-active isotopes mostly used in carbohydrate studies 

The three isotopes with magnetically active nuclei spin-½ mostly studied in glycobiology NMR 
are 1H, 13C, and 15N. Each one has its own magnetic relative susceptibility (Table 1), its own 
precessional frequency (Larmor frequencies at 800 MHz for 1H, for example, in Table 1), 
relaxation properties, and principally differential atomic positions within a molecule. These 
differenced localizations ultimately provide useful information concerning structural features, 
in the atomic perspective, and dynamic properties, of specific regions or sites within a molecule. 
In dynamic studies, localized motions as well as global motions of the analyzed molecules can 
also be evaluated, depending on the atom or group of atoms that have to be examined. It is 
worth mentioning that the relative NMR receptivity (dependent on the isotopomeric 
abundance, relaxation and magnetogyric ratio) of these three biomolecularly abundant NMR-
active isotopes is quite different, which leads to different NMR sensitivity. While 1H has its 
value set as 1.0, 13C and 15N have their values as 1.76x10-4, and 3.85x10-6 (Table 1).  
 

Nuclide Spin 
Natural 

abundance 
Gyromagnetic ratio γ 

[107 rad T-1 s-1] 
NMR Frequency 

(at 18.8 Tesla) 
Relative 

receptivity 

Proton (1H) ½ 99.985 26.7522 799.734 (1) 1.00 

Carbon-12 
(12C) 

0 98.9 - - - 

Carbon-13 
(13C) 

½ 1.108 6.7283 201.133 (1/3.976) 6.73x10-7 

Nitrogen-14 
(14N) 

1 99.63 1.9338 57.820 (1/13.831) 1.00x10-3 

Nitrogen-15 
(15N) 

½ 0.37 -2.7126 81.093 (1/9.861) 3.85x10-6 

Table 1. Some nuclei properties important for NMR detection. 

In principle, one would say it would be one of the greatest luck for NMR spectroscopists, 
the existence of biomolecules, including carbohydrates, rich in sensitive and active isotopes 
for NMR studies (Table 1). This is true if we consider the essential magnetic properties and 
abundance of hydrogen atoms in such molecules. Coincidently or not, in proteins, nucleic 
acids, lipids, and not differently in carbohydrates, hydrogen is not the most abundant atom, 
but it also fundamentally participates directly (by physical contacts) in many of the 
biological reactions, either through hydrogen-bond networks in protonated states during 
binding events, or even indirectly because of its absence in deprotonated states during pH-
changes occurred during physiological reactions. Therefore, one would guess that 1H-atoms 
would be the most used isotope in NMR analysis, and this is exactly what happens not only 
for glycomics but also for lipidomics, proteomics, and genomics. The changes and profiles of 
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1H-signal distribution are informative in terms of molecular states, reactions, and dynamics, 
as exemplified by the simple mutarotation changes of the anomeric hydrogens of reducing 
terminal sugars in solution as a function of time (Figure 1). For example, only a simple 
structural change at the C2 of the glucose (Glc)-derived monosaccharides is enough to cause 
kinetic alterations of the 1H-anomerics equilibrium in solution. The intensities of the 1H-
peaks properly indicate the proportion of these protons within a molecule, and therefore 
they are extremely useful to estimate the atoms and the percentage of each enantiomeric 
form (percentages in Figure 1). Actually, just after mass spectrometry (MS) techniques, 
measurements based on integrals of 1H-signals seem to be the most reliable quantitative 
procedure to determine the number of atoms within a molecule, as well as their 
conformational states.  

 
Figure 1. 1D 1H-NMR spectra of glucose (Glc), and its derivatives: glucosamine (GlcNH2),  
N-acetylglucosamine (GlcNAc), and N-sulfated glucosamine (GlcNS), all in ~100% D2O-solution. The 
spectra were recorded in a Varian 800 MHz spectrometer at 25o C and at different time courses after 
dissolution, as indicated in the left of the panel. The percentage of the α- and β-1H-anomerics changes as 
a function of time at different rates accordingly to the monosaccharide type, solvent and temperature. 
The water (HOD) and anomeric signals are indicated at the top of the panel.  

The profile of 1H-signals in 1D 1H-NMR spectra offers a general fingerprint of the 
biomolecule in a solution such as the degree of pureness crucial for carbohydrates with 
biomedical purposes. However, due to the large density of protons in biomolecules, 
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including carbohydrates, sometimes the 1H-NMR profile is overwhelming because of the 
many condensed, overlapped and thus unresolved signals. Therefore, the use of other nuclei 
such as 13C and 15N, either coupled or uncoupled to 1H, becomes valuable and 
complementary in the analyses, resulting important conclusions with respect the 
physicochemical properties of carbohydrates. For example, the intensity of 13C-signals of 
anomerics can also be diagnostic for the changing rates of the α- and β-states during 
mutarotation in solution, as demonstrated below. The directly observed 13C-signals are 
frequently much sharper than 1H-signals due to its differential relaxation property. The 
thinner 13C-signals in 1D NMR profile result usually more well-resolved peaks, and through 
the unidimensional scale, less superimpositions should occur. This is exactly what happens 
in structural analyses of algal sulfated polysaccharides with high degrees of structural 
heterogeneities [12-14]. 1H-coupled 13C-signals are very diagnostic of the methine (CH), 
methylene (CH2) and methyl (CH3) groups highly abundant in carbohydrate molecules, and 
thus quite useful in NMR structural glycobiology. In case of carbohydrates or glycosylated 
molecules that contain amino sugars, like the glycosaminoglycans (GAGs) that bear 
hexosamines with 15N-natural abundant amino groups, the 15N-related NMR signals 
although few in number are well-resolved and still quite useful for structural diagnosis [10]. 
Hence, hetero-atoms are very useful in solution NMR structural glycobiology through 
multi-dimensional heteronuclear experiments, or in direct observe experiments, as 
discussed next to describe the assignments of glucose and the novel method for 
characterizing GAG molecules through 15N-atoms. 

2.2. Peak assignments through multi-dimensional NMR spectra of glycans 

Although 1H-NMR spectra are quite informative in terms of the general view of the 
molecule and diagnostic for the presence of contamination, fully protonated molecules with 
high-molecular weights, and with a certain degree of heterogeneity, result in very complex 
1H-NMR spectra. This can be seen by the presence of many unresolved peaks from 
polysaccharides with no clear pattern of structural regularity. In general, in glycan analysis, 
except the 1H-signals belonging to the anomerics that resonate at the most downfield region 
of the spectra (usually located somewhere between 4.5 and 6.0 ppm), all other ring protons 
from the most monosaccharide types resonate very squeezedly between 3.0 and 4.5 ppm. 
This can be seen through the 1D 1H-NMR spectrum in solution of the simple and most 
common monosaccharide, the glucopyranose (Glcp) (Figure 2B) after reaching the anomeric 
equilibrium in solution (Figure 1). The low chemical shift dispersion (also called chemical 
shift degeneracy) typical of carbohydrates makes assignments of individual peaks hard of 
full accomplishment, and thus the acquisition of 2D homonuclear NMR spectra becomes 
essential for further structural 1H-assignments. The combination of some 2D homonuclear 
1H-based spectra together with the 1D 1H-NMR facilitates resonance assignments as 
exemplified with the acquisition and annotation of the correlation spectroscopy (COSY) and 
total correlation spectroscopy (TOCSY) spectra of glucose (Figure 3). This procedure allows 
the proper full assignment of all chemical shifts that belong to non-exchangeable protons (in 
black in structures of Figure 2A). 
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Figure 2. (A) Structural representation of D-glucose and its anomeric configurations (α- and β-forms) in 
aqueous solution. The numbers of the hydrogen and carbon atoms are indicated by digits, and the 
solvent exchangeable protons are red-colored. (B) 1H- and (C) 13C-NMR 1D spectra, Bruker 400 MHz 
and 37o C of D-glucose in solution after waiting to reach the anomeric equilibrium (2 days as shown at 
Figure 1). The signals are labeled according to the atom numbers and anomeric forms designated in the 
molecules represented on panel A. 

Observing either the 1D 1H-NMR spectrum (Figure 2B), or the 2D 1H-based NMR spectra 
(Figure 3A, and 3B), it is clear that the anomeric 1H-signals at the downfield region of the 
suppressed water (HOD) peak at ~4.50 ppm are well-resolved, and thus they may serve as 
good starting-points to trace connectivities using 2D-NMR spectra. Usually, α-1H-anomeric 
signals resonate more downfield than β-ones in the majority of the carbohydrate units. In 
the case of glucose, the α-1H signals resonate exactly at 5.32 ppm, while the β-1H signals 
resonates exactly at 4.74 ppm (Table 2). 

Since COSY experiments create 1H-1H cross-peaks within 3JH(n)-H(n+1) (scalar couplings of 
protons of three-bond distances) like those observed for 3JH1-H2, 3JH2-H3, 3JH3-H4, (Figure 3A), 
most of the 1H-chemical shifts (in ppm) for each type of anomeric form of Glc can be 
assigned (Table 2). The TOCSY spectrum, which gives the full displacement of all J-
connected protons (spin systems), can be used either to reinforce the assignments made 
using COSY or to allow additional assignments which were missing or unclear on the COSY 
spectrum. Once all 1H-chemical shifts are properly obtained, the 1D 1H-NMR spectrum 
(Figure 2B) can be completely assigned accordingly, and a table of 1H-chemical shifts can be 
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filled up. Furthermore, through a carbon-related experiment such as the heteronuclear 
single quantum coherence (HSQC) spectrum, all 1H-linked carbons signals can be ultimately 
assigned through the correlation of the one-bonded 1H-13C J-couplings such as 1JH1-C1, 1JH2-C2, 
1JH3-C3, and so on. Therefore, all 13C-chemical shifts are finally obtained from previously 
assigned 1H-chemical shifts. And the directly observed 13C-NMR spectrum (Figure 2C) can 
be ultimately assigned as well. 

 
Figure 3. (A) COSY, (B) TOCSY and (C) HSQC spectra, Bruker 400 MHz at 37o C of D-glucose in 100% 
D2O-solution after waiting to reach the anomeric equilibrium. The signals are labeled according to the 
atoms in the molecule (Figure 1A). 

 
-D-Glcp -D-Glcp
-H1 – 5.32 
-H2 – 3.63 
-H3 – 3.83 
-H4 – 3.92 
-H5 – 3.50 

H6/6´ - 3.91/3.82 

-H1 – 4.74 
-H2 – 3.37 
-H3 – 3.60 
-H4 – 3.92 
-H5 – 3.5 

H6/6´ - 3.91/3.82 
-C1 – 91.4 
-C2 – 71.8 
-C3 – 72.4 
-C4 – 71.2 
-C5 – 69.8 
-C6 – 60.3 

-C1 – 95.9 
-C2 – 74.1 
-C3 – 75.8 
-C4 – 71.2 
-C5 – 69.8 
-C6 – 60.3 

*Obtained from assignments of NMR spectra at Figures 2B, 2C, and 3.  

Table 2. 1H- and 13C-chemical shifts* of both α- and β-D-Glcp residues.  
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The downside in collecting spectra containing heteronuclear-filters (either 13C-, or 15N-) even 
with acquisition through 1H, such as in the HSQC experiment (Figure 3C) is that it is more 
time-consuming than those based exclusively on 1H-atoms. This is because of the sensitivity 
and abundance of the heteronuclear isotopes, which are much lower than those of proton 
(see NMR receptivity in Table 1). This can be proved by different signal-to-noise ratio clearly 
seen by the baseline widths comparatively observed in the 1D 1H- and 13C-NMR spectra 
(Figure 2B vs 2C). In 13C-directely observed NMR spectra, the peaks are usually thinner 
compared to 1H-signals (Figure 2B vs 2C). This is, in turn, due to different relaxation 
properties of the 13C-nucleus. The longitudinal or T1 relaxation of carbons is much faster 
than protons, which result a considerably sharper peak in 1D NMR (Figure 2B vs 2C).  

Due to the lower relative receptivity of heteronucleus, sometimes isotopic labeling 
techniques are necessary to develop 2D NMR analysis for certain carbohydrates. This is 
crucial, especially for those cases where the amount of material is a limitation, such as 
glycans isolated from cell cultures. Recently, we developed an in vivo method to spin-label 
cellular GAG molecules with nitrogen-15 [10] to allow observation and consequently get 
structural characterization via 15N-chemical shift. This is the third isotope type used in NMR 
analysis in glycosaminoglycanomics. Our method was based on cell cultures using media 
enriched in 15N-labeled side-chain glutamine [10]. The side-chain amino group of this amino 
acid is responsible to donate the NH2 group to the amino sugar during hexosamine 
biosynthesis in the cytosol. Through this in vivo labeling method, 15N-HSQC spectra became 
recordable for a couple of few hundred micrograms of GAG isolated from cellular sources 
[10]. On the other hand, as standard GAGs can be readily available from suppliers, the 
HSQC spectra using 15N-isotope at natural abundance proved to be successfully recordable 
at 15 mg/ml concentration-samples within just a couple of hours of acquisition. 15N-HSQC 
spectrum has been proved to be very straightforward in structural characterization of GAGs 
in solution (Figure 4). 

 
Figure 4. 15N-HSQC spectra from Varian 800MHz at 25o C of different GAG standards: (A) bovine 
tracheal chondroitin sulfate A (CS-A), (B) shark cartilage chondroitin sulfate-C (CS-C), oversulfated 
chondroitin sulfate (OSCS), (D) dermatan sulfate (DS), or chondroitin sulfate-B, and (E) heparan sulfate 
(HS), dissolved in 50 mM acetate buffer 12.5% D2O (pH 4.5) 0.1 % sodium azide, at a final 15 mg/mL 
concentration. Reproduced from [10]. 
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Note that through 15N-HSQC spectroscopy, all GAG standards show just the 1H-15N cross-
peak related to their differential hexosaminyl units, in a very simple way that allows rapid 
structural assignments. Although the NMR peaks are few, these resonances are still quite 
useful for structural determination in glycosaminoglycanomics. All signals from different 
standards are characteristic, and resonate with distinct 1H- or 15N-chemical shifts (Figure 4) 
[10]. Structural features such as the hexosaminyl type (galactosamines at upfield 1H- and 
15N-chemical shifts, Figures 4A-D, as opposed to glucosamines at a more downfield 1H- and 
15N-chemical shifts, Figure 4E), sulfation pattern (4-sulfation at the upfield 15N-chemical 
shifts, Figures 4A, B and D, as opposed to more downfield 15N-chemical shifts of 4,6-di-
sulfated units, Figure 4C, and further more downfield 15N-chemical shift of 6-sulfated units, 
Figure 4A, and B), and adjacent uronic acid type (glucuronic acid at upfield 1H-chemical 
shifts, Figures 4A-C, as opposed to iduronic acid at the more downfield 1H-chemical shifts, 
Figure 4D) can be easily determined through this method [10]. These studies concerning the 
use of 15N-NMR for structural characterization in GAG molecules turned out to be quite 
valuable also in predicting the anomericities in GAG-derived oligosaccharides as well as the 
sulfation patterns. For more details read reference 10 about this topic. 

One downside of the 15N-NMR application on structural studies of GAGs is the very fast 
exchange rates of protons from sulfamate groups (NHSO3-) that are quite abundant in 
glucosamines of certain GAG types, such as heparan sulfates and heparins. Although the 
1H-15N cross-peaks from 15N-HSQC spectra of residual N-acetylated glucosamines (GlcNAc) 
can be fairly used to quantify the amounts and types of uronic acid units, to which GlcNAc 
are linked (Figure 5), the remaining amounts of uronic acids linked to N-sulfated 
glucosamines (GlcNS) can be missed under normal conditions. Alternative ways to force the 
protonated states in sulfamate groups is the use of controlled samples at narrow pH range 
(7.0-8.0) [15], or to slow down the fast 1H-amide exchange rates recording experiments at 
very low-temperatures, as detailed next with preliminary results using commercially 
available sodiated GlcNS as a molecular model to mimic the composing N-sulfated amino 
sugars in heparins and heparan sulfates.  

Very low temperatures such as 3oC (20% acetone is added to avoid freezing) can slow down 
considerably the solvent exchange of the labile protons. All protons, inclusively the 
exchangeable ones from sulfamate or hydroxyl groups of GlcNS, become thus detectable by 
1H-based NMR spectroscopy (Figure 6A). This can be exemplified with the 1D spectrum of 
GlcNS at Figure 6A. The 1H-peaks can be assigned through spin-systems from TOCSY 
spectrum using this same hydrated low-temperature condition (Figure 7A), like the same 
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protonated state of sulfamate groups, and the 1H-15N cross-peaks of each NH are at the 
expected chemical shifts as seen by TOCSY spectrum (Figure 7B). Note that in the 15N-HSQC 
spectrum, the amides anomerics showed swapped 1H-chemical shifts, since the α-form of 
GlcNS is the predominant population in solution (Figure 1). 

 

 
 

Figure 5. 15N- (A-C) and 13C- (D, E) HSQC spectra of heparan sulfate (HS) (A, C, and E) and 
unfractionated heparin (UFH) (B, D), recorded at Varian 800 MHz (A-C) and Bruker 400 MHz (D, E). 
The HS in panel A was from cultures of chinese hamster ovarian (CHO) cells [10], the UFH in panel B 
was from a pharmaceutical supplier, and the HS in panel C was extracted from the bivalve Nodipecten 
nodosus [16]. Note that the (B) UFH and (C) HS have respectively low and high amounts of glucuronic 
acids (GlcUA), as demonstrated by the tiny or missing color-coded peaks in their respective 13C-HSQC 
spectra of panels D and E. In these panels, the letters used are A for glucosamine, I for iduronic acid, G 
for glucuronic acid, NAc for N-acetyl, NS for N-sulfation, 6X for 6-(un)substituted, 2S for 2-sulfation, XS 
for 2- and/or 3-sulfation, and 3S for 3-sulfation. The number right after the capital letters designate the 
ring position, for example, I52s means a cross-peak of the 1H-13C pair at the 5-position of a 2-sulfated 
iduronic acid ring. Hence, the colors indicate blue for N-acetyl glucosamines, red for N-sulfated 
glucosamines, green for iduronic acids, and yellow for glucuronic acids.  
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Figure 6. 1D 1H-NMR expansions 2.8-7.3 ppm (A) and 3.10-3.55 ppm (B, C) of 5 mg/mL GlcNS in 
10:20:70% D2O:Acetone:H2O (pH 4.5) at 3oC (A, C) and at 15oC (B) in spectrometer Varian 800 MHz. 
Note that in panel B, the resonance of αH2 splits in a dublet of dublets due to 3J1H2-1H1 and 3J1H2-H3, while 
in panel C there are a triplet of dublets for the split of αH2 due to 3J1H2-1H1, 3J1H2-H3, and now the 3J1H2-HN 

since in the former case the amide is deprotonated because of the higher temperature, but in case of 
panel C, the amide is protonated because of lower temperature. The structure of the GlcNS in its 
protonated and sodiated state is shown on the top left side of the panel A.  

 
Figure 7. (A) TOCSY and (B) 15N-HSQC spectra of GlcNS, at 3oC, in a Varian 800 MHz. The exchangeable 
protons from hydroxyl and amide groups are accordingly labeled. The population percentage of the 
anomeric forms are indicated in panel B. The α-anomers of GlcNS are more populated as seen in Figure 1.  
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2.3. Examining flexibility and dynamic properties of glycans by relaxation rates 
measurements  

In radio-frequency pulsed NMR experiments, the magnetization aligned with the static 
magnetic field (B0) is titled away from the longitudinal Z-axis (parallel to the static 
magnetization), and place into the X,Y-transverse plan. The fundamental property that 
brings back the magnetization to the Z-plane, restoring therefore the equilibrium during this 
modern pulsed NMR experiments is the spin relaxation phenomena [17]. The relaxation 
mechanisms are particularly dependent of the molecular motions of either internal localized 
sites or the overall tumbling of the molecule in solution. Therefore, relaxation measurements 
are very useful for studying molecular dynamic processes on a fast time scale. The 
longitudinal or spin-lattice relaxation process is given by the relaxation time T1, and this is a 
measure of how fast the longitudinal magnetization goes back to its original state before the 
pulses. The transversal or spin-spin relaxation effect denoted by the time course T2, 
measures how fast the Free Induction Decay (FID) dissipates its magnitude from the X,Y-
transverse plane. Several mechanisms are known to influence the T2 relaxation time, such as 
the dipolar interactions like dipole-dipole and dipole-chemical shift anisotropy [17]. The 
relaxation rates (R1 and R2) measurements (in ms to s) are the inverse of T1 and T2 
respectively. As discussed below using some published data from the literature, these rates 
and thus relaxation times, combined with measurements of line-widths or line broadening 
(in Hz) during NMR experimentation, can be successfully used for determine dynamic 
properties of either free glycans in solution as glycan domains of glycoconjugates.  

In a recent study about structural dynamics of the saccharidic portion of immunoglobulin G 
(IgG) using NMR spin-relaxation [18], the authors have proved that both glycan branches at 
the Fc fragment (Figure 8) are accessible and dynamic in solution. This motion, and 
glycosylated rates (Figure 8) are responsible to participate during the cellular responses of 
the adaptive immune systems, mainly modulating the health balance between 
hyposensitivity to foreign particles versus hypersensitivity to auto-antigens. Again, the spin 
labeling technique as discussed in section 2.2 was crucial to advance this work. In this 
reference, the N-glycan at Asparagine-297 was enzymatically remodeled by 
sialytransferases and glycosidases to build up branches specifically labeled with 13C-isotope 
in galactosyl units (Figure 8). This initial procedure of spin labeling indicated already an 
apparent accessibility of these branches to the remodeling activity of the enzymes, unlikely 
previous conceptions of a more static and internalized behavior of these branches. As 
discussed next, the spin relaxation measurements of these branches have ultimately 
confirmed these dynamic properties [18]. 

NMR resonance linewidths (half-height of the peak, in Hz), which are directly related to the 
transverse relaxation rates (R2 values) are values indicative of dynamic properties. Narrow 
lines indicate decreased relaxation rates and thus increased rates of rotational motions. The 
linewidths of the 13C2-labeled galactose in the α1-6Man branch was over three-times that of 
the corresponding resonance from the α1-3Man branch (Table 3) [18]. This suggested that 
the α1-6Man branch is considerably more immobilized than the other antennary. At 
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experiments undertaken at higher fields, the 13C linewidths of the α1-6Man 13C2 resonance 
of galactose gave values more than three-times than the correspondent on the other branch. 
Interpretation using an isotropic model gave an effective correlation time of 37 ns, which is 
considerably longer than the hydrodynamic predictions for the Fc fragment, and the protein 
tumbling time (~20 ns). This suggested that although the α1-6Man branch is partially 
immobilized, there should be still some dynamic properties of this branch to explain the 
higher experimental value. Therefore a more complete set of relaxation time was measured 
at two different magnetic strengths (Table 3). A field-dependent R2 values were obtained, 
with smaller relaxation at 14.0 T (600 MHz) as opposed to 21.1 T (900 MHz). All R values 
combined at the lower magnetic field were not consistent with prediction based on isotropic 
tumbling model and have suggested that if the relaxation were solely dipole in origin, R2 
would be even less at this field strength [18]. Both the field dependence and these 
inconsistencies have suggested contribution from chemical exchange contributions to R2 
relaxation mechanisms that originated from the α1-6Man branch sampling multiple 
conformational states on the microsecond to millisecond timescale and therefore, 
modulating chemical shift in this process. At least, some of these states have to have 
substantial internal motion to raise the rotational R1 value (R1p). 

 
Figure 8. The conserved N-linked carbohydrate domain of IgG is attached to Asn-297 of the Cγ2 
domains of each IgG heavy chain. Data modified from [19]. A range of other glycoforms (full or partial 
unsialylated and/or ungalactosilated) also exists on serum IgG [19]. These other glycans are based 
mostly on the biantennary structure but without some or all of the sialic acid or galactose residues from 
the non-reducing terminus (or fucose residues from the core). The presence of a particular carbohydrate 
maintains a defined structure of the Fc region that leads to specific consequences for the Fc function. 
Some of the key glycan-mediated interactions with receptors, for example, are indicated and properly 
referenced [20-24]. Heavy and light chains are colour-coded in light and dark grey respectively.  
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 α1-3Man-linked α1-6Man-linked
 
900 MHz 
R1 

R2 

900 MHz 
R1 

R1p 

R2 linewidths 
600 MHz 
R1p 

R2 linewidths 

R2 

Relaxation rates 
Galactose 13C6 

2.8 ±0.1 s-1 
48.4 ±5.5 s-1 

Galactose 13C2 
1.2 ±0.1 s-1 

20.1 ±1.0 s-1 
40 s-1 

 

14.7 ±1.1 s-1 

28 s-1 
29 s-1 

Relaxation rates 
Galactose 13C6 

3.1 ±0.4 s-1 

59.7 ±9.2 s-1 

Galactose 13C2 
1.2 ±0.2 s-1 

56.1 ±10 s-1 

150 s-1 

 

48.0 ±5.4 s-1 

107 s-1 

ND 
 ND, not determined owing to low signal-to-noise ratio. 
* Reproduced from [18]. 

Table 3. 13C relaxation measurements of galactose residues from Fc isotopic labeled at either C2 or C6 
positions.  

In order to probe the existence of chemical exchange contribution, relaxation dispersion 
experiments can be employed, in which transverse relaxation rates (R2) can be measured 
using Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences [25]. Through this NMR 
experiment type, resonances that experience multiple chemical environments on a timescale 
near to νCPMG (variable pulsing rates due to varying delays between the forming 180o pulses 
of CPMG pulse sequences) must become more intense as a function of increasing pulsing rates. 
Results from this experiment using both α1-3Man and α1-6Man branches of IgG Fc with 13C-
labeled galactose residues at 50o C, and at two different magnetic strengths (21.1 T, 900 
MHz, and 18.8 T, 800 MHz) have shown this profile (Figure 9). At low pulsing rates, the 
relaxation measurements approach predictions using linewidths. At higher pulsing rates, 
chemical shifts are canceled out due to rapid chemical shift refocus, therefore chemical 
exchange contributions can be sorted out. Clearly, the R2 values of α1-6Man branch decrease 
with pulsing rates, whereas the values for the other branch have kept constant (Figure 9A). 
The change in R2 in the presence of chemical exchange between two states (A and B) was 
described using the equation R2(1/τcp) = R20 + φex/kex [1-2tanh(kexτcp/2)/kexτcp], where φex = 
PAPBΔω2, R20 is the relaxation rate in the absence of chemical exchange, kex is the exchange 
rate, τcp is the delay between refocusing pulses, and Δω2 is the frequency difference of states 
A and B in angular units [26]. Thought this equation, the contribution of chemical exchange 
to the observed R2 was seen to depend on the rate of exchange, the time between pulses and 
the scaling factor φex. Fitting this equation to the data that was obtained for the α1-6Man 
branch, an effective exchange constant (kex) of 5,300 ±1,700 s-1 was generated [18]. The scaling 
factor φex in principle can yield information about the nature of the exchange process by 
describing populations of states and chemical shift changes on moving between states. The 
φex at 21.1T and 18.8 T were respectively, 380,000 ±60,000 rad-2 s-2, and 300,000 ±100,000 rad-2 
s-2. The R20 for each magnetic field were respectively 26 ±13 s-1, and 39 ±7 s-1 [18]. 
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Figure 9. (A) Relaxation dispersion and (B) temperature-dependent chemical shift measurements show 
evidence of two states (A and B). (A) The relaxation dispersion experiments indicate motion at the 
micro-millisecond timescale for the α1-6Man branch but not for the α1-3Man branch. (B) The chemical 
shift of the α1-6Man branch-linked 13C2-galactose approaches a saturation point at higher temperatures 
and permits the estimation of chemical shift values for two states. Chemical shift asymptotes for high-
temperature (state A) and low-temperature (state B) are represented with discontinued lines. 
Reproduced from [18].  

The effects of chemical exchange rates on R2 can be also investigated using the rotational 
spin lattice-relaxation (R1p) measurements. R1p of both branches (Table 3) approach the rapid 
pulsing limit of R2 in CPMG experiments (Figure 9), which represents the approaching to a 
non-exchange contribution to R2. The large deviation seen for the α1-6Man branch is 
consistent with the considerable chemical exchange contribution. Taking all these 
relaxation-based data, two conformational states were observed for α1-6Man branch: one 
related to chemical exchange contribution within contact with the peptide chain, and 
another regardless the molecular contact resulted from low chemical exchange contributions 
[18]. Taking together the existence of these both states, a dynamic behavior for the α1-6Man 
branch has been proved, while the constant low chemical exchange contribution of α1-3Man 
branch has pointed towards a glycan segment more externalized from the Cγ2 domain 
(Figure 8). These conclusions will be sustained by other results about chemical shift changes 
[18], as described in the following item.  

2.4. Applications and implications of chemical shifts in glycobiology 

Chemical shift values (δ, in ppm) together with coupling constants comprise the major 
information extracted in NMR studies of proteins and nucleic acids [27], and thus are of 
great usefulness in glycobiology as well. Chemical shift values provide reliable information 
concerning the chemical environments in which a given atom (nucleus) molecularly 
experiments at certain timescale. If there were no other kinds of interactions in addition to 
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the Zeeman interaction [28] during the NMR experimentation, all nuclei of a given molecule 
would lead to the same frequency in a 1D NMR spectrum. Zeeman states represent the two 
spin possibilities of a spin-half nucleus (usually defined as α- and β-spin states) under the 
static magnetic field (B0) [29]. Due to changes on the chemical environment of the nucleus 
within the molecules chemical shifts may experience different values which will result 
different frequencies even though the same isotope and with same Larmor frequency. One 
of the major determinants in the chemical shifts is the electronic shielding generated by the 
electrons that surround the spin-half nuclei. Electrons at these surrounds have also angular 
momentum and thus magnetic moment. Differential conformational states may give 
different chemical shift values in a limited time-range. This can be explored to understand 
dynamic behaviors of glycans and to understand the chemical structures of biomolecules. 
Another application in the exploration of chemical shift changes is in glycan-involved 
intermolecular complexes, such as those of carbohydrate-binding proteins. The former 
phenomenon will be briefly explained through the dynamic properties of the α1-6Man 
branch of IgG Fc [18], continuing the same example taken at the previous section. The latter 
phenomena on concerning intermolecular complexes involving carbohydrate-binding 
proteins and glycans as common ligants will be discussed afterwards, taken some 
unpublished data about the binding properties of the chemokine RANTES complexed with 
chondroitin sulfate hexaccharides of well-defined sulfation patterns. 

2.4.1. The dynamic behavior of glycans through chemical shift changes: the bound and 
unbound states of the N-glycan of IgG Fc 

The chemical shifts of the Fc α1-6Man galactose residue were observed to be clearly 
temperature-dependent (Figure 9B). The 13C2-resonance can show a significant displacement 
between 5-50oC with its 13C-chemical shift trending toward a plateau of 75.3 ±0.2 ppm at the 
high-temperature limit (Figure 9B) [18]. This plateau value is quite consistent with chemical 
shift values from the free glycan in solution which implies that the glycan is far away from 
chemical environment promoted by the Fc amino acids (state A, Figure 10). Although Figure 
9B showed a curve-fitting only for the C2 resonances, the 13C6-chemical shift showed a 
similar trend and moved from a perturbed resonance position at lower temperatures 
towards a free glycan position at higher temperatures [18].  

Through the use of the chemical shift values determined for state A in conjunction with the 
observed chemical shifts at 50oC obtained from CPMG relaxation dispersion data, the 0.8 
value was extracted for the state A population (PA) using the equation PA = 1/[ω02(δX-
δA)2/ϕex]+1. Then the PA value was used to deconvolute ϕex and derive a value for Δω using 
the relationship of φex = PAPBΔω2. The determined chemical shift for state B was therefore 
76.4±0.5 ppm using the resultant value for Δω of 1,500 ± 300 rads-1 along with the state A 
chemical shift. Moreover, the data obtained have indicated that populations of both states 
are nearly equal at 15oC and shift towards higher population of state A (the state with 
chemical shifts similar to free glycans in solution) at temperatures higher than 15oC. At body 
physiological temperature state A is approximately 70% populated. 
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Figure 10. Models for Fc N-glycan dynamics and accessibility showing that exposed conformational 
states of branches are possible. While the α1-3Man branch is highly flexible out of the protein pocket, 
the α1-6Man branch is partially dynamic within two states: externalized A state versus internalized B 
state. Reproduced from [18]. 

2.4.2. Unveiling binding sites of carbohydrate-binding proteins through chemical shift 
perturbation: The chemokine CCL5/RANTES-chondroitin sulfate hexasaccharides complexes 

Chemokines are a family of small cytokines with chemotactic properties. They are small and 
soluble proteins (with a mass of 8-16 kDa), and are produced and released by a variety of cell 
types during the initial phase of host responses to injury, allergens, antigens, or invading 
microorganisms. Chemokines share a sequence homology and possess four cysteines in 
conserved locations. These form two disulfide linkages that are keys to their tertiary structure 
and stability (Figure 11). These cysteines are also involved in the nomenclature and 
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44RKNR47, the potential GAG binding sites of CCL5 are yet undocumented, especially 
considering chondroitin sulfate which is the most abundant GAG in the human body, and 
widely spread across surface proteoglycans of blood vessels. 
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Figure 11. 3D structural model of the CC chemokines.  

The 15N-HSQC spectrum of the 15N-labeled E66S CCL5 (Figure 12), which is mostly found as 
monomers in solution rather than the oligomerization propensity of the wild type [35], 
showed well-resolved amide signals that allowed easily a near-complete chemical shift 
assignment (Table 4). These initial assignments are crucial to further inform the chemical 
shift changes induced by the presence of increasing concentration of the ligants. The ligants 
used were two chondroitin sulfate hexasaccharides fully characterized by NMR [34]. They 
are named CS 6-6-4, and CS 4-4-4, which represent the following respective structures: 
ΔUA(β13)GalNAc6S(β14)GlcA(β13)GalNAc6S(β14)GlcA(β13)GalNAc4S-ol, and 
GlcA(β13)GalNAc4S(β14)GlcA(β13)GalNAc4S(β14)GlcA(β13)GalNAc4S-ol. The 
abbreviations are ΔUA for Δ4,5unsaturated uronic acid; GalNAc for N-acetyl galactosamine; 
GlcA for glucuronic acid; “S” for sulfation group, digits before “S” represent the ring position; 
and -ol stands for reduced sugars (open rings at the reducing-end terminal units) [34]. 

 
Figure 12. 15N-HSQC spectrum of the 15N-labeled E66S chemokine CCL5/RANTES (1-2 mM) in 150 mM 
sodium acetate buffer, pH 4.5. The amide signals are labeled accordingly to their respective amino 
acids. The signals circled in grey represent the heparin motif binding site (BBXB) [33].  
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Residue 15N (ppm) NH (ppm) Residue 15N (ppm) NH (ppm) 
S1 120.50 8.78 S35 117.88 8.74
P2 nd* nd N36 118.49 8.11
Y3 119.64 8.04 P37 nd nd
S4 117.76 8.26 A38 121.67 8.14
S5 114.91 8.07 V49 120.49 8.08
D6 122.29 7.63 V50 126.32 8.72
T7 110.44 7.94 F41 123.53 9.04
T8 117.88 9.22 V42 124.07 8.81
P9 nd nd T43 118.28 9.31

C10 118.92 9.08 R44 118.69 8.43
C11 117.50 9.13 K45 117.01 7.57
F12 120.36 9.26 N46 114.91 8.24
A13 122.35 7.59 R47 118.63 7.43
Y14 113.41 8.07 Q48 123.72 8.78
I15 124.00 9.09 V49 123.30 8.92
A16 127.69 8.51 C50 125.46 8.99
R17 117.39 7.50 A51 124.84 9.76
P18 nd nd N52 120.24 8.16
L19 nd nd P53 nd nd
P20 nd nd E54 113.87 7.52
R21 128.41 8.49 K55 117.89 7.19
A22 118.62 8.62 K56 127.69 8.51
H23 113.15 7.73 W57 115.25 8.08
I24 119.62 7.56 V58 122.48 5.61
K25 124.73 9.36 R59 118.49 7.17
E26 115.13 7.92 E60 118.62 8.29
Y27 117.14 8.35 Y61 122.35 8.54
F28 114.78 8.48 I62 119.62 8.34
Y29 119.40 8.96 N63 118.25 7.84
T30 111.25 8.03 S64 114.02 7.86
S31 115.27 9.71 L65 122.97 7.90
G32 119.08 9.06 S66 114.77 8.04
K33 117.13 7.95 M67 121.86 8.00
C34 116.51 7.32 S68 122.52 8.02

*not determined. 

Table 4. 15N and 1H chemical shift of E66S at 297K, pH 4.5. The amino acids that form the heparin 
binding site motif (BBXB) are highlighted in bold. 
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As the concentration of the chondroitin sulfate ligants increases, either loss of signal 
intensity or chemical shift migration were observed on the 15N-HSQC spectra of E66S CCL5 
(Figure 13). In the case of the continuous titration using the ligant CS 6-6-4 (left-hand side 
spectrum of Figure 13), the signal intensity decreases proportionally, and no chemical shift 
migration was seen. This likely indicates a slow exchange rate between the on- and off-states 
of the complex, and the GAG-induced oligomerization was observed since large amounts of 
precipitates were visually formed on the bottom of the NMR tube during the titration 
experiment (data not shown). This precipitation phenomenon is one of the major reasons for 
the NMR signal intensity loss. Conversely, the titration using the ligant CS 4-4-4, no 
intensity loss was observed even using 10 equivalent molar of this ligant (blue spectrum), 
and clear chemical shift migration of certain peaks was observed (right-hand side spectrum 
of Figure 13). In the experiment using this ligant, the amino acids that showed the major 
chemical shift changes were S1, Y3, D6, T7, R17, K45, N46, R47, Q48, as indicated in the 
spectrum of Figure 13. The residues K45, N46, and R47 match perfectly with the heparin 
binding motif (Table 4) [33]. These residues that experience the largest chemical shift 
migration are highlighted on the structure of CCL5, represented in both cartoon and surface 
structural models (Figure 14). They are located at the pocket of the dimer consisted of the 
40s loop, which in turn includes the heparin binding motif, together with the N-terminal 
(Figure 11).  

 
Figure 13. Superimposed 15N-HSQC spectra from ligant titration on CCL5 in solution. The ligant types 
and relative concentration to the protein are indicated and color-coded as shown on the panels.  

 
Figure 14. Cartoon (left) and surface (right) models of CCL5. In red are the amino acid S1, Y3, D6, T7, 
R17, K45, N46, R47, Q48 that have experienced the largest chemical shift migration induced by the 
presence of the ligant CS 4-4-4. 
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In order to understand the physiological condition of the GAG-induced oligomerization of 
CCL5 promoted by the CS 6-6-4, and the nature of the binding involved in the interaction 
between these two molecules, an experiment using increasing concentrations of sodium 
chloride was performed (Figure 15) at the 2-times molar excess of ligant. This was the 
condition that showed the huge precipitation and loss of signal intensity (black spectrum at 
left panel of Figure 13). It is clearly observed that at physiological salt concentration (150 
mM NaCl) the low intensity of CCL5´s signals still indicate oligomerized states of the 
chemokine. However, this highly-complexed state is broken down at higher salt molar 
concentrations than the physiological condition as seen with the recovery of the signal 
intensity in the spectrum with 300-450 mM. This result indicates that only at higher salt 
concentrations than the physiological condition, the oligomerization of CCL5 is abrogated 
and the nature of the binding between the two molecules is just electrostatic. The return in 
loss of the signal intensity in the 15N-HSQC spectra of CCL5 is just consequence of an 
instrumentation limitation due to the extreme high salt molarity that disturbs the 
magnetization sensitivity on the probe (the detection devise of the magnet). In synthesis, the 
CS 6-6-4 induces CCL5 aggregation whereas CS 4-4-4 just a little. This preliminary result 
indicates that the oligomerization of this chemokine is triggered by specific regions of the 
GAG chains in endothelial surface proteoglycans. 

  
Figure 15. 15N-HSQC spectra of CCL5 with 2 equivalent molar of CS 6-6-4 in increasing NaCl concentrations.  

2.5. Scalar and dipolar coupling constants in glycobiology NMR  

Besides chemical shifts, coupling constant values, either scalar (J) or dipolar (D) 
couplings, both measured in Hz, are another important set of information obtained from 
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NMR experiment to unveil structural shapes of molecules under certain NMR timescale. 
In glycobiology, scalar and dipolar couplings are fundamental NMR tools to respectively 
predict ring conformation, and overall conformational shape of oligosaccharides in 
solution.  

2.5.1. Scalar couplings in conformational analysis of sugar rings  

In general, three chemical bond proton-proton (3JH-H) scalar coupling constants are the 
most commonly used parameters in 3D conformational shape of sugar rings. This  
is because that 3JH-H depends directly upon the dihedral angle of the bonded atoms  
(Karplus-type relationship). Scalar coupling are usually easily seen by splitting 
resonances on 1D NMR spectra, but very often, J-resolved NMR experiments must be 
undertaken for obtaining such values. 3JH-H can primarily serve as diagnostic for the ring 
structural conformers of certain glycans. The usefulness of scalar coupling constants can 
be used by the rule that β-anomers usually exhibit larger 3JH1-H2 values than α-1H1-
anomers (Table 5, and Figure 2B), which thus help structural assignment. Another 
example is the GlcNSO3- addressed at item 2.2, Figure 6. At normal experimental 
conditions, N-sulfated glucosamine has its amide group unprotonated as observed by the 
doublets of doublet of the H2 resonance shown at panel 6B. This is a result from the 3JH-H 

coupling of the H2 with H1 and H3. However, at lower temperatures (panel 6C) the H2 
resonance showed a splitting resonance of three doublets, meaning 3JH2-H1, 3JH2-H3, and now 
the protonated NH seen by the third 3JH2-NH. Experimental 3JH-H values have been 
determined in many differently sulfated glucosamines, galactosamines and iduronic acids 
(Tables 5, and 6). 

Through the J-values tabulated on Table 5, a sulfation pattern-dependent sugar ring 
conformation can be clearly noted, except for GalNAc units. And these vicinal coupling 
constants, for example in α-GlcN,6S is in agreement in various oligo- or polysaccharides 
containing such monosaccharide [36, 37, 47]. The 3JH1-H2 values ranging from 3.6 to 3.8 Hz 
for GlcNS; GlcN,6S; GlcN,3,6S; GlcNAc,6S; GalNAc,4S; Glc2,3,4,6S together with the 
larger coupling values for the other intra-ring protons (3JH2-H3, 3JH3-H4, 3JH4-H5), somewhere 
between 8.8 and 11.1 Hz signifies that these monosaccharides are in their 4C1 chair 
conformation of the pyranose ring, where the anomeric H1 is in the equatorial position as 
opposed to the other protons H2, H3, H4, and H5 are in their axial position (Figure 16) 
[46]. The 3JH-H values of GalNAc units are also in agreement with the 4C1 chair 
conformation regardless the sulfation pattern (4- or 6-sulfated), and the 3JH3-H4 is also 
compatible with the C4 epimerization of Glc. A different set of 3JH-H values implying 
different conformational equilibrium has been determined in hexuronic acids having the 
non-reducing end 4,5-unsaturation due to an eliminase action (Table 5) [41,43]. These 
values are consistent with the entire population in the half-chair 1H2 conformation (Figure 
16) in solution [41], and not to the 2H1 half-chair conformation, which have quite different 
3JH-H values (Table 5).  
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Residue type 3JH1-H2 3JH2-H3 3JH3-H4 3JH4-H5 Ref. 

α-GlcNS 3.6 10.2 9.4 9.9 [36] 

α-GlcN,6S 3.6 10.3 9.2 10.0 [37] 

α-GlcN,3,6S 3.5 10.7 9.1 10.0 [37] 

α-GlcNAc,6S 3.0 11.0 8.0 9.0 [38] 

α-GalNAc,4S 3.5 11.0 2.5 nd [38] 

α-GalNAc,6S 4.0 11.0 3.0 nd [38] 

α-Glc2,3,4,6S 3.6 9.8 8.8 nd [39] 

β-Glc2,3,4,6S 5.7 5.2 6.8 6.0 [39] 

β-GlcA2,3,4S 6.4 3.2 4.0 2.8 [39] 

β-GlcA2,3S 5.9 nd* 1.5 1.5 [40] 

α-IdoA (exp) 
(80:20% 4C1:2S0) 

3.8 8.4 7.6 7.6 [41] 

α-IdoA 4C1 (calc) 2.0 2.1 2.0 2.0 [41] 

α-IdoA 2S0 (calc) 4.3 11.1 5.4 5.4 [41] 

α-IdoA (exp) 
(76:24% 4C1:2S0) 

2.4 4.8 3.4 2.5 [42] 

α-IdoA 4C1 (calc) 1.7 3.0 3.1 2.5 [42] 

α-IdoA 2S0 (calc) 4.8 10.5 3.4 2.5 [42] 

ΔHexA (exp) 2.9 1.3 4.8 4.8 [41] 

ΔHexA 1H2 (calc) 3.0 1.5 4.1 4.1 [41] 

ΔHexA 2H1 (calc) 8.3 7.7 2.8 2.8 [41] 

ΔHexA (exp)a 3.4 2.6 4.7 nd [42] 

ΔHexA (exp+calc)b 4.2 2.4 5.0 nd [42] 

ΔHexA 1H2 (calc) 3.1 0.2 6.0 nd [42] 

ΔHexA 2H1 (calc) 8.3 10.2 1.7 nd [42] 

Standard 1C4 1.8 2.6 2.6 1.3 [43] 

Standard 2S0 6.3 9.5 9.3 2.8 [43] 

Standard 1H2 3.2 2.1 4.7 nd [43] 

Standard 2H1 8.3 7.7 2.8 nd [43] 
a Experimental values only. 
b Obtained by least square analysis of the theoretical and experimental values combined. 
The abbreviations are: exp, experimental values; and calc, calculated values. GlcN, glucosamine; GalN, galactosamine; 
GlcA, glururonic acid; IdoA, iduronic acid; ΔhexA, 4,5-unsaturated hexuronic acid; nd, not determined.  

Table 5. 3JH-H values (in Hz) in differently sulfated pyranosyl residues from various selected 
saccharides in solution NMR studies. 
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Compound number 3JH1-H2 3JH2-H3 3JH3-H4 3JH4-H5 1C4 4C1 2S0 Ref. 

1 4.0 6.6 5.2 3.7 45% 29% 26% [36] 
2 1.9 3.7 3.7 2.2 87% 13% - [36] 
3 1.8 3.3 3.4 2.2 90% - 10% [44] 
4 4.9 6.9 6.4 4.2 38% 45% 17% [45] 
5 2.5 4.5 2.8 2.2 75% - 25% [46] 
6 2.5 4.6 3.1 2.3 75% - 25% [47] 
7 4.0 7.5 3.6 3.1 35% - 65% [44] 
8 5.2 9.8 4.1 4.0 10% - 90% [47] 
9 2.6 5.9 3.4 3.1 60% - 40% [44] 

Table 6. 3JH-H values (in Hz) in composing IdoA units in various selected GAG molecules in solution 
NMR studies, and the abundance of their 1C4, 4C1, 2S0, 1H2, and 2H1 conformers. These are all 
experimental values. 

 
Figure 16. Sugar ring conformations for β-glucopyranosyl units as model for the nomenclatures 4C1, 
1C4, 2S0, 1H2, and 2H1. The latter two conformers have 4,5-unsaturation as a consequence of β-elimination 
from a eliminase reaction [41, 43]. The carbon numbers are indicated by digits in each conformer.  

The conformation set observed for iduronic acid (IdoA) units (Tables 5 and 6), is complex 
and seems to be influenced not only by their sulfation patterns but also by the adjacent 
residues in which the IdoA units are linked to. For example, in case of IdoA units of a 
dermatan sulfate-tetrasaccharide studied at reference [41], the conformer population was 
estimated through Karplus relationship, and showed the 80/20 ratio for the chair 4C1 and 
skew-boat 2S0 conformations in solution. These IdoA units are linked to GalNAc units in 
dermatan sulfate, and are not sulfated. But when 2-sulfated or linked to GlcNAc units, as 
shown in other works presented at Table 6, different population ratios were observed, 
including the chair 4C1 conformer together with the chair 1C4, and the skew-boat 2S0 

conformers (Figure 16). In a heparin-derived tetrasaccharide, the chair 1C4 and skew-boat 2S0 

conformer population ratios changed slightly for 76:24% (Table 5) [42]. The half-chair 1H2 
and 2H1 populations of the unsaturated uronic acid in this heparin-derived tetrasaccharide 
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changed to the 78:22% ratio [42] rather than 100% 1H2 conformer population for Δ4,5HexA 
in a dermatan sulfate-derived tetrasaccharide [41] (Table 5) due to the presence of the 
adjacent GlcNAc unit rather than the GalNAc unit. Therefore, IdoA units can experience 
different ring conformer population ratios based on the neighboring units (Tables 5 and 6). 

2.5.2. Dipolar couplings in conformational studies of oligosaccharides 

Dipolar couplings (D) arise from through space spin-spin interactions and are strictly 
dependent on both inter-nuclear distance (r) and the angle (θ) between the magnetic field 
(B0) and the inter-nuclear vector as described by the equation Dij = ξij[(3cos2 θ -1)/2](1/r3), 
where ξij is a constant that depends on the properties of the nuclei i and j. Dipolar coupling-
based NMR data can provide both short-range (distance-dependent) as well as long-range 
(angular-dependent) structural information [48]. Since the inter-nuclear vector averages to 
zero in solution through isotropic tumbling, partially aligned molecules, using alignment 
media such as gels, liquid crystals or polyethylene glycol (PEG), can orient the molecules in 
solution forcing a partial anisotropic behavior, as the same time the resolution is preserved 
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Table 7 summarizes experimental 1DH-H and 1DH-C coupling constants of the heparin-derived 
tetrasaccharide aligned in PEG/hexanol neutral media. The former and the latter couplings 
were determined from COSY type spectra and 1H-coupled non-refocused 1H-13C HSQC 
spectra. Five 1DC-H were used to calculate separately the order tensors via singular value 
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decomposition method [50]. The theoretical RDC values were back calculated using 
REDCAT [51]. These calculations were performed for both 1C4 and 2S0 conformations of the B 
ring, the IdoA unit close to the non-reducing end. The comparison between the theoretical 
and experimental RDCs showed good agreement, proving high accuracy of the measured 
coupling constants. The better agreement was achieved with the 1C4 conformation of the 
iduronic acid B unit [42]. 
 

Ring One-bond 1H-
13C couplings J (Hz) J + D

(Hz) 
RDC 
(Hz) 

Three-bond 1H-1H 
couplings J (Hz) J + D 

(Hz) 
RDC 
(Hz) 

A 

C1-H1 172.2 168.8 -3.4 H1-H2 3.53 2.71 -0.82 
C2-H2 139.1 144.9 5.8 H2-H3 10.25 11.13 0.88 
C3-H3 148.0 154.1 6.1 H3-H4 8.79 9.75 0.96 
C4-H4 147.2 152.6 5.4 H4-H5 9.85 10.75 0.9 
C5-H5 146.9 153.1 6.2 - - - - 

B 

C1-H1 174.1 178.9 4.8 H1-H2 2.42 3.97 1.55 
C2-H2 151.4 152.5 1.1 H2-H3 4.76 3.53 -1.22 
C3-H3 151.5 148.9 -2.6 H3-H4 3.41 3.30 -0.11 
C4-H4 148.8 152.8 4.0 - - - - 
C5-H5 146.1 145.7 -0.4 - - - - 

C 

C1-H1 172.6 177.7 5.1 H1-H2 3.67 2.46 -1.21 
C2-H2 138.7 135.6 -3.1 H2-H3 10.59 11.14 0.55 
C3-H3 147.4 144.4 -3.0 H3-H4 9.04 8.43 -0.61 
C4-H4 147.2 142.4 -4.8 H4-H5 10.16 8.80 -1.36 
C5-H5 147.0 143.4 -3.6 - - - - 

Table 7. Scalar and dipolar coupling constants of the heparin-derived tetrasaccharide from the work [41]. 

In order to obtain the order tensor parameters, the analysis was divided into two sets 
depending on the conformation of the ring B, and thus, their diagonalized order tensors 
were inspected. The average Saupe matrix, mostly utilized to build up the molecular frame 
in RDC-based studies [48], of the 1C4 form was found to have principle axis components: SZZ 
= 1.44e-04, SYY = 1.36e-04, SXX = -0.70e-05 (generalized degree of order, GDO, = 1.62e-04), while in 
the 2S0 form, the values SZZ = 1.58e-04, SYY 1.43e-04, and SXX = -1;44e-05 (GDO = 1.74e-04) was 
given [42]. The GDO is a parameter indicative of molecular motion, and the large difference 
between GDO of two rigid fragments of a molecule indicates conformational flexibility [42, 
48]. The two largest components of the tensors obtained for the heparin-derived 
tetrasaccharide [42], SZZ, and SYY, differ by less than 10%, which caused their occasional 
swapping, seen in particular for the B ring in the chair 1C4 conformer. Importantly, there is 
less than 10% difference between the SZZ (SYY) values of the two groups of B conformers. In 
addition, the orientation of the principle axes of the two tensors was very similar. Figure 17 
shows that SZZ is parallel to the long axis of the trisaccharide CBA of the heparin-derived 
tetrasaccharide [42]. The large SYY component arises from the presence of bulky sulfate 
groups, and the fact that the D ring is positioned at an acute angle to the SZZ-axis. The 
smallest component, SXX, is at least an order of magnitude smaller than the others. Although 
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there is 100% difference between the two forms of ring B, this can easily be a result of small 
changes in the average orientation of some sulfate groups [42].  

 
Figure 17. Orientation of the principle axis frame of the order tensor relative to the line-model structure 
of the heparin-derived tetrasaccharide: (A) ring B in its skew-boat 2S0 conformation; and (B) ring B in its 
chair 1C4 conformation. The relative lengths of the principle axis correspond to the principle order 
parameters. The rings are indicated by letters and the carbons by digits. White, hydrogen; dark grey, 
carbon; red, oxigen; blue, nitrogen; yellow, sulfur. Data reproduced from [42].  

2.6. NOE in glycobiology NMR 

The nuclear Overhauser effect (NOE)-based NMR studies have been considered the 
foundations of biomolecular NMR not only through the conformational perspective but also 
useful in deciphering the hydrogen-bond networks of intermolecular complexes containing 
glycans. This was the main technique applied by the Nobel Prize-awarded group of Kurt 
Wuthrich in structural studies of biomolecules by NMR spectroscopy. NOE-signals result 
from a relaxation phenomenon and provide a through-space distance between two nuclei 
(usually protons) from the same molecule (intra-molecular NOE) from the same residue 
(intra-residue NOE) or those induced in the presence of binding residue (inter-residue 
NOE), as well as from different molecules (inter-molecular NOEs). The latter is usually 
studied by the specific transferred NOE (trNOE)-signals [52]. Next, we will give few brief 
examples in glycobiology successfully using these two NOE-related NMR techniques.  

2.6.1. The classical through space NOE-based structural and conformational studies  

As already documented in item 2.5.1, IdoA units can experience in solution the chair 1C4, 
and 4C1 as well as the skew-boat 2S0 conformations. The relative proportion of each 
conformer population varies as function of the adjacent units and attached substituents  
(if any) [41]. The contribution of each of these conformation populations can be determined 
by 3JH-H, but also by intra-residue NOE-signals. In the work of Silipo et al. [41], the NOE 
contact between H2 and H5 of the IdoA unit, which can only be seen in the skew-boat 2S0 

conformation, supports the 3JH-H -based results obtained from a study of a dermatan sulfate-
derived tetrasaccharide (Table 5) [41]. 

Unlikely the previous example of intra-residue NOE-signal, in the work of Castro et al. [53], 
an intramolecular inter-residue NOE-signal has been assigned between the (1→3) glycosidic 
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bonds of β-galactosyl units in a marine sulfated galactan. This NOE-signal was crucial to 
define the repetitive disaccharide unit of this new structure of sulfated glycan [53].  

NOE-signals are the most important NMR information for conformational studies, including 
of carbohydrates. The existence of conformational structures of some oligosaccharides in 
solution can be seen by the examples of tri-, tetra-, and pentasaccharides of (1→2)-β-
mannopyranosyl units studied by NOESY (nuclear Overhauser effect spectroscopy), and 
ROESY (rotational frame nuclear Overhauser effect spectroscopy) [54]. These both 2D NMR 
spectral types are capable to display cross-peaks from through space 1H-1H connections, 
however, with different intensities as a function of the molecular size or correlation-time. 
ROE-signals are always positive, ranging from ~40 to 65% intensity, while NOE-signals has 
larger range, from 50% positive peak intensity to 100% negative peak intensity, according to 
the molecular size and correlation-time [55]. Therefore, as NOE- and ROE- resonances 
depend on the size of the molecules, both experiments were recorded for the mannopyranan 
oligosaccharides [54]. Inter-proton distances were calculated based on the r-6 relationship 
between distance and NOE/ROE cross-peak intensity related to a signal reference from the 
same studied molecule with known parameters. In this example case, the intra-residue H1-
H5 contact, set to 2.39 Å was used found on relevant crystal structure models [54], and the 
values obtained are displayed in Table 8. 
 

Observed NOE- or ROE-
contacts Inter-proton distances calculated (Å) 

 trisaccharidea tetrasaccharideb pentasaccharidea 
Contacts across glycosidic 

linkage observed calculated observed calculated observed calculated 

H2A-H1B 2.3 2.5 2.3 2.4 2.2 2.5 
H2B-H1C 2.3 2.4 2.2 2.4 2.2 2.4 
H2C-H1D - - 2.3 2.5 nqc 2.4 
H2D-H1E - - - - 2.3 2.5 

Contacts separated by one 
residue       

H4A-H1C 3.3 2.7 3.1 2.8 3.2 2.9 
H4A-H2C 2.9 3.0 2.8 2.7 2.7 2.7 
H4B-H1D - - 3.1 2.8 3.1 2.9 
H4B-H2D - - 2.7 3.0 2.7 2.8 
H4C-H1E - - 3.2 2.8 
H4C-H2E - - 2.8 3.1 

Contacts separated by two 
residues       

H4A-H1D 3.7 3.4 4.1 3.6 3.7 3.4 
H4B-H1E 4.2 3.7 - - 4.2 3.7 

aROE-contacts 
bNOE-contacts 
cnot quantified because of overlap. 

Table 8. NOE- or ROE-contacts for (1→2)-β-mannopyranosyl units tri-, tetra- and pentasaccharides. 
Oligosaccharides are labeled from the reducing terminus. Reproduced from [54]. 
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All the inter-glycosidic contacts (H1-H2) between linked mannosyl units are assigned and 
with similar distance values (Table 8). The rising numbers of other spatial contacts in tri-, 
tetra- and pentasaccharide, point clearly towards defined 3D conformers of these molecules. 
The presence of contacts between H4 with H1 and H2 of residues located two units away in 
a chain, strikingly supports the presence of ordered structures of these oligosaccharides in 
solution [54].  

2.6.2. Protein-bound carbohydrate conformations seen by transferred NOE 

Transferred NOE (trNOE) experiments can reveal the bioactive conformations of protein-
bound carbohydrates [56-59]. This is very important in glycobiology since the recognition of 
binding conformers of sugars to enzymes, antibodies and lectins are of great interest in 
glycobiology, especially for in carbohydrate-based drug design. trNOE is obtained from a 
regular NOESY experiment although at a protein-carbohydrate mixed samples that posses 
some dynamic exchange. The carbohydrate ligand must be in excess of the protein, and thus 
trNOE can be collected from the free ligant that experience the “on-state” upon physical 
contact with the protein. In complexes involving large molecules, cross-relaxation rates of 
the bound state (σB), which depend on the respective inter-proton distances, the 
spectrometer frequency, and the correlation time (molecular size) of the complex, have 
opposite sign compared to the free state (σF), and produce negative resonance. Therefore, 
the existence of binding formation can be proved by simple visual inspection since the small 
molecules, free ligants, would produce positive NOE signals. For a trNOE experiment, the 
following conditions must occur: 1) PROTEIN + SUGAR(excess) ↔ PROTEIN.SUGAR, 2) Ka = 
[PROTEIN.SUGAR] / [PROTEIN] x [SUGAR], 3) pbσB ˃ pfσF, and 4) k-1 ˃˃ σB, where Ka is the 
association constant, pb and pf are the fractions of bound and free sugar ligand, σB and σF are 
the cross-relaxation rates for the bound and unbound ligand states, and k-1 is the off-rate 
constant. Therefore, based on the fourth rule, the exchange reaction has to be fast on the 
relaxation timescale. 

The use of trNOE can be illustrated by the work concerning the protein-bound 
conformational characterization of the mimetic ligand β-D-GlcpNAc-(1→2)-α-D-Manp-
(1→6)-β-D-Glcp-O-Octyl, an acceptor of the enzyme N-acetylglucosaminyltransferase V 
(GnT-V) [59]. Figure 18 shows an expansion of the glycosyl region at NOESY spectra of the 
carbohydrate acceptor substrate, in the presence of the enzyme, and the enzyme only. 
Regardless the cross-peaks from the protein (Figure 18c), Figure 18b showed a number of 
cross-peaks not observed in the free acceptor (Figure 18a). These are trNOE that were used 
as distances constraints (Table 9) for modeling a GnT-V-bound conformation of the ligand 
(Figure 19). Simulated annealing was used to refine the structure of the bound-state acceptor 
using the NOE constraints listed in Table 9. From the 100 structures generated, an ensemble 
of the selected 10 lowest overall energy conformations-built structure is illustrated in Figure 
19. With this example, trNOE-based NMR studies are shown to be quite efficient to 
determine, protein-bound conformational states of carbohydrates.  
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Figure 18. Expanded (carbohydrate region) NOESY spectra of (a) the acceptor, (b) the acceptor in the 
presence of GnT-V, and (c) GnT-V background. These allow assessment of conformational changes on 
binding to GnT-V. Reproduced from [59].  

O-Octyl Glc Man´ GlcNAc´´ Distances (Å) 
CH2-1b H1 - - 3.0
CH2-1a H1 - - 3.0
CH2-2 H1 - - 3.5

- H5-H6(S) - - 2.2
- H1-H6(S) - - 3.3
- H6(S) H1´ - 2.5
- H6(S) H2´ - 2.9
- H4 H3´ - 3.0
- H5 H1´ - 3.5
- H4 H1´ - 3.9
- H6(S) - H1´´ 3.0
- H6(S) - NAc 3.6
- - H4-H6(S) - 2.9
- - H2´ H1´´ 2.6
- - H1´ H1´´ 2.7
- - H2´ H5´´ 3.5
- - H1´ NAc 3.5
- - H3´ H1´´ 3.6
- - H6´(S) NAc 3.6

H2´ H4´´ 3.7
H1´ H5´´ 4.1
H2´ NAc 4.8
H4´ NAc 4.9

H5´´-H6´´(R) 2.5
H5´´-H6´´(S) 2.5
H4´´-H6´´(S) 3.1

H1´´-NAc 4.0
H2´´-NAc 4.5
H3´´-NAc

Table 9. 1H-1H distances determined from the trNOE signals from the acceptor in the presence of GnT-
V. Data reproduced from [59]. 
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Figure 19. The 10 lowest energy structures from NOE restrained simulated annealing were aligned 
using the sugar ring atoms. Note the higher disorder at the O-octyl chain. Reproduced from [59].  

3. Marked conclusions 

Despite the recent association of NMR with glycobiology, relevant results have ultimately 
appeared. Although carbohydrates posses high-order degrees of flexibility, and usually 
great structural complexity; NMR methods still seem quite able to elucidate the main 
structural characteristics and dynamic behaviors of the majority of glycans. Since NMR 
spectroscopy is currently the most advanced and powerful structural technique, despite its 
sensitivity issue, its contribution to the glycobiology’s progress, and thus to the current 
glycomics’ is profound. New NMR methods have been adjusted just for carbohydrate 
analysis, inclusively specific isotopic labeling protocols to overcome the sensitivity problem. 
Proton, carbon-13, nitrogen-15 by either one- or multi-dimensional NMR experiments, 
chemical shifts, scalar coupling constants, dipolar coupling constants, and NOE-through 
space connections of free or protein-bound carbohydrates comprise the principle NMR 
spectroscopy methods for glycobiology. Many other NMR techniques, such as saturation 
transfer difference and modified pulse sequence destined just to address glycobiology-
related problems do exist, although not covered in this chapter. The main idea of 
carbohydrates as just energetically or structurally involved-molecules, has falling apart as 
many other vital functions of glycans, mostly in signaling events, have been unraveled 
along the past few years. And NMR spectroscopy is making an outstanding contribution for 
these big discoveries.  
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1. Introduction 

Robert Koch discovered the acid-fast bacterium that is the pathogenic germ of tuberculosis 
(TB) in 1882 [1]. TB is a major public health problem in the world and the leading cause of 
death from a single infectious agent. The World Health Organization estimates that one 
third of the world’s population is infected with Mycobacterium tuberculosis, and annually 
reports the global burden of the disease caused by TB. Over 8 million new cases and nearly 
1.5 million deaths from TB occur each year, presenting a significant threat to the world 
health [2]. The pathogenicity of mycobacteria is related to their ability to evade being 
ingested by macrophages, produce latent infection, and induce delayed-type 
hypersensitivity lesions such as granulomas. Moreover, the global spread of multi- and 
extensively drug-resistant TB (MDR-TB and XDR-TB, respectively) and the number of 
immunocompromised hosts, including victims of the human immunodeficiency virus (HIV) 
epidemic, are important problems [3]. 

The mycobacteria include the TB-causative acid-fast bacteria that are widely pathogenic to 
humans: M. tuberculosis, M. avium-intracellulare complex (MAC), M. leprae, and M. bovis, the 
source of the only available TB vaccine, Bacillus Calmette Guérin (BCG). The acid-fast 
bacteria are rich in lipids, and many mycoloyl glycolipids, such as cord factor/trehalose-6,6’-
dimycolate (TDM), phenolic glycolipid (PGL), sulfolipid (SL), glycopeptidolipid (GPL), 
phosphatidylinositol mannoside (PIM), lipomannan (LM), and lipoarabinomannan (LAM), 
are distributed in the cell wall [4-7]. Among them, glycolipids specific to the mycobacteria 
play a key role in the pathogenesis, because mycobacteria have large amounts of lipids that 
possess pleiotropic activities. The complex interaction between a range of mycobacterial 
components and the host cause the pathogenesis. 

In this review, the distribution of major glycolipids in several Mycobacteria and structural 
analyses using mass spectrometry (MS) are described. MS and MS/MS are useful to analyze 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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the glycosyl linkage, composition, and sequence of the sugar moiety. These results make it 
possible to discuss the heterogeneity and biosynthesis of glycolipids, and host responses to 
them. We hope that this review will promote better understanding of the structure-function 
relationships of glycolipids and open new avenues for prevention of infectious diseases. 

2. Distribution of glycolipids and phospholipids in mycobacteria 
The cell envelope surrounds the cytoplasm and is important for bacterial physiology and 
protection of microorganisms from their environment. Unlike other pathogenic microbes, 
the cell envelope of the acid-fast bacteria, including mycobacteria, is wax-like. The 
characteristic component is mycolic acids (MAs) which are α-branched β-hydroxy fatty 
acids (FAs), and have species-specific carbon-chain lengths and subclasses (α, methoxy, 
keto, dicarboxy, epoxy, etc.). The total lipid fraction was extracted with 
chloroform/methanol (3:1 and 2:1 v/v) and developed by two-dimensional thin-layer 
chromatography (TLC). Many glycolipids and phospholipids were detected, as shown in 
Fig. 1. Some glycolipids, such as cord factor/TDM and trehalose 6-monomycolate (TMM), 
exist ubiquitously in mycobacteria, and other glycolipids, including SLs and penta-acyl 
trehalose, exist only in virulent strains [8]. In general, the mycobacterial species have 
heterogeneous compositions and concentrations of glycolipids. According to current models 
of the mycobacterial cell envelope, which are ultimately based on an idea of Minnikin [9], 
arabinogalactan-attached MAs are believed to form one highly-arranged leaflet of a second 
membrane-like structure adjacent to the cell-wall skeleton (CWS). Complemented by other 
lipids forming the outer leaflet, this structure represents a very hydrophobic barrier that is 
responsible for the resistance to certain drugs [10]. The free glycoconjugates of MA, in 
particular TMM and cord factor/TDM, appear to be more difficult to localize, and 
occasionally they are described or depicted as distributed on the cell surface or buried more 
deeply in the cell envelope. A proposed structure of the mycobacterial cell envelope is 
shown in Fig. 2 [4, 11, 12]. 

 
Figure 1. TLC of total lipids derived from Mycobacterium tuberculosis Aoyama B strain. 
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Figure 2. Schematic representation of mycobacterial cell envelope. 

3. Host responses to mycobacterial glycolipids 

Mycobacteria are intracellular pathogens. Mycobacterial infection has dual consequences for 
the host: development of inflammatory lesions and clearance of the pathogen. Genetic 
regulation and expression of cell-mediated immunity and delayed-type hypersensitivity 
play critical roles in the outcome. Cell-mediated immunity participates in host defense, 
whereas delayed-type hypersensitivity is involved in the development of granulomatous 
inflammation. After invasion to the host cell, the mycobacteria multiply inside 
macrophages. The mechanism of pathogenesis is focused on evading the host’s killing 
system and induction of delayed-type hypersensitivity [13]. Certain cell wall glycolipids, 
such as cord factor/TDM, SL, and LAM [5-7], are involved in the host-pathogen interaction, 
and induce the primary host immune responses. 

Peptides and proteins with a wide range of antigenic moieties are recognized by the host 
immune system using major histocompatibility complex (MHC) class I or II. The recognition of 
lipids is important for host defense against mycobacterial infection as well as other antigenic 
responses. Several bacterial lipid antigens are recognized by specific T cells. MA derived from 
mycobacteria is a lipid antigen that stimulates CD1b-restricted T cells [14, 15].  Other 
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are extracted with n-hexane or chloroform after alkaline-hydrolysis of heat-killed bacteria, 
and the subclasses are detected by using TLC developed with methyl ester derivatives (Fig. 
3). The molecular species of the MA subclasses are determined by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) using an Ultraflex 
II (Bruker Daltonics, Billerica, MA, USA) with 10 mg/ml 2,5-dihydroxybenzoic acid (DHB) in 
chloroform-methanol (1:1, v/v) as a matrix, and analyzed in Reflectron mode with an 
accelerating voltage operating in positive mode at 20 kV (Fig. 4). The MAs with short 
carbon-chains can be analyzed by using gas-chromatography mass spectrometry GC/MS. 
The trimethylsilyl derivatives of MA methyl esters are volatile, and the GC/MS spectra show 
specific fragment patterns that are assigned to detailed structures (Fig. 5), although the MAs 
with long carbon chains are difficult to vaporize and detect by GC/MS [18-20]. In addition, 
MAs are analyzed by using high performance liquid chromatography (HPLC) [21]. The 
resolution of HPLC is poor compared to that of GC/MS. GMM, fructose-6-monomycolate 
(FMM), and mannose-6-monomycolate (MMM) are produced by acid-fast bacteria cultured 
with their respective carbon source: glucose, fructose, and mannose. The structures are 
composed of MAs attached to glucose, fructose, and mannose, respectively, at the C6 
position [20, 22]. Recently, it was reported that M. tuberculosis produces GMM by 
transferring MA to glucose from cord factor/TDM, and thus evades the host immune system 
[23]. The molecular weights of mycoloyl glycolipids are measured by MALDI-TOF MS, and 
this information makes it possible to determine the combination of MA subclasses [24]. Cord 
factor/TDM is probably the most prominent and best-studied MA-containing compound of 
mycobacteria, and shows pleiotropic activities, including the development of 
granulomatous inflammation, anti-tumor immune response, and adjuvant effects based on 
the induction of proinflammatory and type 1 helper T cell (Th1)-related cytokines from host 
cells [25-27]. We demonstrated that administration of cord factor/TDM could induce 
delayed-type hypersensitivity-like lesions and foreign-body granulomas in euthymic and 
athymic mice, regardless of preimmunization with mycobacteria and cord factor/TDM. In 
fact, preimmunized mice challenged with cord factor/TDM developed more severe lesions 
than unimmunized mice. At the active lesion, CC-chemokines attracting monocytes, 
proinflammatory cytokines, and immunoregulatory cytokines were found. The 
inflammatory and cytokine responses were augmented in immunized mice challenged with 
cord factor/TDM. As a result, cord factor/TDM can induce both foreign body-type 
(nonimmune) and hypersensitivity-type (immune) granulomas by acting as a nonspecific 
irritant and T-cell-dependent antigen, and both nonimmune and immune mechanisms 
participate in granulomatous inflammation induced by mycobacterial infection [13, 28]. 
Moreover, rhodococcal cord factor/TDM induced milder granulomatous lesions than a 
mycobacterial one, implying that the proinflammatory responses induced by cord 
factor/TDM are in proportion to the carbon-chain length and subclasses of MAs in addition 
to carbon species [20, 29]. Recently, it was clarified that macrophage-inducible C-type lectin 
(mincle) is an essential receptor for cord factor/TDM [30]. Mincle is a receptor for sugar, and 
our previous result showed that the proinflammatory responses are MA-dependent. I expect 
the discovery of other unknown receptors for cord factor/TDM in addition to mincle. 
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Figure 3. TLC of mycolic acid methyl esters derived from Mycobacterium, Rhodococcus, and Dietzia species. 

 
Figure 4. MALDI-TOF MS spectra of mycolic acid methyl ester subclasses from M. tuberculosis H37Rv. 
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Figure 5. Total ion chromatogram and mass spectrum of mycolic acid trimethylsilyl derivatives from  
R. equi. 

5. Glycopeptidolipid (GPL) 

GPLs are produced by MAC, M. scrofulaceuem, M. chelonae, M. fortuitum, and M. smegmatis. 
Structurally, a GPL is composed of two parts, a common tetrapeptido-amino alcohol core 
and a serotype-specific oligosaccharide (OSE) elongated from 6-deoxy-talose (6-d-Tal). D-
phenylalanine-D-allo-threonine-D-alanine-L-alaninol (D-Phe-D-allo-Thr-D-Ala-L-alaninol), 
which is modified with an amido-linked 3-hydroxy or 3-methoxy C26-C34 FA at the N-
terminal of D-Phe; D-allo-Thr and terminal L-alaninol are further linked to a 6-d-Tal and 
3,4-di-O-methyl rhamnose (3,4-di-O-Me-Rha), respectively [31]. This portion is common to 
all serotypes, and is called the serotype-nonspecific GPL (apolar GPL), which exhibits 
antigenicity [11]. Serotype-specific GPLs (polar GPLs) are further glycosylated with a 
variable haptenic OSE at 6-d-Tal. We determined the structures of the serotype 7, 13, and 
16 GPLs and identified the gene clusters completing the OSE biosynthesis [32-34]. In 
addition, two methyltransferase genes of serotype 7- and 12-specific GPL biosynthesis 
were characterized [35]. The standard technique to classify MAC strains has employed 
serologic typing based on the OSE residue of the GPL. Recently, the biosynthetic pathway 
of various haptenic OSEs has been explored, and the genes encoding the pathways have 
been identified and characterized [36-38]. At present, 31 distinct serotype-specific polar 
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GPLs have been identified biochemically, and the complete structures of 17 GPLs are 
defined [12, 33]. The GPL present on the cell wall is considered to affect colony 
morphology. The MAC colony phenotype spontaneously changed from a smooth to a 
rough type, and this was due to a mutation lacking GPLs [39, 40]. The polar GPLs 
produced by MAC species are of particular interest because they are considered to be 
correlated with the physiology of the bacteria and the host responses to MAC infection, 
for example, colony morphology, sliding motility, biofilm formation, immune 
modulation, and virulence [40-43]. 

We have demonstrated the applicability of serodiagnosis of MAC pulmonary diseases 
using the GPL and GPL core antigens, and have also shown that the levels of GPL and 
GPL core antibodies reflect disease activity [44-46]. The GPLs are produced by MAC 
species but are absent in M. tuberculosis, making it possible to distinguish MAC from 
tuberculous mycobacteria [44, 47]. An anti-GPL antibody is produced in the sera of 
patients and the level reflects the extent of disease, which is useful in diagnosis and 
treatment [48, 49]. GPLs are one of the immunologically active molecules characteristic of 
MAC, and serotype-specific GPLs participate in the pathogenesis and 
immunomodulation in the host [50, 51]. It has been reported that the GPL core plays a 
role in suppression of mitogen-induced blastogenic response in spleen cells [52]. In 
addition, the immunomodulating activity of GPL on macrophage functions is serotype-
dependent [53]. The serotype 4 GPL promotes phagocytosis and inhibits phagosome-
lysosome (P-L) fusion, whereas the GPLs of serotypes 9 and 16 exhibit no effect on 
phagocytosis and P-L fusion. The serotype 8 GPL shows concomitant stimulation of both 
phagocytosis and P-L fusion. Because the GPL core, but not OSE, is common in all 
serotypes, the OSE of GPL may be involved in the mechanism of inhibition of P-L fusion, 
which is mediated through mannose receptors of macrophages [54]. The serotype 4 GPL 
inhibits the lymphoproliferative response to mitogens [51]. Thus, host responses to GPLs 
vary with the MAC serotype. It is reported that the uptake by and growth in 
macrophages of a MAC mutant with a gene in the GPL synthesis pathway inactivated by 
a transposon insertion were decreased [55]. The pathogenicity of GPL may comprise both 
a common peptide core and an OSE elongated from 6-d-Tal. The GPL is a pleiotropic 
molecule and participates in the pathogenesis of MAC disease. Elucidation of the 
structure-activity relationship of GPL is required for a better understanding of the 
pathogenesis. 

6. Structural analysis of GPL 

The polar GPL is species-specific in the portion of the OSE. MS is very useful to  
analyze the structure of OSE sequences and linkage positions in addition to total 
molecular weight. In this review, I describe detailed methods and results of structural 
analyses of some GPLs. The procedure for structural analysis of OSE is summarized in 
Fig. 6. 
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Figure 6. Procedure for structural analyses of OSE. 

6.1. Preparation of GPL 

MAC was grown on Middlebrook 7H11 agar (Difco Laboratories, Detroit, MI, USA) with 
0.5% glycerol and 10% Middlebrook OADC enrichment (Difco) at 37°C for 2-3 weeks. Heat-
killed bacteria were sonicated, and total lipids were extracted with chloroform-methanol 
(2:1, v/v). The total lipids were hydrolyzed with 0.2 N sodium hydroxide in methanol at 
37°C for 2 h, followed by neutralization with 6 N hydrochloric acid. Alkaline-stable lipids 
were partitioned by a two-layer system with chloroform-methanol (2:1, v/v) and water. The 
organic phase was evaporated and precipitated with acetone to remove any acetone-
insoluble components. The supernatant was partially purified with a Sep-Pak Silica 
Cartridge (Waters Corporation, Milford, MA, USA). The GPL was completely purified by 
preparative TLC of silicagel G (Uniplate; 20  20 cm, 250 µm; Analtech, Inc., Newark, DE, 
USA). The TLC plate was developed with chloroform-methanol-water (65:25:4 and 60:16:2, 
v/v), until a single spot was obtained. 

6.2. Preparation of OSE moiety 

-Elimination of the GPL was performed with alkaline borohydride, and the OSE 
elongated from D-allo-Thr was released [34, 56]. The GPL was stirred in a solution of 
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equal volumes of ethanol and 10 mg/ml sodium borodeuteride in 0.5 N sodium hydroxide 
at 60°C for 16 h. The reaction mixture was decationized with Dowex 50W X8 beads (Dow 
Chemical Company, Midland, MI, USA), and evaporated under nitrogen to remove boric 
acid. After partition into two layers of chloroform-methanol (2:1, v/v) and water, the 
upper aqueous phase was recovered and evaporated, and the OSE was purified as an 
oligoglycosyl alditol. 

6.3. Molecular weight of intact GPL 

The molecular species of the intact GPL was determined by MALDI-TOF MS. One µg of the 
GPL dissolved with chloroform-methanol (2:1,v/v) was applied to the target plate, and 1 µl 
of 10 mg/ml DHB in chloroform-methanol (1:1, v/v) was added as a matrix. The intact GPL 
was analyzed in the Reflectron mode with an accelerating voltage operating in positive 
mode at 20 kV [57]. The peak ions of intact GPL were detected in sodium adduct form, 
[M+Na]+ as the main molecular-related ion; representative spectra of some GPLs are shown 
in Fig. 7. The mass numbers identified the proposed structures of each GPL. 

 
 

 

 
 
 

Figure 7. MALDI-TOF MS spectra of representative GPLs. 

6.4. Glycosyl sequences of OSE. 

The molecular weight of the OSE portion is measured by MALDI-TOF MS. The OSE and 10 
mg/ml DHB were dissolved in ethanol-water (3:7, v/v) and applied to the target plate 
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according to the method for intact GPL. To determine the glycosyl sequence of the OSE, 
MALDI-TOF MS/MS analysis of the oligoglycosyl alditol from the OSE was performed. The 
spectrum afforded the molecular ion [M+Na]+, together with the characteristic mass 
increments in the series of glycosyloxonium ions formed on fragmentation at each glycosyl 
linkage from both terminal sugars to their opposites, respectively. It was shown the 
representative assignments of intact serotype 13 GPL and its OSE with the proposed 
structure in Fig. 8. 

 
Figure 8. MALDI-TOF MS and MS/MS spectra of serotype 13 GPL. The molecular weight of the intact 
GPL was detected as m/z 1897 for [M+Na]+ and fixed the proposed structure. The MS/MS spectra clearly 
show that the each ion was assigned to the fragmentation at each glycosyl linkage from both terminal 
sugars to their opposites, respectively. 

6.5. GC/MS of carbohydrates 

To determine the glycosyl composition and linkage position, GC/MS of partially methylated 
alditol acetate derivatives was performed. Perdeuteromethylation was conducted by the 
modified procedure of Hakomori [34, 58]. The OSE was dissolved with a mixture of 
dimethylsulfoxide and sodium hydroxide, followed by the addition of deuteromethyl iodide. 
After stirring at room temperature for 15 min, the reaction mixture was separated by a two-
layer system of water and chloroform. The chloroform-containing perdeuteromethylated OSE 
layer was collected, washed twice with water, and evaporated completely. Partially 
deuteromethylated alditol acetate derivatives were prepared from perdeuteromethylated OSE 
by hydrolysis with 2 N trifluoroacetic acid at 120°C for 2 h, reduction with 10 mg/ml sodium 
borodeuteride at 25°C for 2 h, and acetylation with acetic anhydride at 100°C for 1 h [34, 59]. 
GC/MS was performed using a fused capillary column (SP-2380 and Equity-1; 30 m, 0.25 mm 
ID, Supelco, Bellefonte, PA). The linkage positions were acetylated, and no related positions 
were previously deuteromethylated. The linkage positions were assigned by the 
fragmentation patterns of partially deuteromethylated alditol acetate derivatives and retention 
time of the peaks. The representative fragmentation patterns of partially methylated alditol 
acetate derivatives are shown in Fig. 9. 
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Figure 9. Representative mass spectrum of partially deuteromethylated alditol acetate derivatives. 

6.6. Nuclear magnetic resonance (NMR) of GPL 

The OSE was dissolved in deuterium oxide. To define the anomeric configurations of each 
glycosyl residue, 1H and 13C nuclear magnetic resonance (NMR) was employed. Both 
homonuclear correlation spectrometry (COSY) and 1H-detected [1H, 13C] heteronuclear 
multiple-quantum correlation (HMQC) were performed as described previously [34, 56]. 
The 1H NMR and 1H-1H homonuclear COSY analyses of the OSE derived from the GPL 
revealed distinct anomeric protons with corresponding H1-H2 cross-peaks in the low-field 
region, and the chemical shift and coupling constant are indicative of -anomers and a -
hexosyl unit, respectively. 
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7. Biosynthesis gene of GPL 

7.1. Isolation of cosmid clones carrying rtfA gene and sequence analysis 

First, we constructed the M. intracellulare cosmid library. Genomic DNA of MAC was 
prepared by mechanical disruption of bacterial cells, which was accomplished by 
homogenizing a bacterial pellet with glass beads in phosphate-buffered saline, followed by 
phenol-chloroform extraction, and precipitation with ethanol. Genomic DNA fragments 
randomly sheared to 30–50 kb fragments during the extraction process were fractionated 
and electroeluted from agarose gels using Takara Recochip (Takara, Kyoto, Japan). These 
DNA fragments were rendered blunt-ended using T4 DNA polymerase and dNTPs, 
followed by ligation to dephosphorylated arms of pYUB412 (XbaI-EcoRV and EcoRV-XbaI). 
After in vitro packaging using Gigapack III Gold extracts (Stratagene, La Jolla, CA, USA), 
recombinant cosmids were introduced into the E. coli STBL2 [F–mcrA D (mcrBC-hsdRMS-
mrr) endA1 recA1 lon gyrA96 thi supE44 relA1 l- D (lac-proAB)]. PCR was used to isolate 
cosmid clones carrying the rhamnosyltransferase (rtfA) gene with primers rtfA-F (5’-
TTTTGGAGCGACGAGTTCATC-3’) and rtfA-R (5’-GTGTAGTTGACCACGCCGAC-3’). 
RtfA encodes an enzyme responsible for the transfer of Rha to 6-d-Tal in the OSE [38, 60]. 
We isolated the cosmid clones #49 (accession no. AB274811) and #253 (accession no. 
AB355138), which are responsible for the biosynthesis of GPL 7 and 16, respectively. The 
insert of a cosmid clone was sequenced using a BigDye Terminator v3.1 Cycle Sequencing 
Kit (Applied Biosystems, Foster City, CA, USA) and an ABI Prism 310 gene analyzer 
(Applied Biosystems). The putative function of each open reading frame (orf) was identified 
by similarity searches between the deduced amino acid sequences and known proteins 
using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) and FramePlot (http://www.nih.go. 
jp/~jun/cgi-bin/frameplot.pl), and the DNASIS computer program (Hitachi Software 
Engineering, Yokohama, Japan). The similarity of protein sequences of each ORF was 
compared to those of serotype 2, 4, 7, and 16 GPLs, and the genetic maps for GPL 
biosynthetic cluster are summarized in Fig. 10 [32, 36, 61]. The OSE of serotype 1 GPL 
produced by M. avium serotype 1 strain is composed of -L-Rha-(12)-6-d-L-Tal, which is 
the core OSE of all serotypes [12]. M. avium serotype 1 strain (NF113) was transformed with 
pYUB412-cosmid clone #253 containing the serotype 16-specific gene cluster. The 
transformant produced a serotype 16 GPL with a different Rf value on TLC compared to 
serotype 1 GPL. The molecular weights of intact GPLs and the fragment patterns of their 
OSEs were completely equivalent to the serotype 16 GPL. Next, we identified some orf 
functions of #253. We hypothesized that orf1, 16, and 17 in #253 were correlated with the 
glycosyltransferase by the similarity of ORF sequences, in addition to rtfA. They were 
compared to the productive GPLs of serotype 1 transformants inserted with the combination 
of orf1, 16, and 17. We determined that orf1, 17, and 16 were responsible for the elongation 
from 6-d-Tal-Rha to 6-d-Tal-Rha-Rha-Rha-Rha, and that these glycosyltransferases operated 
in this order, as shown in Fig. 11. After the elongation of an OSE, the OSE may be modified 
by aminotransferase, methyltransferase, and acyltransferase, and serotype 16 GPL may be 
completed. 
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(Applied Biosystems). The putative function of each open reading frame (orf) was identified 
by similarity searches between the deduced amino acid sequences and known proteins 
using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) and FramePlot (http://www.nih.go. 
jp/~jun/cgi-bin/frameplot.pl), and the DNASIS computer program (Hitachi Software 
Engineering, Yokohama, Japan). The similarity of protein sequences of each ORF was 
compared to those of serotype 2, 4, 7, and 16 GPLs, and the genetic maps for GPL 
biosynthetic cluster are summarized in Fig. 10 [32, 36, 61]. The OSE of serotype 1 GPL 
produced by M. avium serotype 1 strain is composed of -L-Rha-(12)-6-d-L-Tal, which is 
the core OSE of all serotypes [12]. M. avium serotype 1 strain (NF113) was transformed with 
pYUB412-cosmid clone #253 containing the serotype 16-specific gene cluster. The 
transformant produced a serotype 16 GPL with a different Rf value on TLC compared to 
serotype 1 GPL. The molecular weights of intact GPLs and the fragment patterns of their 
OSEs were completely equivalent to the serotype 16 GPL. Next, we identified some orf 
functions of #253. We hypothesized that orf1, 16, and 17 in #253 were correlated with the 
glycosyltransferase by the similarity of ORF sequences, in addition to rtfA. They were 
compared to the productive GPLs of serotype 1 transformants inserted with the combination 
of orf1, 16, and 17. We determined that orf1, 17, and 16 were responsible for the elongation 
from 6-d-Tal-Rha to 6-d-Tal-Rha-Rha-Rha-Rha, and that these glycosyltransferases operated 
in this order, as shown in Fig. 11. After the elongation of an OSE, the OSE may be modified 
by aminotransferase, methyltransferase, and acyltransferase, and serotype 16 GPL may be 
completed. 
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Figure 10. Comparison and overview of genetic maps of GPL biosynthetic cluster.  (A), M. avium strain 
724 (serotype 2, accession no. AF125999); (B), M. avium strain A5 (serotype 4, accession no. AY130970); 
(C), M. intracellulare ATCC 35847 (serotype 7, accession no. AB274811); (D), M. intracellulare ATCC 
13950T (serotype 16, accession no. AB355138). 

 

 
 

Figure 11. Proposed elongation of OSE in serotype 16 GPL. 
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7.2. Native conformation of GPL and host response 

The native GPL was purified without alkaline treatment. The native GPLs were detected on 
TLC as several spots that expanded broadly and had different Rf values from that of the 
alkaline-treated GPL (Fig. 12). Alkaline treatment converged these spots into one spot. It 
was reported that the native GPLs were modified by several O-acetylations in the OSE 
portion and the alkaline treatment removed the acetylated groups [23, 33]. We are now 
analyzing in detail the positions and numbers of O‐acetylations in the OSE by using 
MALDI-TOF MS/MS. 

 
Figure 12. TLC of some native GPL fractions (non-alkali-treated). 

The importance of Toll-like receptor (TLR)-mediated responses has been studied in 
tuberculous infections. Means et al. reported that M. tuberculosis activated both TLR2 and 
TLR4, whereas heat-killed M. tuberculosis and MAC activated only TLR2 [62]. It was 
observed that MyD88- and TLR2-deficient mice have increased susceptibility to MAC 
infection compared to TLR4-deficient and wild-type mice [63]. These lines of evidence 
suggest that TLRs are related to host recognition of the MAC components containing GPLs 
and affect MAC infections. To clarify the host recognitions of GPLs via TLRs, we stimulated 
HEK-blue-2, and -4 cells (InvivoGen, San Diego, CA, USA) with native and alkaline-treated 
GPLs. HEK-blue-2 and -4 cells are HEK293 cells stably transfected with multiple genes for 
recognition of TLR2 and TLR4 (including the co-receptors MD2 and CD14). The native GPL 



 
Glycosylation 114 

7.2. Native conformation of GPL and host response 

The native GPL was purified without alkaline treatment. The native GPLs were detected on 
TLC as several spots that expanded broadly and had different Rf values from that of the 
alkaline-treated GPL (Fig. 12). Alkaline treatment converged these spots into one spot. It 
was reported that the native GPLs were modified by several O-acetylations in the OSE 
portion and the alkaline treatment removed the acetylated groups [23, 33]. We are now 
analyzing in detail the positions and numbers of O‐acetylations in the OSE by using 
MALDI-TOF MS/MS. 

 
Figure 12. TLC of some native GPL fractions (non-alkali-treated). 

The importance of Toll-like receptor (TLR)-mediated responses has been studied in 
tuberculous infections. Means et al. reported that M. tuberculosis activated both TLR2 and 
TLR4, whereas heat-killed M. tuberculosis and MAC activated only TLR2 [62]. It was 
observed that MyD88- and TLR2-deficient mice have increased susceptibility to MAC 
infection compared to TLR4-deficient and wild-type mice [63]. These lines of evidence 
suggest that TLRs are related to host recognition of the MAC components containing GPLs 
and affect MAC infections. To clarify the host recognitions of GPLs via TLRs, we stimulated 
HEK-blue-2, and -4 cells (InvivoGen, San Diego, CA, USA) with native and alkaline-treated 
GPLs. HEK-blue-2 and -4 cells are HEK293 cells stably transfected with multiple genes for 
recognition of TLR2 and TLR4 (including the co-receptors MD2 and CD14). The native GPL 

 
Distribution, Characterization of Mycobacterial Glycolipids and Host Responses 115 

significantly activated HEK-blue-2 cells in a dose-dependent manner, but HEK-blue-4 cells 
did not respond (Fig. 13). The alkaline-treated GPL without O-acetylation did not activate 
either HEK-blue-2 or -4 cells. Re-acetylated alkaline-treated GPLs with O-acetyl groups 
substituted for all hydroxy groups of the OSE activated HEK-blue-2 cells, although the level 
of activation was lower than that of the native form. Moreover, we confirmed that only the 
native GPL stimulated mouse bone marrow-derived macrophages via TLR2 by using 
C57BL/6 and TLR2 knockout mice. Brennan and Goren first proposed that de-acetylated 
GPLs as alkaline-stable lipids, made it possible to classify serotyping [12, 31]. Schorey and 
colleagues clarified that serotype 1 and 2 GPLs can function as TLR2 agonists and promote 
macrophage activation in a TLR2 and MyD88-dependent pathway [64, 65]. They reported 
that the acetylated and methylated groups of GPLs were necessary for GPL-TLR2 
interaction as a molecular requirement. Taken together with our results, native GPLs are a 
TLR2 agonist, and it may be important for GPL-TLR2 interaction to balance the 
hydrophobicity and hydrophilicity of the GPL molecules. 

 
Figure 13. Native GPLs activate cells through TLR2. 

8. Sulfolipid (SL) 

Mycobacterial SLs are classified into three types by the number of attached short  
acyl chains. SL-1 is the predominant type, and SL-2 and -3 are intermediate types.  
The structure of SL-1 was identified as 2-palmitoyl(stearoyl)-3-phthioceranoyl-6,6’-bis-
hydroxyphthioceranoyl-trehalose-2’-sulfate [66, 67]. The presence of SLs in mycobacteria is 
strain-specific. Several studies have demonstrated a significant relationship between SL-1 
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and virulence, such as the amount of SL-1 biosynthesis in virulent strains, and the inhibition 
of P-L fusion in macrophages by SL-1. SL-1 modulates superoxide release and secretion of 
interleukin (IL)-1 and tumor necrosis factor (TNF)- by blocking activation of human 
macrophages and neutrophils [68, 69]. In contrast to these studies, it has been reported that 
pks2 disruption and SL-1 deficiency do not significantly affect the replication, persistence, 
and pathogenicity of M. tuberculosis in mice, guinea pigs, or cultured macrophages [70, 71]. 
The pathogenicity of SL-1 is controversial. SL-1 does not induce granulomatous 
inflammation, but rather inhibits it and the release of TNF- induced by cord factor/TDM 
[72]. SL-1 could contribute to virulence at an early stage of mycobacterial infection by 
counteracting the immunopotentiating effect of cord factor/TDM. On the other hand, it is 
reported that SL-3, 2-palmitoyl(stearoyl)-3-hydroxyphthioceranoyl-trehalose-2’-sulfate, is 
mainly recognized by CD1b-restricted T cells as a lipid antigen. The other tetraacylated and 
triacylated SLs (SL-1 and -2) were unable to stimulate diacylated SL (SL-3)-specific T cell 
clones, which implies that immunogenic SL-3 are not generated inside the antigen-presented 
cells [73] 

SLs of M. tuberculosis have been implicated in the virulence of this organism by inhibiting 
the P-L fusion in macrophages, thus probably promoting the intracellular survival of M. 
tuberculosis, but the pathogenic role remains controversial. The gene, pks2, responsible for SL 
synthesis was identified and disrupted [74]. The pks2 mutant defective in an early step of SL 
biosynthesis had no obvious growth defect in infected mice. By contrast, growth of a strain 
lacking MmpL8, a transporter of SL in M. tuberculosis, was highly attenuated in a mouse 
model of tuberculosis [70]. Although initial replication rates and containment levels of the 
MmpL8 mutant were identical, compared with the wild type, a significant attenuation of the 
mutant strain in time-to-death was observed. Early in infection, differential expression of 
cytokines and cytokine receptors revealed that the mutant strain less efficiently suppresses 
key indicators of a Th1-type immune response, suggesting an immunomodulatory role for 
SLs in the pathogenesis of tuberculosis [75]. 

Recently, Kummer et al. demonstrate that PapA2 and PapA1 are responsible for the 
sequential acylation of SL1 biosynthesis. Disruption of papA2 and papA1 in M. tuberculosis 
confirmed their essential role in SL-1 biosynthesis and their order of action. BALB/c mice 
infected by aerosol with wild-type, ∆papA2, and ∆papA1 mutants showed no significant 
difference in the ability of the bacteria to grow or persist through the time to death of the 
mice. The loss of SL-1 did not appear to affect bacterial replication or trafficking. They 
suggested that the functions of SL-1 are specific to human infection [76]. 

9. Phenolic glycolipid (PGL) 

The glycosylated phenolphthiocerol dimycocerosates (PDIM), so-called PGLs, are produced 
by a limited group of mycobacterial species, and most of them are pathogenic in humans 
[77]. PGL is distributed in M. leprae as a unique antigen, and inhibits the 
lymphoproliferative responses and suppresses monocyte oxidative responses [78-80]. It has 
also shown that disruption of PGL synthesis results in loss of the virulent phenotype 
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without significantly affecting the bacterial load during disease in experimental models 
using mice and rabbits, and loss of PGL was found to correlate with an increase in the 
release of the pro-inflammatory cytokines in vitro [81, 82]. A PGL purified from M. leprae has 
been used as antigen in an enzyme-linked immunosorbent assay. Antibodies directed 
against the lipid were detected in sera of leprosy patients but not in sera from uninfected 
controls or patients infected with other mycobacteria, including M. tuberculosis. The 
antibody response distinguished between the M. leprae lipid and the structurally related 
PGL from M. kansasii. Similar to serodiagnosis of MAC disease using GPL, this assay based 
on PGL antigen has considerable potential as a specific serodiagnostic test for infection with 
M. leprae [83, 84]. 

We determined the structure of the PGL derived from BCG (Tokyo 172 strain). The PGL 
produced by BCG is a so-called mycoside B (PGL-BCG), and its sugar moiety is different 
from that of the PGL produced by M. tuberculosis (PGL-tb). The PGL-BCG has only a 2-O-
Me-Rha branch elongated from the phenol moiety, although PGL-tb has it elongated to three 
sugar residues [85]. The composition of the PDIM in PGL is similar in both species. The 
MALDI-TOF MS spectrum of PGL-BCG showed m/z 1531 and other mass units at 14 Da 
intervals for [M+Na]+ as molecule-related ions in positive mode (Fig. 14). In addition, the 
MS/MS spectrum showed fragment ion peaks m/z 1371 based on the elimination of methyl-
deoxysugar; m/z 1135, 1093, based on the elimination of the C26:0, C29:0 FAs; m/z 696 based 
on the elimination of both C26:0 and C29:0 FAs; and m/z 535 for the phenol phthiocerol that 
eliminated methyl-deoxysugar and C26:0, C29:0 FAs (Fig. 14). 

Reed et al. demonstrated that PGL-tb inhibits the innate immune response. Loss of PGL-tb 
was responsible for an increase in the release of TNF-α and IL-6 and IL-12 in vitro, and the 
PGL-tb-deficient mutant showed a phenotype with low virulence/pathogenicity [81]. The 
composition of the PDIM in PGL-BCG is similar to that in PGL-tb. Although purified PGL 
molecules by themselves had no effect on the activation of macrophages in vitro, we found 
that PGL suppressed the activation of murine bone marrow-derived macrophages elicited 
by total lipids. It is considered that the PGL may have a competitive inhibitory effect or 
mask the active site of other TLR2 agonistic lipid components, and decrease their activity. 

10. Phosphatidylinositol mannoside (PIM), lipomannan (LM), and 
lipoarabinomannan (LAM) 

PIMs and their multiglycosylated counterparts, LMs, and LAMs, are complex lipoglycans 
that are found ubiquitously in the envelopes of all mycobacterial species. Their structures 
originate from a phosphatidyl-myo-inositol (MPI) anchor, which is mannosylated to 
generate LM and further arabinosylated to give LAM [86]. The non-reducing termini of the 
arabinosyl side chains can be substituted by capping motifs, and LAMs are classified into 
three families. LAMs from slow growing mycobacteria bearing mannose caps, i.e. mono- or 
(12)-di- or trimannoside units, are designated as ManLAMs. In contrast, LAMs from fast 
growing mycobacteria capped by phospho-myo-inositol units and not capped at all, are 
termed PILAM and AraLAM, respectively [87]. LAMs and LMs exhibit a broad spectrum of  
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Figure 14. MALDI-TOF MS and MS/MS spectra of PGL derived from BCG Tokyo 172 strain, and 
proposed structure. 
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immunomodulatory activities, including the ability to modulate the production of 
macrophage-derived Th1 pro-inflammatory cytokines, most commonly TNF- and IL-12. 
The ManLAM from M. tuberculosis is involved in the inhibition of phagosome maturation, 
apoptosis, and IFN- signaling in macrophages and IL-12 secretion of dendritic cells. 
ManLAMs contribute an immunosuppressive effect to the persistence of slow-growing 
mycobacteria in humans. In contrast, PILAMs are able to induce the release of a variety of 
proinflammatory cytokines. Recently it was reported that LMs from both pathogenic and 
nonpathogenic mycobacterial species, independent of their origin, are potent stimulators of 
TNF-, IL-8, and IL-12, and activate macrophages via TLR2 [88-90]. The ManLAM/LM 
balance might be important to host immune responses against mycobacteria. 

PIMs are composed of a phsophatidylinositol and mannose moieties. PIMs have 4–6 
mannoses, the third and fourth of which are acylated in some cases. PIM2 containing two 
mannoses, a main component of mycobacterial cell walls, is highly immunogenic. Several 
biological functions have been recently attributed to PIMs. PIM2 was shown to recruit 
natural killer T cells, which play a role in the local granulomatous response [91, 92]. PIMs 
activate cells via TLR-2 [93]. PIM6 as well as the ManLAMs from M. leprae and M. 
tuberculosis are presented by antigen-presenting cells in the context of CD1b [17]. The 
phosphatidylinositol moiety plays a central role in the process of binding PIMs and 
ManLAMs to CD1b proteins. 

11. Conclusion 

Mycobacterial glycolipids are pleiotropic molecules and play key roles in both microbes and 
hosts by acting as structural components of cell walls and immunologically active 
substances. A better understanding of mycobacterial glycolipids will help us develop novel 
diagnostics, therapeutics, and prophylactics for mycobacterial diseases. 
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1. Introduction 

In this chapter, we present the current advances in flagellar glycosylation. Glycosylation is 
well-known as one of the most frequent posttranslational protein modification. 
Glycosylation is well studied in eukaryotes as the superficial and secretory proteins are 
mostly glycosylated in the eukaryotic cell. Protein glycosylation was considered to be a 
eukaryotic organism specific modification for many years. However, reports of bacterial 
glycosylation have increased since the discovery of surface layer glycosylation on the cell 
envelope in archaea and hyperthermophiles in the mid-1970’s (Mescher & Strominger, 1976; 
Sleytr, 1975; Sleytr & Thorne, 1976).  

1.1. Protein glycosylation 

Protein glycosylation is largely classified as N-linked or O-linked while C-mannosylation is 
rarely identified (Furmanek & Hofsteenge, 2000). Glycan structures are enzymatically 
transferred to amino acid residues where they can covalently conjugate via the amino group 
of asparagine residues (N-glycosylation) or the hydroxyl group of serine or threonine 
residues (O-glycosylation). Both linkage types are distributed in eukaryotes and 
prokaryotes. The N-linkage glycosylation pathway is characterized in all three domains of 
life (eukarya, archaea, and bacteria) (Calo et al., 2010; Haeuptle & Hennet, 2009; Szymanski 
& Wren, 2005; Weerapana & Imperiali, 2006). The carbohydrate chain is synthesized at the 
membrane (endoplasmic reticulum (ER) in eukarya, or on the cytoplasmic side of the 
plasma membrane in archaea and bacteria) via a specific glycosyltransferase which transfers 
a nucleotide-activated sugar precursor onto the lipid carrier (dolichol-phosphate in eukarya 
and archaea, or undecaprenyl-phosphate in bacteria). The synthesized carbohydrate chain 
(oligosaccharide) is flipped across the membrane using a specific flippase, and is transferred 
to the asparagine residue in the nascent protein en bloc by an oligosaccharyltransferase 
(OST), which is composed of nine subunits in eukarya. Archaeal and bacterial OST are 
encoded by the aglB (Abu-Qarn et al., 2007) or pglB (Wacker et al., 2002) gene to yield a 
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single protein, respectively. In eukarya and archaea, the asparagine residues of the N-
linkage glycosylation site are conserved in a sequon, the N-X-S/T motif (where X is any 
amino acid except proline). Recently, the bacterial N-linkage sequon was characterized from 
Campylobacter jejuni (Kowarik et al., 2006). The two N terminal extended residues, D/E-X1-N-
X2-S/T (where X1 and X2 are any amino acid except proline), were required for the bacterial 
OST recognition of the glycosylation site. 

In eukaryote, glycoproteins typically possess a pentasaccharide core carbohydrate structures 
which consist of (Man)2-Man-GlcNAc-GlcNAc with one or more glycan chain (N-
glycosylation) and di-, or trisaccharide core structure based on GalNAc attached to serine or 
threonine (O-glycosylation). However, recent reports on C. jejuni, Haemophilus influenzae, 
and Desulfovibrio desulfuricans N-glycosylations indicate that there is no conserved core 
structure in bacteria (Gross et al., 2008; Ielmini & Feldman, 2011; Young et al., 2002).  

Thus, in prokaryotes many different glycoprotein structures have been observed that 
display much more variation than those observed in eukaryotes.  

Glycoproteins have many biological functions: one example is recognition and adhesion 
among cells (Varki, 1993). The interactions between cells are mediated by the glycan 
structures on the cell surfaces. Therefore, the different glycan moieties on the cell surfaces 
serve as markers for cell recognition events, and modifications of the glycan structures can 
render several biological functions to the protein in eukarya. In recent years, accumulating 
studies for glycosylated bacterial proteins indicate that glycan structures mainly participate 
in the virulence of the mucosal pathogen (Szymanski & Wren, 2005). Most bacterial 
glycoproteins appear to be associated with the surface of the organism as in pili or flagella. 
Flagellin is one of the extensively studied glycosylated bacterial proteins and it is suggested 
that the flagellin glycosylation is responsible for their virulence, adherence, filament 
assembly, and filament stability (Arora et al., 2005; Goon et al., 2002; Szymanski et al., 2002; 
Taguchi et al., 2008). 

1.2. Flagellar structures 

Most bacterial species swim by means of rotating flagella that are powered by the 
monovalent cation (H+ or Na+) influx. Many bacteria have extracellular flagellar structures 
and the pattern of flagellar arrangement is an identification tool in bacteria. A variety of 
flagella structures and swimming patterns have been discussed in previous works 
(Armitage & Macna, 1987; Bardy et al., 2003; Charon & Goldstein, 2002; Macnab, 1977, 
McCarter, 2001, 2004; Shigematsu et al., 2005). There are classified in-to four flagella 
arrangements as follows: multi-flagella are randomly distributed on the overall cell surface 
(peritrichous; e.g. Escherichia coli, Salmonella typhimurium, Bacillus subtilis), several flagella are 
present at one end of the cell (lophotrichous; e.g. Pseudomonas fluorescens), a single polar 
flagella is projected from the cell end (monotrichous; e.g. Vibrio cholerae, Rhodobacter 
sphaeroides), and a single flagellum is present at each pole of the bacterium (amphitrichous; 
e.g. Spirillum serpens). Although bacteria possess different flagella arrangement, a basic 
flagella structure is common among many bacterial species. The study of bacterial flagella 
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has been intensively investigated in Escherichia coli and Salmonella typhimurium by using 
genetic and biochemical approaches. A typical flagella structure is shown in Figure 1. About 
50 genes, which are related to the bacterial flagellar assembly, have been identified. More 
than 20 distinct proteins make up the flagella structure and it consist of three main parts: a 
basal body, a hook, and a filament. The basal body consists of four rings (L, P, MS, and C-
ring) and rod which is located just above the MS-ring and connected to the proximal region 
of the hook. However, the L and P ring are not observed in gram-positive bacterial species, 
because of the difference in the cell wall architecture (DePamphilis & Adler, 1971; Francis et 
al., 1995). The C-ring which is a part of flagella rotor consists of three proteins, FliG, FliM, 
and FliN (in gram-positive bacteria FliY correspond to FliN). In particular, FliG is the most 
directly involved in the rotation of the flagella motor among the C-ring proteins, as it 
interact with the motor complex (MotA/B or PomA/B) component of the force-generating 
unit in the flagellar motor. The motor complex acts as the stator and the rotation energy is 
generated by the monovalent cation influx from the periplasmic space across the inner 
membrane. The C-ring is also called the “switch complex” as it can switch the direction of 
flagellar motor (Irikura et al., 1993; Kihara et al., 1996; Sockett et al., 1992). The switching 
event is caused by the binding of phosphorylated CheY (chemotaxis related gene) to the 
FliM of switch complex, and clockwise (CW)/counterclockwise (CCW) switching enable the 
bacterial cell to change swimming direction (Mathews et al., 1998; Sockett et al., 1992).  

 
Figure 1. The model structure of the flagellar motor in gram-negative bacteria. 

The motor consists of the Mot complex (MotA/B) and rotor (MS- and C-ring). The L- and P- 
ring do not exist in the gram-positive bacterial flagellar structure. The Mot complex is 
supposed to function as the force-generating unit via proton conduction while the C-ring 
functions as the switch. The phosphorylated form of CheY (CheY-P) interacts with FliM and 
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promotes CW rotation. When CheY-P is not bound to it, the motor rotates CCW. Flagellin 
subunits are transported from the cytoplasm and are delivered into a central channel in the 
basal body–hook filament structure (the diameter of the central channel is only 2 nm). OM, 
Outer membrane; PG, peptidoglycan layer; CM, cytoplasmic membrane (Irikura et al., 1993; 
Mathews et al., 1998).  

The most impressive structure of the bacterial flagella motor is an extracellular long helical 
filament. In general, the flagella filament is composed of 20,000 ~ 30.000 subunits of a single 
protein called flagellin, and it reaches to more than 10 μm in length (Namba & Vonderviszt, 
1997). The flagellar specific export apparatus is located on the inside of the C-ring, and most 
of the flagellar components proteins are translocated across the cytoplasmic membrane by 
this apparatus, and then the proteins are diffused in the narrow nascent lumen structure 
and self-assemble at the distal end of the flagellar structure (Aizawa, 1996). 

Flagellar-based motility is also common to archaea, but its structural features are quite distinct 
from bacteria. Archaeal flagella are closely related to bacterial type IV pili in their structure 
and assembly and the origin of bacterial flagella is considered to be a type III secretion system 
(Bardy et al., 2004). In bacteria, the flagellar filament is composed of a single flagellin subunit, 
in contrast, two or more distinct flagellin subunits are require for production of the flagellar 
filament. The other notable differences include that archaeal flagella rotation is powered by 
ATP, the flagellin subunit has a signal peptide which is cleaved by a specific peptidase for the 
secret matured flagellin subunit from the cell, and the flagella is grown from the proximal end 
of the cell surface by the addition of subunits to the base. 

1.3. Flagellin glycosylations 

Although flagella structures from both eubacteria and archaea are different, flagellin 
glycosylation is reported in both organisms. Eubacterial flagellin glycosylations are 
classified as either N- or O-linkage in a single subunit, and to date, most reports are about 
O-linkages. The O-linked glycan positions of bacterial flagellin proteins appear to be limited 
to the central region of the primary flagellin structure. The amino acid sequence alignment 
indicates that flagellin proteins are well conserved in the N- and C-terminal regions, while 
the central region is highly variable (Beatson et al., 2006). Although the intensively studied 
peritrichous flagella from Salmonella typhimurium do not have a glycosylated flagellin, a 
complete atomic model of its flagellin protein was resolved by excellent X-ray 
crystallography analysis and electron cryomicroscopic observation of the intact flagella 
filament (Samatey et al., 2001; Yonekura et al., 2003, 2005). These structural data revealed 
that the S. typhimurium flagellin protein consists of four major domains, D0, D1, D2, and D3 
(Figure 2). The N- and C-terminal regions of flagellin correspond to D0 and D1, which are 
composed mainly of α-helices, and they form the core part of a flagellar filament. D0 has 
two α-helices (ND0 and CD0), whereas D1 has two long α-helices (ND1a and CD1), one 
short α-helix (ND1b) and one short β-sheet. These domains are positioned in the filament 
core. Gugolya et al. suggested that the alpha-helical terminal regions that correspond to the 
D0 domains are important for the coiled-coil model of flagellar filament formation (Gugolya 
et al., 2003). The central variable region of flagellin forms the outside surface-exposed 
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domain (D2 and D3) in the assembled filament. Studies of the variable region have focused 
on its role in H antigenicity, the effect of deletions on filament formation and motility, and 
the insertion of foreign peptides for extracellular display on bacterial flagella (Malapaka et 
al., 2007; Reid et al., 1999; Westerlund-Wikström, 2000; Woodset al., 2007; Yoshioka et al., 
1995). Thus, flagellin glycan structures are restricted in the D2 and D3 domains (a few 
glycans were located at the D2 proximal end of the D1 domain), and it is considered that 
these glycan moieties are exposed to environmental conditions (Figure 3).  

 
Figure 2. Bacterial flagellar filament.  

Flagellar filament structure and complete flagellin 3D model of Salmonella typhimurium 
(Samatey et al., 2001; Yonekura et al., 2003, 2005). A flagellar filament consists of substantial 
amount of flagellin subunit and takes on a tubular structure. 

 
Glycosylated flagellins are schematically aligned with the S. typhimurium flagellin domain. Light and dark grey boxes 
indicate 100 highly conserved terminal amino acid residues which constitute the alpha-helical structures. The 
corresponding amino acid size of the flagellin proteins is indicated at the C-terminal. Positions of glycosylation on each 
flagellin are indicated ( ). 

Figure 3. O-linked glycosylation sites of bacterial flagellin. 
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In contrast with eubacteria, three archaeal flagellin glycosylations are reported as N-linkage 
(Chaban et al., 2007; Voisin et al., 2005; Wieland & Sumper, 1985). Work on the most 
extensively studied flagellin from Methanococcus voltae are demonstrated that the glycan 
attached positions are not limited to anywhere specific in the flagellin primary structure and 
the N-linked asparagine residues seem to follow the classic eukaryotic type consensus 
sequon (N-X-S/T) rather than the recently identified bacterial N-linkage sequence (D/E-X1-
N-X2-S/T). 

2. Flagellar glycosylation 

There have been many reports on flagella glycosylation since it was discovered about 20 
years ago. Flagellin glycosylation is mainly found in gram-negative pathogenic bacterial 
species, and has been identified in about 30 microorganism strains including the archaea 
and gram-positive species (Logan, 2006). The distribution of flagellin glycosylation among 
several species is shown in Table 1, and a gene cluster which is potentially involved in the 
posttranslational modification of flagellin glycosylation is shown in Figure 4. 

 
 

 
 
Figure 4. Organization of the glycosylation island located around the flagellin gene. 

The location of glycosylation islands was not restricted to directly upstream or downstream 
of the flagellin gene, and the component genes were highly-diverse. A glycosyltransferase, 
which is responsible for the glycan attachment to a flagellin protein is usually included in 
the proximal glycosylation island of a flagellin gene, whereas, it was not identified to date in 
this region in C. jejuni. 
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Organism linkage 
type 

Glycan characterization Function 
GTase*5

(OST) 
Reference 

Gram-negative           
Aeromonas caviae Sch3 O Pse5Ac7Ac Motility n.d. Tabei et al., (2009) 
Aeromonas caviae UU 51 O Pse5Ac7Ac8Ac n.d. n.d. Schirm et al., (2005) 
Aeromonas hydrophila AH3 n.d.*1 PAS*2 n.d. n.d. Rabaan et al., (2001) 
Agrobacterium tumefaciens 
C58C1 

n.d. PAS n.d. n.d. 
Deakin wt al., 
(1999) 

Azospirillum brasilense Sp7*2 O β-elimination*3 
Adsorptio
n  

n.d. Moens et al., (1995) 

Campylobacter jejuni 81-176 O 
Pse5Ac7Ac, PseAm, Pse8OAc 
PseAmGlnAc 

Assembly n.d. 
Thibault et al., 
(2001) 
Schirm et al., (2005) 

Campylobacter jejuni 11168 O 
Leg5Am7Ac, 
Leg5AmNMe7Ac 

n.d. n.d. 
Zampronio et al., 
(2011) 

Campylobacter coli VC167 O 

Pse5Ac7Ac, PseAm, 
Pse/PseAm-deoxypentose, 
Leg5Ac7Ac, Leg5Am7Ac, 
Leg5AmNMe7Ac 

Assembly n.d. Logan et al., (2002) 

Caulobacter crescentus CB15 n.d. SDS-PAGE*4 
Adherenc
e Stability 

n.d. 
Faulds et al., (2011) 
Johnson et al., 
(1983) 

Helicobacter pylori O Pse5Ac7Ac Assembly n.d. Schirm et al., (2003) 

Helicobacter felis CS1 n.d. SDS-PAGE n.d. n.d. 
Josenhans et al., 
(1999) 

Pseudomonas aeruginosa PAK O 

Rha-(2-7 variable 
oligosaccharide chain)-
deoxyhexosamine (dhexN)-
deoxyhexose (dHex) 

Virulence FgtA 
Schirm et al., 
(2004a) 

Pseudomonas aeruginosa 
PAO1 

O dHex(PO4)-192Da Virulence FgtA Verma et al., (2006) 

Pseudomonas aeruginosa 
JJ692 

O Rhamnose n.d. n.d. 
Schirm et al., 
(2004a) 

Pseudomonas syringae pv. 
tabaci 

O 
β-D-Quip4N(3-hydroxy-1-
oxobutyl) 2Me-(1-3)-α-L-
Rhap-(1-2)-α-L-Rhap 

Virulence
Stability 

Fgt1 
Takeuchi et al., 
(2007) 

Burkholderia pseudomallei O 291 Da carbohydrate Motility n.d. Scott et al., (2011) 
Burkholderia thailandensis O acetylated hexuronic acid n.d. n.d. Scott et al., (2011) 

Acidovorax avenae O n.d. 
epitope 
recognitio
n in rice 

Fgt 
Che et al., (2000) 
Hirai et al., (2011) 

Borrelia burgdorferi N SNA, GNA lectin binding n.d. n.d. Ge et al., (1998) 
Serpulina hyodysenteriae N SDS-PAGE n.d. n.d. Li et al., (1993) 

Spirochaeta aurantia n.d. Lectin binding n.d. n.d. 
Brahamsha & 
Greenberg, (1988) 

Treponema pallidum n.d. PAS n.d. n.d. Wyss, (1998) 
Shewanella oneidensis n.d. n.d. Motility n.d.  Wu et al., (2011) 
Marine magnetotactic ovoid 
bacterium MO-1 

n.d. n.d. 
filament 
lubricant? 

n.d. Zhang et al., (2012) 

Xanthomonas oryzae pv. 
Oryzae 

O n.d. Virulence rbfCxoo Sun et al., (2009) 
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Organism linkage 
type 

Glycan characterization Function 
GTase*5

(OST) 
Reference 

Thermus thermophilus HB8*4 N N-glycosydase F sensitive n.d. n.d. 
Papaneophytou et 
al., (2012) 

Clostridium tyrobutyricum n.d. β-elimination n.d. n.d. 
Bedouet et al., 
(1998) 

Clostridium acetobutylicum O PAS n.d. n.d. Lyristis et al., (2000) 
Clostridium difficile O HexNAc Assembly n.d. Twine et al., (2009) 
Clostridium botulinum O αLeg5GluNMe7Ac n.d. n.d. Twine et al., (2008) 

Butyrivibrio fibrisolvens n.d. PAS n.d. n.d. 
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Bacillus sp. PS3 O PAS, β-elimination Assembly n.d. 
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Archaea 

Halobacterium salinarum N 
Glc(4-1)GlcASO4(4-
1)GlcASO4 
(4-1)GlcASO4 

Stability n.d. 
Wieland et al., 
(1985) 

Methanococcus voltae N 
β-ManpNAcA6Thr-(1-4)-β-
GlcpNAc3NAcA-(1-3)-β-
GlcpNAc 
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AglA 
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Methanococcus maripaludis N 
Sug-4-β-
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Motility 
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VanDyke et al., 
(2009) 

*1 not determined; *2 Periodic acid stain; Carbohydrate specific staining method; *3 Removal of Ser/Thr binding 
carbohydrate structure; *4 Protein anomalous migration on SDS-PAGE; *5 Responsible for glycan attachment to 
flagellin.  

Table 1. Flagellin glycosylations 

2.1. Gram-negative 

2.1.1. Pseudomonas spp. 

Pseudomonas spp. are ubiquitous in nature and frequently isolated as opportunistic 
pathogen of both plant and animal. P. aeruginosa has a single polar flagellum which is 
classified by its type of flagella filament (type-a and type-b) by flagellin subunit size, 
amino acid sequence, and antigenicity (Allison et al., 1985; Lanyi, 1970). Both types of P. 
aeruginosa flagellin are known to contain O-linked glycosylated proteins. P. aeruginosa 
PAK and P. aeruginosa JJ692 produce glycosylated type-a flagellin protein, which is 
modified with a rhamnose (Rha) residue based on the glycan attached at two sites of each 
flagellin monomer (Schirm et al., 2004a). The glycan structure of PAK flagellin is a 
complex oligosaccharide which is composed of Rha-(2-7 variable oligosaccharide chain)-
deoxyhexosamine (dhexN)-deoxyhexose (dHex), whereas JJ692 flagellin has only a single 
Rha glycosylation on both glycosylation site. The glycan form of PAO type-b flagellin is 
simpler than that of the PAK type-a flagellin, as it has a dHex linked sugar containing a 
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phosphate moiety at two sites of the flagellin monomer (Verma et al., 2006). With regards 
to the Pseudomonas spp. of plant pathogens, flagellin glycosylation from Pseudomonas 
syringae pv. glycinea, Pseudomonas syringae pv. tomato, and Pseudomonas syringae pv. tabaci 
6605 have been identified (Taguchi et al, 2003, and Takeuchi et al., 2003). The structural 
characterization of the flagellin protein from P. syringae pv. tabaci 6605 revealed that six 
sites of the flagellin were modified with a novel trisaccharide, which was composed of 
two rhamnosyl (Rha) residues and one modified 4-amino-4,6-dideoxyglucosyl (Qui4N; 
trivial name, viosamine; Vio) residue, β-D-Quip4N(3-hydroxy-1-oxobutyl)2Me-(1-3)-α-L-
Rhap-(1-2)-α-L-Rhap (Takeuchi et al., 2007). The flagella glycosylation island of these 
Pseudomonas spp. have been identified and located in the upstream region of their flagellin 
gene (Arora et al., 2001; Taguchi et al., 2006) (Figure 4). The PAK glycosylation island is 
composed of 14 ORFs (~16 kb) containing putative carbohydrate synthesis related genes 
and glycosyltransferase (orfN). In contrast, both the PAO and syringae pv. tabaci 
glycosylation island are more simple (only 4 and 3 genes, respectively), and a putative 
glycosyltransferase is encoded for each. Functional analysis of these glycosyltransferases 
demonstrated that they are essential for the addition of glycan structure to flagellin 
protein (Schirm et al., 2004a; Verma et al., 2006; Taguchi et al., 2006). Recently, a flagellin 
glycan biosynthesis gene cluster was newly identified from P. syringae pv. tabaci (Nguyen 
et al., 2009). The gene cluster is related to viosamine biosynthesis (viosamine island) and 
these genes are homologous to a part of the PAK glycosylation island (orfA-E and orfG) 
(Chiku et al, 2011). Mutagenesis analysis of glycosyltransferases and flagellin subunits 
demonstrated that flagellin glycosylation of PAK and PAO was not require for flagella 
biosynthesis and motility, but a remarkable reduction of virulence was observed upon 
mutation (Montie et al., 1982; Arora et al., 2005). Whereas, in P. syringae pv. tabaci, loss of 
flagellin glycosylation reduce not only virulence but also motility, in addition, mutations 
which resulted in a loss of glycosylation showed differences in the bundle formation of 
flagella, i.e. flagella bundles on the wild-type cell were loose, and in contrast mutant 
filaments seemed to be tightly interacting with each other. These results indicated that 
glycosylation stabilizes the filament structure and lubricates the rotation of the bundle 
(Taguchi et al, 2008, 2010). A similar conclusion was drawn for the glycan function of 
flagellin in the marine magnetotactic ovoid bacterium MO-1. Flagella bundles of MO-1 
were enclosed with in sheaths structure and its glycosylation was required for smooth 
swimming (Lefèvre et al., 2010). Flagellin proteins were also glycosylated and each 
flagella bundle consisted of seven individual flagella filament, which were organized in a 
hexagon with a seventh in the middle. Considering the compact arrangement of the seven 
flagella filaments in the bundle, flagellin glycosylation might function as a lubricant 
(Zhang et al., 2012). Recently, an fgt2 inactivation mutant from the biosurfactant 
producing species P. syringae pv. syringae B728a demonstrate upregulation of the late-
stage flagellar genes (class IV), and increase surfactant production (Burch et al., 2012; Xu 
et al., 2012). The authors suggested that over-production of the biosurfactant helps 
smooth cell migration and minimize flagella breakage on sticky surfaces, such as a leaf 
surface.  
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2.1.2. Campylobacter spp. 

Campylobacter jejuni have polar flagellum at one or both ends of the cell. The flagellin 
proteins are extensively O-glycosylated with structural analogues of the nine-carbon sugar 
pseudaminic acid (Pse), legionaminic acid (Leg), and their derivatives. Flagellin 
glycosylation is well characterized in three species of Campylobacter, i.e. Campylobacter jejuni 
81-176, C. jejuni NCTC 11168, and C. coli VC167. Flagellin modification of Campylobacter 
species were identified at 19 serine or threonine residues, 16 sites, and at least 4 sites, in C. 
jejuni 81-176, C. coli VC167, and C. jejuni NCTC 11168, respectively (Thibault et al., 2001; 
Logan et al., 2002; Zampronio et al., 2011). The flagellin molecular weight from C. jejuni 81-
176 is predicted by its amino-acid sequence to be 59.5 kDa, however flagellin from this strain 
is actually approximately 65 kDa. The additional 10% mass is attributed to attachment of 
substantial glycan structure (Thibault et al., 2001). In strain 81-176, the probable flagellin 
glycosylation related genes are largely involved in pseudaminic acid and acetamidino 
pseudaminic acid biosynthesis (Pse family), and lie downstream of the flagellin gene (about 
27 kb) (Guerry et al., 2006). Similarly, Pse family glycosylation islands were identified in 
both C. coli VC167 and C. jejuni NCTC 11168, and in addition, in C. coli VC167 other flagellin 
modification genes which are involved in the synthesis of legionaminic acid and its 
derivatives (ptm family) were identified (McNally et al., 2007). However, the 
glycosyltransferase which catalyzes the addition of sugar residues to the protein backbone 
has not been identified. A mutation in the first step Pse biosynthesis gene leads to 
intercellular accumulation of unglycosylated flagellin protein (Goon et al., 2003). The 
biological roles of Campylobacter flagellin glycosylation have been mentioned in many 
reports. In 2007, an excellent review of the functions of flagellin glycosylation from 
Campylobacter species was published (Guerry, 2007). 

2.1.3. Helicobacter pylori 

Helicobacter pylori is a human gastric pathogen associated with gastric and duodenal ulcers 
as well as gastric cancer. Flagella and motility are important for colonization onto the 
mucosal of the human stomach. Two distinct flagellin subunits (FlaA and FlaB) were 
identified as glycosylated, and their glycan structures were characterized in a similar 
manner to that of C. jejuni, with Pse5Ac7Ac found at seven sites on FlaA and ten sites on 
FlaB, in addition flagellin glycosylation is required for functional filament assembly (Schirm 
et al., 2003, 2005; Josenhans et al., 2002). The mutagenesis analysis of four genes (HP0178, 
HP0326A, HP0326B, and HP0114) previously reported to be involved in flagellar 
glycosylation and polysaccharide biosynthesis demonstrated a non-motile phenotype with 
no structural flagella filament and only minor amounts of flagellin protein (Schirm et al., 
2003). In contrast, inactivation of HP0518 resulted in altered motility and an increased level 
of flagellin glycosylation (Asakura et al., 2010). Complementation of a H. pylori HP0518 
mutant and a recombinant HP0158 protein assay demonstrated the decreased glycosylation 
level of H. pylori flagellin in vivo and in vitro suggesting that HP0518 functions in the 
deglycosylation of flagellin. The H. pylori HP0518 mutant showed an increased colonization 
capability for the gastric tissues of mice. These results indicate that HP0518 is involved in 
the deglycosylation of flagellin, thereby regulating pathogen motility. 
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2.1.4. Burkholderia spp. 

Burkholderia pseudomallei is also known as Pseudomonas pseudomallei and is important as a 
human and animal pathogen. In contrast, Burkholderia thailandensis is closely related to B. 
pseudomallei but is a nonpathogenic bacterium. Top-down and bottom-up mass spectrometry 
(MS) analyses of both flagellin proteins identified that there were posttranslationally 
modified with novel glycans (Scott et al., 2011). MS analysis of the flagellin carbohydrate 
moiety suggested that B. pseudomallei flagellin was modified with a glycan with a mass of 
291 Da, while B. thailandensis flagellin protein was modified with related glycans with a 
mass of 300 or 342 Da which included an acetylated hexuronic acid. A mutagenesis analysis 
of the lipopolysaccharide (LPS) O-antigen biosynthetic cluster demonstrated that it was 
important for flagellin glycosylation and motility in B. pseudomallei. 

2.2. Gram-positive 

2.2.1. Clostridium 

Clostridium spp., a gram-positive spore-forming anaerobic bacterium, is an emerging 
opportunistic pathogen towards humans and plants, and includes Clostridium botulinum, 
Clostridium difficile, and Clostridium glumae. The genus Clostridium provides the most 
examples of gram-positive bacterium flagellin glycosylation which has been known since 
the discovery of Clostridium tyrobutyricum (Bédouet et al., 1998, Arnold et al., 1998). 
Structural characterization of the carbohydrate moiety from C. botulinum flagellin has been 
achieved, and it was shown to be composed of the Leg derivative, 7-acetamido-5-(N-methyl-
glutam-4-yl)-amino-3,5,7,9-tetradeoxy-d-glycero-α-d-galacto-nonulosonic acid 
(αLeg5GluNMe7Ac) (Twine et al., 2008). For the C. botulinum strain Langeland, a 
bioinformatic analysis of the flagella glycosylation island was completed between flgB and 
fliD as a large gene cluster (~48 kb), many of which appeared to be involved in carbohydrate 
biosynthesis (Sebaihia et al., 2007). This glycosylation island could be divided into two 
regions, a variable region which was located immediately downstream of the flagellin gene, 
and a subsequent conserved region. The carbohydrate biosynthesis genes, which are 
significantly related to the legionaminic acid biosynthesis genes (ptm family) in 
Campylobacter coli, were encoded in the variable region, whereas the conserved region also 
encoded the carbohydrate biosynthesis genes (McNally et al., 2007). The C. botulinum strain 
Langeland was found to have homologous proteins to the capsular biosynthetic proteins 
from Streptococcus agalactia, including those derived from a second set of the sialic acid 
biosynthetic genes, neuA and neuB. 

2.2.2. Listeria monocytogenes 

Listeria monocytogenes is a gram-positive bacterium responsible for listeriosis, and Listeria 
species are found throughout the food-processing environment. Flagellin subunits are 
covalently modified by monomeric β-O-linked N-acetylglucosamine (GlcNAc) residues at 
three to six sites per subunit (Schirm et al., 2004b). The functional consequence of flagellin 
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glycosylation in L. monocytogenes was investigated by modification of the O-GlcNAc 
transferase (Lmo0688 renamed to GmaR), which is located just upstream of the flagellin 
gene (Shen et al., 2006). An in-frame deletion mutant of lmo0688 (Δ688) resulted in a 
nonmotile bacteria similar to what was observed for Campylobacter species and Helicobacter 
pylori (Josenhans et al., 2002), but this phenotype differed from that reported for gram-
negative species, as it was caused by a loss of flagellin expression. The point mutation 
analysis of the functional residues involved in the glycosyltransferase activity demonstrated 
full flagellin expression (without glycosylation) and motility. The authors concluded that 
GmaR is a bifunctional glycosyltransferase. However, glycosylation of flagellin is not 
required for any flagella functions and it remains to be determined what role glycosylation 
of the flagellin protein plays in Listeria monocytogenes. 

2.2.3. Thermophilic Bacillus spp. 

Thermophilic Bacillus species have been isolated from deepest sea mud, hot springs, and soil, 
and produce multiple peritrichous flagella. These thermophiles belong to genus Geobacillus 
and are not considered to be pathogens regardless of their flagellin glycosylation. In recent 
years, O-linked flagellin glycosylation was reported in two thermophilic Bacillus species, 
Geobacillus stearothermophilus NBRC 12550 and Bacillus sp. PS3 (Hayakawa et al., 2009a). These 
flagellin glycosylations were confirmed by PAS staining and beta-elimination. The analysis of 
the modification sites indicated that glycan structures were attached to at least 4 sites of the 
flagellin monomer in Bacillus sp. PS3, but the structural detail of the carbohydrate chains and 
total number of the modification sites is currently unknown. Although it was a partial 
sequence, the probable glycosylation islands from both thermophilic bacterial species were 
confirmed downstream of these flagellin genes (J. Hayakawa and M. Ishizuka, unpublished 
data). In G. stearothermophilus, a dTDP-L-rhamnose biosynthesis gene cluster (rml operon) was 
also identified immediately after GTases, which is highly homologous to the glycan 
biosynthesis genes of the S-layer glycoprotein from a closely related G. stearothermophilus strain 
(G. stearothermophilus NRS2004/3a) (Novotny et al., 2004 and Steine et al., 2007). The 
heterologous gene expression of these flagellin in a Bacillus subtilis flagellin deficient mutant 
demonstrated that unglycosylated flagellin proteins were intracellularly accumulated and 
phenotypically paralyzed (Hayakawa et al., 2009a), however amino acid substitutions could 
restore functional filament assembly and motility (Hayakawa et al., 2009b. described below). 
These results supported the proposal that flagellin glycosylation is important for filament 
assembly. However, the carbohydrate structure and more detail of the biological functions 
remain to be elucidated. 

2.3. Archaea 

Archaeal flagellin glycosylation was first identified in Halobacterium salinarum (Wieland et 
al., 1985). Its flagellin subunit was glycosylated with sulfated glucuronic acid which is the 
same type as the cell surface S-layer glycoprotein. The detailed structural characterization of 
flagellin attached carbohydrate was accomplished for Methanococcus voltae (Voisin et al., 
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2005). M. voltae flagellin proteins were modified with a novel trisaccharide, β-
ManpNAcA6Thr-(1-4)-β-GlcpNAc3NAcA-(1-3)-β-GlcpNAc, N-linked to Asn. In addition, 
the peptide containing the N-linked sequence motif of the flagellin protein was Asn-X-
Ser/Thr, which is identical to that observed for S-layer protein glycosylation. Recently, a 
tetrasaccharide glycan which was N-linked to the flagellin subunits in M. maripaludis was 
also characterized, with a reported structure of Sug-4-β-ManNAc3NAmA6Thr-4-β-
GlcNAc3NAcA-3-β-GalNAc, where Sug is a (5S)-2-acetamido-2,4-dideoxy-5-O-methyl-α-l-
erythro-hexos-5-ulo-1,5-pyranose, representing the first example of a naturally occurring 
diglycoside of an aldulose (Kelly et al., 2009, Jones et al., 2012). A deletion mutant analysis of 
three glycosyltransferases and an oligosaccharyltransferase (Stt3p homologue) from M. 
maripaludis revealed that these genes were responsible for flagellin glycosylation supported 
by the fact that glycan reduced flagellins were not assembled into the flagella filament 
(VanDyke et al., 2009). The structural and genetic analysis of archaeal flagellin glycosylation 
is frequently linked with S-layer protein glycosylation, and the reader is referred to a recent 
detailed review (Jarrell et al., 2010).  

3. Glycosylation pathway 

The complete pathway of bacterial flagellin glycosylation is still not clarified. There are two 
reviews which provide an overview of the O-linked flagellin glycosylation pathway (Logan 
et al., 2006; Nothaft & Szymanski, 2010). Bacterial flagella assembly occurs at the distal end 
of the basal body. The nascent flagellin protein is transported across the cytoplasmic 
membrane by a type three secretion system, and then proceeds through the narrow central 
channel of the flagella structure. Finally, the flagellin subunit associates with the tip of the 
filament structure which is elongated and reaches a length of about ten micrometers. In 
contrast to the archaeal flagellin export pathway, bacterial flagellin protein is not exposed 
outside of the inner membrane containing the periplasmic space until assembled into the 
filament. In other words, if flagellin glycosylation occurred extracellularly, it must be 
achieved far away from the cell. Therefore, it is reasonable to assume that the flagellin 
glycosylation machinery is located in the vicinity of the flagella basal body. Recently, the C. 
jejuni O-linked flagellin glycosylation machinery was localized at the pole of the cell along 
with the flagella (Ewing et al., 2009). Three genes involved in pseudaminic acid biosynthesis 
(PseC, which is the enzyme involved in the second step of PseAc synthesis, PseE, the 
putative PseAc transferase, and PseD, the putative PseAm transferase) were labeled with 
GFP fusion and expressed in C. jejuni 81-176. The fluorescent microscopic observation 
demonstrated that some, but not all, of the enzymatic glycosylation machinery was localized 
at the poles of the cells, consistent with a possible association with the flagellar basal 
body/export apparatus. Further study indicated that O-linked glycan biosynthesis could be 
reconstructed in vitro (Schoenhofen et al., 2009). The flagellin monomers from Campylobacter 
species are predominantly glycosylated with pseudaminic acid (Pse) and legionaminic acid 
(Leg). The precursors of these glycans are utilized in the form of CMP-activated sugars 
(CMP-Pse, CMP-Leg, and their derivatives), and they are added to the serine or threonine 
residues of flagellin by a specific glycosyltransferase (Note that the glycosyltransferases 
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responsible for O-glycan attachment to flagellin have yet to be identified). The eleven 
candidates of glycan biosynthetic enzymes (PtmF, PtmA, PgmL, PtmE, GlmU, LegB, LegC, 
LegH, LegG, LegI, and LegF) from Campylobacter jejuni have been individually purified and 
characterized. It was confirmed that Leg and its CMP-activated form were synthesized from 
fructose-6-phosphate. The authors also suggested that O-linked glycan biosynthesis was 
involved in the synthesis of the N-linked glycan. 

4. Amino acid substitutions of flagellin protein 

Many attempts have been carried out to obtain insight into the significance of flagellin 
glycosylation. One of the most visible experiments is the disruption of glycosyltransferase 
activity which allows the evaluation of the flagella assembly, filament morphology, motility, 
and virulence (see above). In this section, we focus on the effects of amino acid substitution 
in glycosylated flagellin proteins. 

4.1. Influence of loss of glycosylation to the motility and virulence 

4.1.1. Campylobacter jejuni 81-176 

The major flagellin of Campylobacter jejuni 81-176, FlaA, has been shown to be glycosylated at 
19 serine or threonine residues, and this glycosylation is required for flagellar filament 
formation (Thibault et al., 2001; Goon et al., 2003). Mutants were constructed in which each 
of the 19 serine or threonines that are glycosylated in FlaA was converted to an alanine. 
Eleven of the 19 mutants displayed no observable phenotype, but the remaining 8 mutants 
had two distinct phenotypes. Five mutants (mutations S417A, S436A, S440A, S457A, and 
T481A) were fully motile but defective in autoagglutination. Three other mutants (mutations 
S425A, S454A, and S460A) were reduced in motility and synthesized truncated flagellar 
filaments (Ewing et al., 2009). 

4.1.2. Pseudomonas syringae pv. tabaci 

Flagellin glycosylation of Pseudomonas syringae pv. tabaci 6605 has been reported at six serine 
residues, positioned at amino acids 143, 164, 176, 183, 193 and 201 (Taguchi et al., 2006). 
Mutants where 6 serine residues were converted to alanine individually were compared 
with the mutant containing the flagellin specific glycosyltransferase, fgt1. All mutants 
displayed reduced swarming ability, swimming speed, filament stability, and virulence 
(Taguchi et al., 2006; 2008; Takeuchi et al., 2008). In addition, reduction of the molecular 
weight of each mutant flagellin protein corresponded to the loss of a single carbohydrate 
chain moiety, and the degree of reduced biological functions were smaller than that of an all 
glycosylation-serine-replacement mutant (6 S/A). 

4.2. Restoration of filament formation without glycosylation 

Flagellin glycosylation of a thermophilic bacillus species was recently reported for Bacillus 
sp. PS3. Although there was low coverage of the flagellin sequence, at least four serine and 
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responsible for O-glycan attachment to flagellin have yet to be identified). The eleven 
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characterized. It was confirmed that Leg and its CMP-activated form were synthesized from 
fructose-6-phosphate. The authors also suggested that O-linked glycan biosynthesis was 
involved in the synthesis of the N-linked glycan. 
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Many attempts have been carried out to obtain insight into the significance of flagellin 
glycosylation. One of the most visible experiments is the disruption of glycosyltransferase 
activity which allows the evaluation of the flagella assembly, filament morphology, motility, 
and virulence (see above). In this section, we focus on the effects of amino acid substitution 
in glycosylated flagellin proteins. 

4.1. Influence of loss of glycosylation to the motility and virulence 

4.1.1. Campylobacter jejuni 81-176 

The major flagellin of Campylobacter jejuni 81-176, FlaA, has been shown to be glycosylated at 
19 serine or threonine residues, and this glycosylation is required for flagellar filament 
formation (Thibault et al., 2001; Goon et al., 2003). Mutants were constructed in which each 
of the 19 serine or threonines that are glycosylated in FlaA was converted to an alanine. 
Eleven of the 19 mutants displayed no observable phenotype, but the remaining 8 mutants 
had two distinct phenotypes. Five mutants (mutations S417A, S436A, S440A, S457A, and 
T481A) were fully motile but defective in autoagglutination. Three other mutants (mutations 
S425A, S454A, and S460A) were reduced in motility and synthesized truncated flagellar 
filaments (Ewing et al., 2009). 

4.1.2. Pseudomonas syringae pv. tabaci 

Flagellin glycosylation of Pseudomonas syringae pv. tabaci 6605 has been reported at six serine 
residues, positioned at amino acids 143, 164, 176, 183, 193 and 201 (Taguchi et al., 2006). 
Mutants where 6 serine residues were converted to alanine individually were compared 
with the mutant containing the flagellin specific glycosyltransferase, fgt1. All mutants 
displayed reduced swarming ability, swimming speed, filament stability, and virulence 
(Taguchi et al., 2006; 2008; Takeuchi et al., 2008). In addition, reduction of the molecular 
weight of each mutant flagellin protein corresponded to the loss of a single carbohydrate 
chain moiety, and the degree of reduced biological functions were smaller than that of an all 
glycosylation-serine-replacement mutant (6 S/A). 

4.2. Restoration of filament formation without glycosylation 

Flagellin glycosylation of a thermophilic bacillus species was recently reported for Bacillus 
sp. PS3. Although there was low coverage of the flagellin sequence, at least four serine and 
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threonine residues were identified as glycosylation sites (Hayakawa et al., 2009a). This 
potentially glycosylated flagellin protein was expressed in B. subtilis Δhag (flagellin deficient 
mutant strain) for complementation. The resulting transformant was non-motile, and the 
produced flagellin protein derived from Bacillus sp. PS3 was not glycosylated and 
accumulated intercellularly. However, spontaneously isolated flagellin mutants partially 
restored the motility and produced a truncated flagella filament without glycosylation 
(Hayakawa et al., 2009b and J. Hayakawa and M. Ishizuka, unpublished data). All 
characterized suppressing mutations contained single or double point mutations and about 
30 residue intragenic duplications in the flagellin in the highly variable region (D2 and D3 
domain) and the end of the α-helical structure (D1 domain). The positions of these 
mutations were in good accordance with the previously reported flagellin glycosylations 
sites from many other bacterial species. To our knowledge, this is the first report of a gain-
of-function mutant of flagellin glycosylation. 

5. Conclusions 

Glycosylation is no longer a rare event regardless of whether bacteria or eukaryote are 
considered. Complete genomic information for several bacteria is now available and 
bioinformatic analyses demonstrated that bacterial flagellin glycosylation is widely spread 
over several genera. Many speculative functions of flagella glycosylation have been 
demonstrated, for example filament assembly (including flagellin export), filament stability, 
motility, virulence, gene regulation and mimicry with host-cell surface glycan structure. 
These glycosylation functions are similar regardless of the variety of eukaryote. In addition, 
the bacterial glycosylation pathway is becoming better defined; many genes which 
participate in flagellin glycosylation have been identified, but their number and loci are 
diverse in each bacterial species. Rapid increases in the knowledge of glycosyltransferases 
and glycan biosynthesis gene clusters will undoubtedly be achieved through 
glycoengineering with an aim to design a bacterial flagella motor for the development of a 
novel vaccine or drug-delivery-system. 
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1. Introduction 

Clostridium perfringens type C strains that produce various toxins cause hemorrhagic noxious 
ulceration or mucousal necrosis of the small intestine in humans, pigs, cattle and chickens 
(Sakurai et al. 1997, Sakurai and Nagahama 2006). In humans, the bacteria cause necrotic 
enteritis, which is termed “pig-bel” (Sakurai and Nagahama 2006). C. perfringens has been 
classified into five types, A to E, according to the toxinogenicity of major extracellular toxins 
designated alpha-, beta-, epsilon- and iota-toxins. The C. perfringens strains defined as type C 
show alpha- and beta-, but not epsilon- and iota-toxigenicities (Sakurai and Nagahama 
2006). Type C strains produce alpha-toxin, beta-toxin, beta2-toxin, and perfringolysin O. 
Beta-toxin is known to be the primary pathogenic factor of necrotic enteritis in the type C 
strains (Tweten 2005, Sakurai and Nagahama 2006). Beta2-toxin is a toxin discovered in C. 
perfringens type C isolated from piglets with necrotic enteritis, and speculated to be 
important because its gene has been detected in most C. perfringens type C strains recovered 
from animals with clinical disease (Manteca et al. 2002, Waters et al. 2003).  

Most of the toxins produced by C. perfringens type C are toxic to particular cells or cell lines. 
Beta-toxin possesses lethal, dermonecrotic, and pressor activities. Direct evidence 
concerning the biological activities of beta-toxin had been lacking due to the absence of a 
susceptible cell line for experiments in vitro. However, a cell line that is susceptible to the 
toxin was found (Nagahama et al. 2003). The toxin induced swelling and lysis on HL60 cells 
by binding to lipid rafts and forming a functional oligomer. Beta2-toxins is lethal for mice 
and cytotoxic for the cell line I407 cells inducing cell rounding and lysis without affecting 
the actin cytoskeleton (Gibert et al. 1997). On the other hand, delta-toxin is toxic to various 
rabbit immune cells, i.e. alveolar macrophages, peritoneal appendix cells, bone marrow 
cells, splenocytes and thymocytes (Jolivet-Reynaud et al. 1982). Theta-toxin is the prototypic 
member of the cholesterol-dependent cytolysin (CDC) family that includes listeriolysin O 
(LLO), streptolysin O (SLO), pneumolysin, and others (Tweten 2005). Theta-toxin exhibits 
cytotoxic effects on macrophages to escape from phagosomes in consort with alpha-toxin. 
Alpha-toxin is essential for growth and spread of infection in the host (Sakurai et al. 2004), 
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and it helps C. perfringens avoid the host defense mechanism by altering the normal traffic of 
the host phagocytes (Ochi et al. 2002, Oda et al. 2006). The role played by alpha-toxin in 
pathogenesis is dictated by its ability to interact with membranes, whether from outside the 
cell or while inside the phagosomes (Naylor et al. 1998). Alpha-toxin possesses 
phospholipase C (PLC), sphingomyelinase (SMase) and biological activities causing 
hemolysis, lethality and dermonecrosis (Sakurai et al. 2004). On the other hand, enterotoxin, 
which has molecular masses of 35 kDa as a monomer (Duffy et al. 1982) and 90–200 kDa as 
aggregate forms with eukaryotic proteins (Singh et al. 2001), is known to be highly cytotoxic 
to Vero and Caco-2 cells (Gao and McClane 2012). Among the C. perfringens type C toxins 
reported previously, only enterotoxin is toxic to Vero cells, and no toxin is known to have a 
molecular mass of around 200 kDa without eukaryotic proteins. 

TpeL, a recently-described novel member of the family of large clostridial cytotoxins, was 
found in C. perfringens type C. TpeL (named TpeL: C. perfringens large cytotoxin) is a 
truncated homologue of Clostridium difficile TcdA and TcdB (Amimoto et al. 2007). TpeL was 
identified in the culture supernatant of C. perfringens strain CP4 and is thought to be 
associated with necrotic enteritis (Amimoto et al. 2007). Coursodon et al. (2012) reported 
that TpeL may potentiate the effect of other virulence attributes of necrotic enteritis caused 
by C. perfringens. 

2. The family of clostridial glucosylating toxins 
Cytosolic mono-O-glucosylation is an important molecular mechanism by which various 
bacterial protein toxins and effectors target eukaryotic cells. C. difficile TcdA and TcdB , 
Clostridium sordellii lethal toxin (TcsL) and Clostridium novyi alpha-toxin (TcnA) are 
important pathogenic factors of the family of large clostridial toxins (LCTs). The 
pathogenicity of C. difficile is based upon the action of at least one of the two major exotoxins 
(TcdA and TcdB) (Voth and Ballard 2005). TcdA and TcdB are the main cause of antibiotic-
associated diarrhea and pseudomembraneous colitis (Voth and Ballard 2005), as a 
consequence of treatment with antibiotics, which destroy the normal microflora of the gut 
and allow colonization and proliferation of C. difficile bacteria (Bartlett et al. 1977, Kelly and 
LaMont 2008). Although the precise pathogenic mechanisms of induction of diarrhea and 
colitis are not known, it is generally accepted that the toxin-induced glucosylation of Rho 
GTPases is central to the action of the C. difficile toxins (Kelly and LaMont 2008). TcsL is 
implicated in toxic shock syndrome after medical-induced abortion (Ho et al. 2009) and 
TcnA causes gas gangrene syndrome (Tsokos et al. 2008). All these toxins are 50 to 90% 
identical in their amino acid sequences. They are large proteins of 250 to 308 kDa. This 
family has now more than 30 members, including putative glycosyltransferases from C. 
perfringens, Escherichia coli, Citrobacter rodentium, Photobacterium profundum, Pseudomonas 
fluorescens and various species of Chlamydia and Chlamidophila.  

2.1. Structure of LCTs  

LCTs are single protein chains containing four functional domains and share 26 to 76 % 
sequence identity and are structurally and functionally organized (Busch and Aktories 
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2000). LCTs are composed of four domains, the glucosylating enzymatic A-domain, the 
autocatalytic processing C-domain, the translocating D-domain and the binding B-domain 
(Fig. 1). The one third C-terminal part exhibits multiple repeated sequences (31 short repeats 
and 7 long repeats in TcdA), which are involved in the recognition of a cell-surface receptor. 
A trisaccharide (Gal-α1-3Gal-β1-4GlcNac) has been found to be the motif recognized by 
TcdA. Related carbohydrates could be involved as TcdA receptor. The gp96, a member heat 
shock protein family, has been proposed to bind TcdA to the plasma membrane of 
enterocytes (Na et al. 2008). Because this B-domain exhibits sequence similarity to the 
carbohydrate binding region of the glucosyltransferase from Streptococcus mutans, it was 
suggested early on that this part of the toxin is involved in binding to a carbohydrate-
containing receptor. The crystal structure of the C-terminal binding domain of  

 
Figure 1. Domain organization of clostridial glucosylating toxins. 

Clostridial glucosylating toxins are composed of four domains, the glucosylating enzymatic 
domain (A-domain) , the autocatalytic processing domain (C-domain), the translocating 
domain (D-domain) and the binding domain (B-domain).  The A-domain has the 
glucosyltransferase activity. The B-domain containing polypeptide repeats is responsible for 
specific receptor-binding. The C-domain participates in the auto-catalytic cleavage of LCTs 
and is a cysteine-protease with the catalytic residues DHC. InsP6 is required for activation of 
the cysteine protease. The D-domain is likely involved in the delivery of the A-domain into 
the cytosol. This domain includes a hydrophobic region suggested to be important for 
insertion of the toxin into endosome membranes. 

TcdA has been determined (Ho et al. 2005, Greco et al. 2006), showing a solenoid-like 
structure with 32 repeats consisting of 15–21 amino acid residues and seven repeats 
consisting of 30 residues. The repeats form β-hairpins, arranged in pairs with each adjacent 
pair of hairpins rotated by 120° to the next pair, resulting in a screw-like structure of a left-
handed β-solenoid helix (Greco et al. 2006). Co-crystallization with a derivate of the 
trisaccharide α-Gal(1,3)β-Gal(1,4)βGlcNAc confirmed the carbohydrate binding capacity of 
the domain. In this complex there are two carbohydrate-binding regions. However, in the 
full-length C-terminal fragment there are seven of these potential binding domains that are 
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highly conserved, giving it a high binding capacity. Although there is little information 
about the binding domain of TcdB, it is believed that TcdB uses different receptors to bind to 
target cell surfaces than TcdA (Jank et al. 2007a).  

The cysteine protease C-domain is located between residues 543 and 769 in TcdA and 
between residues 543 and 767 in TcdB (Egerer et al. 2007, Giesemann et al. 2008). It was 
shown that cleavage of the toxin occurs auto-catalytically by a cysteine protease activity, 
which is harbored in the C-domain, covering residues 544–955, directly down-stream of the 
glucosyltransferase domain (Egerer et al. 2007, Giesemann et al. 2008). Cys-698 and His-653 
have been shown to be part of the catalytic dyad, which in addition to Asp-587 might 
participate in the auto-cleavage reaction (Egerer et al. 2007). The crystal structure of C-
domain (543–809) from TcdA was resolved in the presence of inositol hexakisphosphate 
(InsP6) (Pruitt et al. 2009). InsP6 binds to the C-Domain, causing a conformational change 
that activates the auto-catalytic activity (Egerer et al. 2009). This locates between the 
enzymatic A-domain and the delivery D-domain, playing a role in proteolytic cleavage of 
the toxin. The toxins undergo autoproteolysis allowing only the enzymatic A-domain to be 
released into the cytosol in the presence of InsP6. Once the target cell has taken up the LCT 
via receptor-mediated endocytosis at the B-domain, the toxin undergoes autoproteolysis in 
order to allow the A-domain to pass across the endosomal membrane into the cytosol 
(Kreimeyer et al. 2011).  

D-domain, which is located between residues 955 and 1852, is a large hydrophobic region 
that makes up almost 50% of the total size of the toxin (Barth et al. 2001, Qa'Dan et al. 2000). 
However, the exact function of D-domain is unknown. It is characterized by a hydrophobic 
stretch which is most probably responsible for membrane penetration (transmembrane 
prediction) (von Eichel-Streiber et al. 1992). Therefore, this region is speculated to as the 
translocation domain. Deletion studies proved the importance of the hydrophobic region for 
toxin activity (Barroso et al. 1994). A small region in the primary sequence between residues 
965 and 1128 is characterized by hydrophobic amino acids and is suggested to play a role in 
formation of transmembrane structure during pore formation and translocation of the toxin 
into the cytosol (Voth and Ballard 2005). Pore formation induced by the toxin has been 
shown in artificial lipid membranes (Barth et al. 2001, Giesemann et al. 2006). However, so 
far it is not clear how pore formation relates to the delivery of the toxin into the cytosol.  

The biologically active domain, A-domain, harboring the glucosyltransferase activity, is 
translocated into the cytosol, comprises the first 543 aa (Pfeifer et al. 2003, Rupnik et al. 
2005). Therefore, cleavage of the toxin is required. The 3D-structure of A-domain showed 
that it was closely related to other bacterial glucosyltransferases belonging to the 
glucosyltransferase A family (Reinert et al. 2005). The catalytic core consists of 234 aa and is 
formed by a mixed α/β-fold with mostly parallel β-strands as the central part. The more 
than 300 additional residues are mainly helices, of which the first four N-terminal helices are 
most probably involved in membrane association, therefore assuring close proximity of the 
enzyme with its substrates. The structure of the central core is similar to that of 
glucosyltransferase A family (Reinert et al. 2005, Ziegler et al. 2008). Characteristic for 
glucosyltransferase A family members is the DXD motif involved in complexation of 
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manganese ions, UDP and glucose. Mutation of these essential aspartate residues leads to 
inactivation of the toxin (Giesemann et al. 2008). The first aspartic residue of the DXD motif 
binds to ribosyl and glucosyl moieties of UDP-glucose and the second aspartic residues 
binds to divalent cation (mainly manganese ions) which increases the hydrolase activity 
and/or the binding of UDP-glucose (Just et al. 2000). Other amino acids in TcdB having an 
essential role in the enzymatic activity have been identified such as Trp-102 which is 
involved in the binding of UDP-glucose, Asp-270, Arg-273, Tyr-284, Asn-384, Trp-520, as 
well as Ile-383 and Glu-385 being important for the specific recognition of UDP-glucose 
(Busch et al 2000a and 2000b, Jank et al. 2005, Jank et al. 2007a,). Differences in α-helices 
probably account for the substrate specificity of each toxins (Reinert et al. 2005, Ziegler et al. 
2008). Chimeric molecules between TcdB and TcsL have been used to identify the sites of 
Rho-GTPase recognition. Amino acids 408 to 468 of TcdB ensure the specificity for Rho, Rac 
and Cdc42, whereas in TcsL, the recognition of Rac and Cdc42 is mediated by residues 364 
to 408, and that of Ras proteins by residues 408 to 516 (Voth and Ballard 2005, Jank et al. 
2007a). The four N-terminal helices which mediates the binding of TcsL to 
phosphatidylserine, are possibly involved in membrane interaction (Mesmin et al. 2004). 
Amino acids 22-27 of Rho and Ras GTPase which are part of the transition of the α1-helix to 
the swich 1 region, are the main domain recognized by the glucosylating toxins (Müller et 
al. 1999). The cosubstrate for the bacterial glucosyltransferases is UDP-glucose; only TcnA 
utilizes UDP-N-acetylglucosamine (UDP-GlcNAc) (Selzer et al. 1996). This difference in 
cosubstrate specificity is based on sterical hindrance by bulky amino acids (e.g. 
Ile383/Gln385 in TcdB) blocking the catalytic pocket for the larger UDP-GlcNAc. In TcnA, 
small serine and alanine residues at the corresponding positions allow UDP-GlcNAc to 
enter the catalytic cleft (Jank et al. 2005). Little is known so far about the 
molecular/structural determinants underlying the differences in substrate recognition by 
different glucosylating toxins.  

2.2. Internalization of LCTs  

LCTs enter eukaryotic target cells through receptor-mediated endocytosis according to the 
‘short trip model’ of bacterial exotoxin uptake (Sandvig et al. 2004). The cytotoxicity of the 
toxins are blocked by endosomal and lysosomal acidification inhibitors (monensin, 
bafilomycin A1, ammonium chloride) and the inhibiting effects can be by-passed by an 
extracellular acidic pulse (Popoff et al. 1996, Qa'Dan et al. 2000, Barth et al. 2001, Popoff and 
Bouvet 2009). As shown in Fig. 2, on binding to host cell receptors (Karlsson 1995, 
Giesemann et al. 2008), the toxins are endocytosed (Voth and Ballard 2005). After 
endocytosis, the acidification of early endosomes by the vesicular H+-ATPase induces a 
conformational change characterized by an increase in hydrophobicity, leading to 
membrane insertion (Qa'Dan et al. 2000, Barth et al. 2001, Voth and Ballard 2005). It reported 
that at low pH, LCTs induce channel formation in cell membranes and artificial lipid bilyers 
(Qa'Dan et al. 2000 and 2001, Giesemann et al. 2006). Membrane cholesterol seems critical for 
TcdA pore formation (Giesemann et al. 2006). Then, the hydrophobic region enables to form 
a pore through which the catalytic domain can translocate into the cytosol. Pore formation 
under acidic conditions has been demonstrated for TcdA and B (Barth et al. 2001, 
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Giesemann et al. 2006). The exact mode of translocation remains to determine. The 
translocation-ligand domain remains associated with endosomal membranes and only the 
catalytic-DXD domain penetrates into the cytosol (Pfeifer et al. 2003, Rupnik et al. 2005). The 
N-terminal catalytic domain (A-domain) is then delivered from the early endosomes into the 
cytosol by auto-proteolytic activity stimulated by InsP6 (Reineke et al. 2007, Egerer et al. 
2007). This autoproteolytic activity is induced by InsP6 and/or dithiothreitol and is 
responsible for the separation of the catalytic domain from the holotoxin (Egerer et al. 2007, 
Reineke et al. 2007). A cysteine protease domain (C-domain containing putative catalytic 
residues, DHC) has been identified close to the cutting site in TcdB (amino acid 544-955), 
which is conserved in all LCTs (Egerer et al. 2007, Reineke et al. 2007, Egerer et al. 2009). 
Cys-700, His-655 and Asp-589 have been identified as the catalytic triad. It reported that a 
cysteine protease catalytic triad is involved in processing of the toxin and auto-cleavage is 
essential for toxin activity (Egerer et al. 2007). Following its translocation and release, the 
catalytic-DXD fragment (A-domain) acts on its cytosolic targets, the GTPases of the Rho/Rac 
family, leading to the observed blockade of signal transduction processes and, consequently, 
the disaggregation of the cytoskeleton and cell death (Just and Gerhard 2004, Belyi and 
Aktories 2010). TcdA and B target Rho GTPases (Rho, Ras and Cdc42), which are molecular 
switches involved in numerous signal processes, in particular, the regulation of the actin 
cytoskeleton. Once the toxins enter the cytosol, they catalyse the addition of UDP-Glc (UDP-
glucose) to Thr-37 (monoglucosylation) in Rho GTPase leading to depolymerization of actin 
filaments, disruption of the cytoskeleton and eventually cell rounding and cell death (Jank et 
al. 2007b, Belyi and Aktories 2010) (Fig. 2). 

2.3. Glucosylation of Rho GTPase by LCTs 

In the cytosol, LCTs glucosylate small GTPases of the Rho and Ras superfamily (Popoff et al. 
1996, Selzer et al. 1996, Belyi and Aktories 2010). Small GTP-binding proteins involve 
organization of the cytoskeleton and control cellular activity of numerous other cellular 
enzymes. Rho proteins are molecular switches involved in various signal processes, 
including actin cytoskeleton regulation, cell cycle progression, gene transcription, and 
control of the activity of many enzymes like protein and lipid kinases, phospholipases, and 
nicotanimide adenine dinucleotide-oxidase (Etienne-Manneville and Hall 2002, Burridge 
and Wennerberg, 2004). In respect to their role in host–pathogen interactions, Rho proteins 
essentially participate in epithelial barrier functions and cell–cell contact, in immune cell  

LCTs bind with their B-domain to the receptor of target cells. After endocytosis, the toxin 
inserts into the endosome membrane most likely involving the hydrophobic part of the D-
domain. The acidic pH of the endosome triggers the first conformational change and results 
in pore formation of the ligand-translocation domain. Cytosolic InsP6 interacts with the 
cysteine protease C-domain and induces a second conformational change, activating the 
protease function. This results in cleavage of the toxin and release of the glucosyltransferase 
A-domain into the cytosol. In the cytosol, Rho GTPases are glucosylated and thereby 
inactivated. Inactive Rho can not interact with a numerous variety of effectors and induce 
multiple signaling events.  



 
Glycosylation 158 

Giesemann et al. 2006). The exact mode of translocation remains to determine. The 
translocation-ligand domain remains associated with endosomal membranes and only the 
catalytic-DXD domain penetrates into the cytosol (Pfeifer et al. 2003, Rupnik et al. 2005). The 
N-terminal catalytic domain (A-domain) is then delivered from the early endosomes into the 
cytosol by auto-proteolytic activity stimulated by InsP6 (Reineke et al. 2007, Egerer et al. 
2007). This autoproteolytic activity is induced by InsP6 and/or dithiothreitol and is 
responsible for the separation of the catalytic domain from the holotoxin (Egerer et al. 2007, 
Reineke et al. 2007). A cysteine protease domain (C-domain containing putative catalytic 
residues, DHC) has been identified close to the cutting site in TcdB (amino acid 544-955), 
which is conserved in all LCTs (Egerer et al. 2007, Reineke et al. 2007, Egerer et al. 2009). 
Cys-700, His-655 and Asp-589 have been identified as the catalytic triad. It reported that a 
cysteine protease catalytic triad is involved in processing of the toxin and auto-cleavage is 
essential for toxin activity (Egerer et al. 2007). Following its translocation and release, the 
catalytic-DXD fragment (A-domain) acts on its cytosolic targets, the GTPases of the Rho/Rac 
family, leading to the observed blockade of signal transduction processes and, consequently, 
the disaggregation of the cytoskeleton and cell death (Just and Gerhard 2004, Belyi and 
Aktories 2010). TcdA and B target Rho GTPases (Rho, Ras and Cdc42), which are molecular 
switches involved in numerous signal processes, in particular, the regulation of the actin 
cytoskeleton. Once the toxins enter the cytosol, they catalyse the addition of UDP-Glc (UDP-
glucose) to Thr-37 (monoglucosylation) in Rho GTPase leading to depolymerization of actin 
filaments, disruption of the cytoskeleton and eventually cell rounding and cell death (Jank et 
al. 2007b, Belyi and Aktories 2010) (Fig. 2). 

2.3. Glucosylation of Rho GTPase by LCTs 

In the cytosol, LCTs glucosylate small GTPases of the Rho and Ras superfamily (Popoff et al. 
1996, Selzer et al. 1996, Belyi and Aktories 2010). Small GTP-binding proteins involve 
organization of the cytoskeleton and control cellular activity of numerous other cellular 
enzymes. Rho proteins are molecular switches involved in various signal processes, 
including actin cytoskeleton regulation, cell cycle progression, gene transcription, and 
control of the activity of many enzymes like protein and lipid kinases, phospholipases, and 
nicotanimide adenine dinucleotide-oxidase (Etienne-Manneville and Hall 2002, Burridge 
and Wennerberg, 2004). In respect to their role in host–pathogen interactions, Rho proteins 
essentially participate in epithelial barrier functions and cell–cell contact, in immune cell  

LCTs bind with their B-domain to the receptor of target cells. After endocytosis, the toxin 
inserts into the endosome membrane most likely involving the hydrophobic part of the D-
domain. The acidic pH of the endosome triggers the first conformational change and results 
in pore formation of the ligand-translocation domain. Cytosolic InsP6 interacts with the 
cysteine protease C-domain and induces a second conformational change, activating the 
protease function. This results in cleavage of the toxin and release of the glucosyltransferase 
A-domain into the cytosol. In the cytosol, Rho GTPases are glucosylated and thereby 
inactivated. Inactive Rho can not interact with a numerous variety of effectors and induce 
multiple signaling events.  

 
Glycosylating Toxin of Clostridium perfringens 159 

 

 
 
Figure 2. Model of entry and intracellular modification of LCTs 

Migration, phagocytosis, cytokine production, wound repair, immune cell signaling, and 
superoxide anion production. Modification of small GTP-binding proteins by LCTs arises at 
a Thr-35/37, depending on the Rho GTPase isoforms (Fig. 3) (Belyi and Aktories 2010). 
Marked differences in substrate specificity have been recognized among the various LCTs. 
TcdA and B glucosylate Rho, Rac and Cdc42 at Thr-37, whereas TcsL glucosylates Ras at 
Thr-35, Rap, Ral and Rac at Thr-37 and TcsH glucosylates Rho, Rac, Cdc42 (Fig. 4). LCTs 
catalyze the glucosylation of 21 kDa small GTP-binding proteins from UDP-glucose, except 
TcnA which uses UDP-N-acetylglucosamine as cosubstrate. TcnA glucosylates Rho, Rac, 
Cdc42 (Fig. 4). LCTs cleave the cosubstrate and transfer the glucose moiety to the acceptor 
amino acid of the Rho proteins (Popoff et al. 1996, Popoff and Bouvet 2009, Belyi and 
Aktories 2010) (Fig. 3). The conserved Thr, which is glucosylated, is located in switch 1. Thr-
35/37 is involved in the coordination of Mg2+ and subsequently to the binding of the two 
phosphates of GTP. The hydroxyl group of Thr-35/37 is exposed to the surface of molecule 
in its GDP-bound  
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Figure 3. Model of glucosyltransferase activity of LCTs. 

 
Figure 4. Protein substrates and cosubstrates of the LCTs. 

TcdA: Clostridium difficile toxin A, TcdB: Clostridium difficile toxin B, TcsL: Clostridium 
sordellii lethal toxin, TcsH: Clostridium sordellii hemorrhagic toxin, TcnA: Clostridium novyi 
alpha-toxin, TpeL: Clostridium perfringnes large cytotoxin. U-Glc: UDP-glucose, U-NAG: 
UDP-N-acetylglucosamine form, which is the only accessible substrate of LCTs. 
Glucosylation of Rho or Ras GTPases inhibits activation of the GTPases by GEFs and 
blocks interaction with their effectors (Sehr et al. 1998, Vetter et al. 2000) as well as the 
cycling of Rho GTPases between the membrane localization and cytosolic localization 
(Belyi and Aktories 2010). Glucosylated Rho proteins are located at the membrane. Most 
importantly, the toxin-induced glucosylation inhibits the active conformation of Rho/Ras 
GTPases (Vetter et al. 2000, Geyer et al. 2003). Glucosylation of Thr-35 completely 
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prevents the recognition of the downstream effector, blocking the G-protein in the 
inactive form (Popoff and Bouvet 2009). 

2.4. Cellular effects of LCTs. 

The inactivation of Rho proteins by LCTs-induced glucosylation causes extensive 
morphological changes, with loss of actin stress fibers, reorganization of the cortical actin, 
disrupution of the intercellular junctions and thus increase in cell barrier permeability. 
The actin cytoskeleton of intoxicated cells is redistributed, causing shrinking and 
rounding up of most cell types, which is initially accompanied by the formation of 
neurite-like retraction fibers. Finally, the retraction fibers disappear and the cells detach 
from the dishes (Ottlinger and Lin 1988, Popoff and Bouvet 2009). Inactivation of Rac 
assumes to be critical player in disorganization of actin cytoskeleton (Halabi-Cabezon et 
al. 2008). Numerous other cellular responses to the inactivation of Rho and Ras proteins 
by LCTs have been described, which are all caused by inhibition of the various functions 
of the small GTPase. They include inhibition of secretion (Prepens et al. 1996), 
phospholipase D activity (Schmidt et al. 1996), apoptosis (Brito et al. 2002, Voth and 
Ballard 2005), chemoattractant receptor signaling (Servant et al. 2000), phagocytosis 
(Caron and Hall 1998) and alteration of endothelial barrier function (Hippenstiel et al. 
1997). However, the role of LCTs on pathogenesis including diarrhea and 
pseudomembranous colitis are still unknown.  

Tissue damage and inhibition of the barrier function of enterocytes might explain the fluid 
response in toxin-induced diarrhea. TcdA and B affect the morphology and function of tight 
junctions and associated proteins (ZO-1, ZO-2, occuludin, claudin) to decrease 
transepithelial resistance, whereas E-cadherin junctions show little alteration (Nusrat et al. 
2001, Chen et al. 2002, Aktories and Barbieri 2005). F-actin restruction is accompanied by the 
dissociation of occluding, ZO-1 and ZO-2 from lateral tight junctions without affecting 
adherens junctions. These data indicate that Rho proteins play an important role in tight 
junction regulation. On the other hand, TscH, which mainly modifies Rac, alter the 
permeability of intestinal cell monolayers causing a redistribution of E-cadherin whereas 
tight junctions are not significantly affected (Boehm et al. 2006).   

TcdA and B induce apoptosis as a consequence of Rho glucosylation and caspase 
activation (Nottrott et al. 2007, Gerhard et al. 2008) or possibly cell necrosis (Genth et al. 
2008). TcdB and TscH cause apoptosis by targeting mitochondria (Petit et al. 2003, 
Matarrese et al. 2007). In addition, the inactivation of Rho blocks various cellular 
functions including exocytosis, endocytosis, activation of lymphocyte, phagocytosis in 
macrophages, control of NADPH oxidase, activation of phospholipase D, contraction of 
smooth muscle, activation of the pro-apoptotic RhoB, and transcriptional activation via 
JNK/or p38 (Just and Gerhard 2004, Gerhard et al. 2005, Huelsenbeck et al. 2007, Popoff 
and Bouvet 2009). TcdA and B induce a large nflammatory response in the gut. There is 
massive infiltration of neutrophils, and release of many cytokines (Jefferson et al. 1999). 
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TcdA-caused p38 activation induces the production of IL-8 and IL-1beta, necrosis of 
monocytes, and inflammation of intestinal mucosa (Popoff and Bouvet 2009). TcsL 
glycocylates Ras and inhibits the MAP-kinase cascade and PLD regulation. On the other 
hand, the role of those inhibition on cytotoxicity is still unclear (Schmidt et al. 1998, El 
Hadj et al. 1999). 

3. Characterization of TpeL 

C. perfringens type C has been identified as a causative agent of necrotizing enterocolitis 
associated with diarrhea and dysentery in infant animals (Tweten 2005, Sakurai and 
Nagahama 2006). Type C strain produces various toxins responsible for the pathogenesis 
(Sakurai and Nagahama 2006). Amimoto et al. (2007) fractionated the culture filtrate of C. 
perfringens type C strain MC18, and they discovered an unknown toxin (TpeL) that was 
lethal to mice. The toxin was cytotoxic to Vero cells, and its molecular mass was estimated to 
be about 180 kDa by SDS-PAGE analysis (Amimoto et al. 2007). These characteristics 
completely differed from the previously reported toxins. TpeL was purified with HPLC and 
affinity column coupled with the mAb. Coursodon et al. (2012) reported that TpeL-
producing strains of C. perfringens type A are highly virulent for broiler chicks. Paredes-
Sabja et al. (2011) reported that TpeL is also expressed during sporulation and is a 
sporulation-regulated C. perfringens toxin. 

3.1. Toxicity of TpeL 

TpeL was lethal to mice and toxic to Vero cells (Amimoto et al. 2007). The lethal activity of 
the purified TpeL in mice was determined as 62 MLD/mg (one was 16 μg) and 91 LD50/mg 
(one LD50 was 11 μg) by intravenous injection (Amimoto et al. 2007). TpeL showed obvious 
cytotoxicity in Vero cells, and the specific activity was 6.2 x 105 CU/mg (one CU was 1.6 ng) 
(Amimoto et al. 2007). Morphological changes induced by TpeL in Vero cells. The cytopathic 
effect induced by a low dose of TpeL was characterized by the enlargement of cells and 
appearance of rounded cells. Vero cells treated with a high dose of TpeL initially manifested 
similar changes to those treated with the low dose, then formed aggregates, and eventually 
detached from the well surface (Amimoto et al. 2007).  

Vero cells were incubated with SLO (100 ng/ml) alone (A) or a combination of TpeL1-525 (10 
μg/ml) with SLO (100 ng/ml) (B) at 37 °C for 15 min. Pictures were taken after 120 min of 
resealing. (C) Vero cells were incubated with various amounts of TpeL1-525 with SLO (100 
ng/ml) at 37 °C for 15 min. After 120 min of resealing, pictures of cells were taken and the 
percentage of rounded cells was determined. Value of three experiments were given a mean 
± the standard deviation (SD). 

To clarify the biological acitivty of TpeL, we prepared a recombinant glycosyltransferase 
domain, TpeL1-525 (covering amino acids 1 to 525) because native TpeL is labile and is 
difficult to purify from the culture supernatant of C. perfringens type C, and the recombinant 
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full-length TpeL was poorly expressed in Escherichia coli (Nagahama et al. 2011). As TpeL1-
525 did not possess binding domain, we used the streptolysin O (SLO) delivery systems 
(Nagahama et al. 2011). As shown in Fig. 5(B), in the presence of SLO, TpeL1-525 caused the 
cell rounding like the native toxin. TpeL1-525 at 1 – 10 μg/ml in the presence of SLO induced 
cell rounding in a dose-dependent manner (Fig. 5(C)). The cells finally detached from the 
wells. On the other hands, the cells eventually detached from the well. Furthermore, when 
TpeL1-525 at a concentration of 1 to 10 μg/ml was delivered to the cells by SLO, cell viability 
decreased in a dose-dependent manner. The cytotoxicity was inhibited by the anti-TpeL 
antibody, and heat-inactivated TpeL1-525 was not cytotoxic. On the other hand, TpeL1-525 
by itself did not have the cytotoxic effects. The results indicated that the N-terminal region 
of TpeL plays a role in the cytotoxicity and the C-terminal region is responsible for the 
binding of cells. The morphological alteration of cultured cells induced by TpeL is similar to 
that caused by TcdB and TcsL.  

 
Figure 5. Morphological changes of Vero cells upon treatment with SLO plus TpeL1-525. 

3.2. tpeL gene 

The gene encoding TpeL revealed the presence an ORF of 4953 bases (Amimoto et al. 2007). 
The tpeL gene encoded 1651 amino acid residues and the molecular mass of TpeL calculated 
from the deduced amino acid sequence was 191 kDa. A signal peptide region was not found 
within the ORF. The deduced amino acid sequence shared homology with TcdA, TcdB, TcsL 
and TcnA, called LCTs. The homology scores were 39 % to TcdA, 38 % to TcdB, 39% to TcsL 
and 30% to TcnA. The amino acid sequence of TpeL is shorter than that of any of these 
toxins, and the homologous region was located at the N-terminal site of the LCTs. A DXD 
motif in N-terminal region of LCTs is essential for glycosyltransferase activity, and W-102 in 
TcsL is an essential amino acid residue for the enzyme activity (Busch et al. 2000a). TpeL 
conserved the DXD motif and W-102 of TcsL. However, the C-terminal carbohydrate-
binding sites of LCTs (von Eichel-Streiber et al. 1992) were not conserved.  

The tpeL gene was detected not only in type C strains isolated in recent years but also ATCC 
3626, a type B strain preserved for many years. It therefore suggest that the tpeL gene has 
been conserved in C. perfringens DNA for a long time. Interestingly, beta-toxin-gene-positive 
strains completely coincided with tpeL-positive strains among the 18 strains examined 
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(Amimoto et al. 2007). Complete chromosomal and plasmid sequences of C. perfringens type 
A strain 13 are available (Shimizu et al. 2002). Also, there is no tpeL gene sequence within the 
data. It has been pointed out that beta- and epsilon-toxin genes carried by plasmids are 
sometimes lost during the passage of the strains (Katayama et al. 1996, Gibert et al. 1997). So, 
when the strain loses the plasmids, it changes to type A. In genetic study, total DNAs were 
used in the cloning and detection of the tpeL gene (Amimoto et al. 2007). Sayeed et al. (2010) 
reported that tpeL gene is located approximately 3 kb downstream of the plasmid-borne cpb 
gene. Gurjar et al. (2010) also reported that tpeL gene is localized to the plasmids containing 
cpb gene of cpe-negative type C isolates.  

3.3. Glucosylation of small G proteins by TpeL 

Rac1 is the only substrate GTPase inactivated by all LCTs. When the cells were treated 
with TpeL in the presence of SLO, glycosylation of cellular Rac1 was confirmed by 
Western blotting with the glycosylation-sensitive anti-Rac1 (Mab102) (Genth et al. 2006, 
Nagahama et al. 2011). TpeL and TcsL (Voth and Ballard 2005) act on Rac1 and the Ras 
subfamily but not RhoA. Furthermore, the isomeric TcdB from the variant C. difficile 
serotype F strain 1470 (TcdBF) that glucosylates Rac1 but not RhoA, has a cytopathic 
effect (Jank et al. 2007b). Halabi-Cabezon et al. (2008) reported that the glucosylation of 
Rac1 rather than RhoA correlates with the cytopathic effect of TcdB. It has been reported 
that Rac1 plays a critical role in the organization of the actin cytoskeleton (Bosco et al. 
2009). These results strongly suggest that glycosylation of Rac1 is critical for the 
cytopathic effect of TpeL.   

TpeL uses UDP-Glc and UDP-GlcNAc as sugar donors (Nagahama et al. 2011). All other 
LCTs use a single UDP-hexose (Belyi and Aktories 2010). The crystal structure provides 
evidence that two amino acids in the vicinity of the catalytic cleft are responsible for the 
specificity (Jank et al. 2005). TcdA and B, which both use UDP-Glc, have isoleucine  
and glutamine in the equivalent positions (Ile-383 and Gln-385 in TcdB), whereas TcnL, 
which uses UDP-GlcNAc, has serine and alanine residues at the respective positions (Jank 
et al. 2005). It has been reported that the bulkier side chains of Ile-383 and Gln-385 in TcdB 
limit the space of the catalytic cleft for the binding of UDP-GlcNAc and the exchange of 
these side chains with smaller groups changes the cosubstrate specificity from UDP-Glc to 
UDP-GlcNAc (Jank et al. 2005). TpeL has the smaller side chain Ala-383 and the bulkier 
side chain Gln-385 at the respective positions (Amimoto et al. 2007). We speculate that 
Ala-383 and Gln-385 in TpeL may stabilize the binding of UDP-Glc and UDP- 
GlcNAc and favor the acceptance of UDP-Glc and UDP-GlcNAc as the cosubstrates  
(Nagahama et al. 2011).  

The sequential glycosylation of Rac1 by TpeL followed by TcdB, and vice versa indicates 
that both toxins share the same acceptor amino acid in Rac1. The acceptor amino acid of 
TcdB-glycosylated Rac1 has been determined as Thr-35 (Belyi and Aktories 2010). TpeL 
inactivates Rac1 through the glycosylation of Thr-35 (Nagahama et al. 2011). 
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TpeL glycosylated Rac1, as well as the Ras subfamily consisting of Ha-Ras, RalA, and 
Rap1B, but not RhoA and Cdc42 (Fig. 4). Important differences in substrate specificity have 
been detected among the various LCTs. Whereas TcdA, TcdB, and TcnA modify most RhoA, 
Rac1, and Cdc42 isoforms, TcsL glucosylates Rac1 but not RhoA or Cdc42 (Voth and Ballard 
2005). On the other hand, TcsL also modifies the Ras subfamily, including Ras, Rap, and Ral 
isoforms (Voth and Ballard 2005). Thus, TpeL modifies similar substrates to TcsL. It was 
reported that Arg-455, Asp-461, Lys-463, and Glu-472 and residues of helix α17 (e.g., Glu-
449) of TcdB are essential for enzyme-RhoA recognition (Jank et al. 2007b). Changing the 
respective amino acid residues in TcsL to those of TcdB reduced glycosylation of Ras by 
TcsL (Jank et al. 2007a). Furthermore, the introduction of helix α17 of TcdB into TcsL caused 
a reduction in the glycosylation of Ras subfamily proteins but permitted the glycosylation of 
RhoA, indicating that helix α17 is involved in RhoA's recognition by TcdB (Jank et al. 
2007b). Glu-449, Lys-463, and Glu-472 in TcdB correspond to Lys, Arg, and Gly residues in 
TcsL and TpeL. Arg-455 in TcdB corresponds to Lys in TcsL and Gly in TpeL (Amimoto et 
al. 2007). The difference in those amino acid residues may be involved in recognizing small 
GTPases by TpeL. Additional residues in LCTs are needed for the recognition of small 
GTPases. 

4. Conclusion  

Infection with TpeL-positive C. perfringens strains may yield disease with a more rapid 
course and higher case fatality rate in broiler chicks. Thus, TpeL may potentiate the effect of 
other virulence attributes of necrotic enteritis strains of C. perfringens. TpeL from C. 
perfringens has been identified as a glycosyltransferase using UDP-GlcNAc and UDP-Glc as 
cosubstrates. The substrates of TpeL are confined to Rac1 and Ras subfamily proteins. The 
modification of Thr-35 on Rac1 induces cytopathic effects. 
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1. Introduction 

1.1. Cell-wall polysaccharide of Porphyridium sp. 

1.1.1. Chemical studies 

The cells of the red microalga Porphyridium sp. are encapsulated within a polysaccharide, 
one of the main products of this alga and that is vital for its survival [1-4]. Due to the unique 
properties of this polysaccharide, which has tremendous value in the biotechnology field, 
strenuous, interdisciplinary efforts have been devoted in the past few decades to the study 
of its chemical structure, rheological properties, and bioactivities [3]. 
The red microalga Porphyridium sp. cell-wall polysaccharide comprises negatively charged 
heteropolymers with a relatively high molecular mass, apparently in the 2*106 Da range [5-
8]. The precise pka value of dissociation is very low and is somewhat difficult to determine 
due to the heterogeneous nature of the molecules. The polysaccharide is composed of 10 
different monosugars, proteins, and sulfate groups (~7.6 %w/w) [5-6, 8-10]. The prominent 
sugars are glucose:galactose:xylose in a molar ratio of 1:1.9:3.2 , respectively [10]. The minor 
sugars include rhamnose, arabinose, mannose, and methylated monosugars [5-6, 8, 10]. 
Moreover, it is anionic due to the presence of uronic acid groups and half-ester sulfate 
groups [1, 5-6, 11], the latter of which are attached to the 3 or 6 position of glucose and 
galactose [11].  

During growth, the external part of the polysaccharide (known as the "soluble fraction") is 
released to the surrounding aqueous medium and accumulates in the medium, while the 
remainder, i.e., most of the polysaccharide (~ 50-70%, known as the "bound fraction"), 
remains attached to the cell [1-4, 12]. When red microalgae are grown in a liquid medium, 
the viscosity of the medium increases continuously as the polysaccharides are released from 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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the cell surface [1, 13]. As a result, during the logarithmic phase of growth polysaccharide 
capsules are thinnest, while during the stationary phase they are thickest. Cell-wall 
polysaccharide production (quantity and quality) has been found to be affected by 
environmental conditions and genetic modifications [4]. For example, growing Porphyridium 
sp. in a medium deprived of nitrate and sulfate enhances production and solubilization of 
the polysaccharide [14]. Moreover, these conditions have also been shown to change 
polysaccharide compositions [14]. 

The precise structure of the Porphyridium sp. cell-wall polysaccharide is not fully understood 
due to its complexity and the lack of known specific enzymes that degrade it [3]. Although 
several studies have been conducted on Porphyridium sp. polysaccharide structure, most 
have focused mainly on the soluble fraction of the polysaccharide. The soluble 
polysaccharide of Porphyridium sp. was found to have a basic building block comprising 
aldobiouronic acid 3-O-( α -D-glucopyranosyluronic acid)-L-galactopyranose disaccharide 
[15]. This building block has also found in other red microalgal cell-wall polysaccharides, 
i.e., Porphyridium aerugineum and Dixoniella grisea [15]. Moreover, it was also discovered to 
be part of a bigger structure, composed of a larger, linear building block that contains (12 
or 14)-linked xylopyranosyl, (13)-linked galactopyranosyl, and (13)-linked 
glucopyranosyl or glucopyranosyluronic acid residues [16]. Two oligosaccharides isolated 
from the bound fraction were also investigated. They were shown to comprise three major 
neutral monosaccharides – Xylose, Glucose Galactose, and GlcA – the last of which did not 
contain the disaccharide building block that was found in the soluble polysaccharide 
fraction [17]. 

1.1.2. Rheological studies 

Their physicochemical natures make the red microalgal polysaccharides potentially valuable 
candidates for various industrial applications. One of the most important properties of the 
polysaccharides is their capacity to yield highly viscous solutions, comparable with those of 
industrial polysaccharides such as xanthan and carageenan, under relatively low polymer 
concentrations [4]. The Porphyridium sp. polysaccharide is composed of an oriented single, 
two-fold helical structure with a pitch of 1.6 nm (i.e., a single chain helix with two chemical 
repeats, which are probably the aldobiouronic acid) [18-19]. Chain stiffness is in a range 
comparable to that of rigid helicels such as xanthan gum and DNA [18].  

A heteropolyelectrolyte, the polysaccharide of Porphyridium sp. shows marked shear 
thinning (with no evidence of a Newtonian plateau, typical of a structured medium), 
thixotropic, and elastic behaviors [18-19]. It was suggested that the shear thinning behavior 
and the capability to yield highly viscous solutions under relatively low polymer 
concentrations can be attributed to the ability of the polysaccharide to form a weakly cross-
linked, elastic, gel-like network structure (that breaks down under shear).  

The similarity of the physicochemical properties of red microalgal polysaccharides to those 
of other polysaccharides currently used in industry as gelling agents, thickeners, stabilizers, 
and emulsifiers (such as xanthan) make the red microalgal polysaccharides a valuable 
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alternative source to these existing industrial polysaccharides. One of their unique 
advantages over those of other phycocolloids, mainly for commercial applications, is their 
stability over wide temperature, pH value, light, and salinity ranges [4, 6, 18-22]. 
There is evidence that upon heating the Porphyridium sp. cell-wall polysaccharide in 
solution, the weak elastic gel, transforms into a stronger elastic network that is reversible by 
cooling [19]. Aqueous preparations that gel with heating and melt upon cooling are rare and 
may have unique industrial applications. This phenomenon demonstrates again the notable 
stability attributed to the polysaccharides that differentiate them from other known 
phycocolloids, e.g., agar-agar. Another significant property of the red microalgal 
polysaccharides that confers on them great industrial value is their effectiveness in drag 
reduction [4, 23]. Indeed, they were proposed as ideal for cargo ships to lessen the drag felt 
by the marine transport vessels, thereby reducing the needed propulsion power and fuel 
costs or, alternatively, increasing ship speeds [24]. 

The Porphyridium sp. cell-wall polysaccharide was found to adsorb onto mica surfaces 
(negatively charged), forming ultrathin coating layers in the nanometer range [21-22]. The 
polysaccharide layer appeared to remain highly mobile at the surface, as flexible microfibrils 
(~ 10 nm in width and 1 to 2 nm in height), [21]. However, hyaluronic acid under the same 
conditions did not show any sign of adsorption onto the mica surfaces [22]. 

One of the most outstanding properties of Porphyridium sp. polysaccharide lubricating films 
is that only a subnanometric (0.5-1 nm) monolayer is needed to provide a stable, low-friction 
coefficient, robustness (high load carrying capacity), and good wear protection, and the 
friction force exhibits a weak dependence on sliding velocity [22]. Moreover, 
pressing/shearing was shown to affect the adhesion such that the application of pressure 
plays an important role in reordering the polysaccharide molecules between two surfaces, 
binding them together to protect them from damage and control their friction.  

In comparison to the other biopolymers investigated so far, the Porphyridium sp. 
polysaccharide at once possesses most of the tribological requirements for efficient 
biolubrication, e.g., steady low friction, stability at high pressures, stability at high and low 
velocities, and wear protection and stability over large shearing distances. In addition, the 
polysaccharide was shown to be superior to hyaluronic acid as biolubricants in terms of 
stability, friction reduction, and adsorption [21-22]. Also, the polysaccharide was affected 
neither by hyaluronidase activity, in contrast to hyaluronic acid [22], nor by carbohydrolases 
[25]. In summary, these properties combine to make the red microalgal polysaccharide of 
Porphyridium sp. ideal for applications in various industries, i.e., marine transport, 
biomedical, cosmetics, and nutrition. 

1.1.3. Bioactivities 

Among its bioactivities whose potential has been at least partially realized are the 
Porphyridium sp. polysaccharide’s anti-inflammatory and anti-irritating activities [26]. 
Found to be generally well-suited for a variety of skin applications, the polysaccharide was 
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shown to have a marked soothing affect on the irritation associated with common skin 
inflammations. Moreover, using TBA and FOX methods, the polysaccharide was also shown 
to have potent antioxidant properties [27]. Indeed, these proven polysaccharide bioactivities 
led to its current application as an anti aging agent by a leading global cosmetics company 
and have promoted further research aimed at discovering additional uses. 

In addition to bioactivities with dermal applications, the polysaccharide was also found to 
possess anti-viral activity against animal viruses [28-33]. Moreover, it was shown to 
significantly inhibit infection with retroviruses (murine leukemia virus, HIV-1, and HIV-2) 
and cellular transformation by murine sarcoma virus [29].  

The Porphyridium sp. polysaccharide can also be used as a nutritional agent, as the fibers it 
contains constitute a viable dietary supplement. Animal feeding experiments have shown 
that rats whose diets were supplemented with low concentrations of polysaccharide had 
considerably lower levels of serum cholesterol, triglycerides, and very low-density 
lipoprotein (VLDL) [34-36]. This diet also resulted in an increase in feces mass (by 130%) and 
in bile acid excretion (5.1 fold or more). Moreover, rats fed the polysaccharide exhibited 
longer small intestines (by 17%) and colons (by 8.5%) [36]. An important finding is the 
complete absence of toxic effects following the Porphyridium sp. polysaccharide diet in 
comparison to diets based on other known sulphated polysaccharides that were found to be 
toxic [37]. It was thus suggested that the Porphyridium sp. polysaccharide could be produced 
and marketed commercially as a dietary fiber supplement [35-36]. 

It is noteworthy to add that the beneficial bioactivities and fluid dynamic behavior observed 
in Porphyridium sp. polysaccharide are probably the direct results of the their general role in 
their natural surroundings, isolated from the sea sand, where the environmental conditions 
are subject to harsh, widely fluctuating conditions, i.e., extreme light and drought during 
ebb tides. Most likely the unique polysaccharide structure is responsible for these special 
properties. Indeed, the polysaccharide form the boundary between the cell and its 
surroundings, functioning as a capsular defense barrier. 

2. The 66-kDa glycoprotein 

Almost no work has been reported on the cell-wall proteins of red microalgae. However, a 
number of non-covalently-bound cell-wall proteins were detected in SDS polyacrylamide 
gel electrophoresis (SDS-PAGE) when the cell-wall polysaccharide complex of Porphyridium 
sp. was loaded on the gel after it had been boiled in sample buffer containing SDS and β-
mercaptoethanol (Figure 1). The most prominent of those proteins is named after its 
molecular mass: the 66-kDA cell-wall glycoprotein. The total mass of all N-glycans attached 
to the protein was estimated at 8 kDa [38-39]. 

The 66-kDa glycoprotein was found to be non-covalently, tightly bound to the 
polysaccharide [38-39]. Although it could not be co-eluted with the polysaccharide in size-
exclusion chromatography (SEC) by increasing NaCl concentrations (0.25-1.5M), it could be 
partially dissociated from the polysaccharide by SEC in the presence of 2M guanidine 
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hydrochloride. Furthermore, the glycoprotein could not be completely separated from the 
polysaccharide that had been denaturated by boiling, in buffer containing SDS and β-
mercaptoethanol before loading it into an SEC column. Western blot analysis (using 
polyclonal antiserum raised against the 66-kDa glycoprotein) revealed that the glycoprotein 
is specific to Porphyridium sp. and its closely related isolates, but it is not detected in other 
red microalgae, blue-green algae, or plants [38-39]. Indirect immunofluorescent assay and 
immune-gold labeling with the antiserum showed that the 66-kDa glycoprotein is located in 
the Golgi and on the cell surface of Porphyridium sp. 

 
Figure 1. Cell-wall proteins of the Porphyridium sp. polysaccharide. The polysaccharide (36 µg) was 
subjected to SDS-PAGE and stained with Coomassie blue.  

The 66-kDa glycoprotein was also detected in genetically spontaneous mutants that are 
resistant to the cellulose biosynthesis inhibitor 2,6-dichlorobenzonitrile (DCB) or in 
physiologically modified cell-wall complexes of Porphyridium sp. (from sulfate, nitrate, 
calcium starved cultures) [38-39]. 

By means of an in vitro assay, it was demonstrated that the 66-kDa glycoprotein binds to the 
cell-wall polysaccharide of Porphyridium sp. Furthermore, it also binds to the cell-wall 
polysaccharides of two other species of red microalgae, Dixoniella grisea and Porphyridium 
aerugineum, and to λ-carrageenan from a red seaweed. But it does not bind to the other 
polysaccharides examined, i.e., dextran, dextran sulfate, xylan, and xanthan gum [38-39].  

Sequencing of a cDNA clone encoding the 66-kDa glycoprotein revealed that this is a novel 
protein, with four potential N-glycan sites, which does not show similarity to any protein in 
the public domain databases.  

Although the sequencing clone revealed this glycoprotein to be a novel protein, it does show 
structural similarities, within the carbohydrate-binding domain (CBD), to some protein 
superfamilies, namely, glycosyltransferases, pectin lyase-like, sialidases, and conA-like 
lectins/glucanases in the SCOP and PROSITE databases, indicating a possible role of the 66-



 
Glycosylation 178 

kDa glycoprotein in cell-wall polysaccharide synthesis/modification [38-39]. In addition, two 
amino acid sequences of the N-terminus and several internal peptides showed some 
homology to endo β 1-4 xylanase [38-39]. Moreover, this protein was found in the early 
stages of the cell-wall cycle as an intermediate product [40-41] and in all mutants 
characterized by modified cell walls [39], which indicates that it may be involved in 
polysaccharide biosynthesis. In addition, the glycoprotein was shown to play a role in 
biorecognition [42]: Porphyridium sp. cells that were treated with antibodies to the 66-kDa 
glycoprotein were not recognized by the microalga’s predator, the dinoflagellate 
Crypthecodinium cohnii [42]. 

3. N-Glycan structures of the 66-kDa glycoprotein 

The primary structures of the 66-kDa N-glycan have been investigated by various 
methodologies. Preliminary characterization of glycan moieties attached to the 66-kDa 
protein was done by lectin array analysis. The SDS-PAGE–resolved polysaccharide proteins 
(containing the 66-kDa glycoprotein) were blotted onto nitrocellulose membranes and 
probed with lectin-conjugated-biotin and streptavidin-conjugated-HRP according to Gravel 
[43]. The glycoprotein was detected by the lectins ConA (Concanavalin A), GNA (Galanthus 
nivalis lectin), and GSL I (Griffonia (Bandeiraea) simplicifolia lectin I (Figure 2). ConA has 
high affinity to α-D-mannose and lower affinity to α-D glucose [44]. GNA recognized a 
terminal mannose via α(1-3), α(1-6) or α(1-2) to another mannose residues [45]. The positive 
reactions with the lectins ConA and GNA suggest the presence of N-glycosidically-linked 
"high mannose" or hybrid"-type glycan chains while that with GSL I indicates the possible 
presence of O-linked chains comprising α-Gal/α-GalNac monosaccharides. In contrast, the 
glycoprotein could not be detected by the lectins DSA (Datura stramonium), AAA (Aleuria 
aurantia agglutinin), RCA I (Ricinus communis agglutinin I), PNA (Peanut Agglutinin), WGA 
(Wheat Germ Agglutinin), SNA (Sambucus nigra), or MAA (Maackia amurensis lectin, 
suggesting that it lacks the Galβ(1-4)GlcNAc, GlcNAc-Ser/Thr, α(1-6)-linked fucose, terminal 
β-D-galactose, Gal β(1-3) GalNAc, GlcNAcβ(1-4)GlcNAc, sialic acid terminally linked to α(2-
6)Gal, or GlcNAc and sialic acid terminally linked to α(2-3) Gal groups, respectively. 

Other direct, well-known methods for N-glycan analysis have also been conducted as 
follows. The glycoprotein was separated using a funnel-shaped polyacrylamide gel under 
conditions described previously [38-39]. The 66-kDa glycoprotein was detected by 
Coomassie blue staining, and its N-glycans were separated using in-gel digestion with 
PNGase F according to Küster et al. [46]. Following several cleaning steps [47], part of the 
separated N-glycans were labeled with the fluorescence agent 2AB according to the method 
described by Bigge et al. [48], and the rest were kept for mass spectrometry analysis. An NP-
HPLC analysis of the 2AB-labeled N-glycans revealed four main peaks, indicating a 
minimum of four different N-glycans in the sugar moieties of the 66-kDa glycoprotein 
(ranging in size from 7 to 8.5 GU values in terms of the glucose ladder standard) [47]. To test 
whether the N-glycan moieties contain other types of sugars, i.e., those containing a 3-linked 
fucose attached to the reducing terminal GlcNAc residue, the 66-kDa glycoprotein was 
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(ranging in size from 7 to 8.5 GU values in terms of the glucose ladder standard) [47]. To test 
whether the N-glycan moieties contain other types of sugars, i.e., those containing a 3-linked 
fucose attached to the reducing terminal GlcNAc residue, the 66-kDa glycoprotein was 
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digested with PNGase A [47]. Following labeling of the PNGAse-A–released N-glycans, 
they were run on an NP-HPLC. The resulting NP-chromatogram was identical to that of the 
PNGase-F–released glycans, indicating the absence of a core α1,3-linked Fuc. 

 
Figure 2. Lectin analysis of the 66-kDa cell-wall glycoprotein. The cell-wall polysaccharide (36 µg) was 
subjected to SDS-PAGE. Following electrophoresis, the proteins were blotted onto a nitrocellulose 
membrane and probed with ConA, GNA, and GSL I.  

To elucidate the N-glycan structures, the next step was to use an exoglycosidase array of 
enzymes that normally cleave the non-reducing end of typical N-glycans. Following the 
digestion of the 2AB- labeled PNGase-F–released N-glycans with an exoglycosidase array 
(ABS, BTG, SPH, BKF, XYL, JBM), the glycan NP-HPLC chromatogram did not change in 
comparison to that prior to digestion, indicating that the mixture of N-linked glycans obtained 
from the 66-kDa glycoprotein of Porphyridium sp. differs from glycans known to date [47]. To 
obtain more information about N-glycan structures, the labeled and unlabeled N-glycans were 
analyzed by mass spectrometry (positive-ion MALDI-TOF MS and negative-ion ESI-MS). As 
expected, the results did not match the typical mass values of other known, investigated N-
glycans. Moreover, the 2AB-labeled N-glycan fraction released after PNGase F/A was also run 
on WAX-HPLC, and all the glycans were found to be neutral [47]. 

Traditionally, the gold standard for such studies would have been to include GC/MS and/or 
NMR data, which is not the case here. Since the glycoprotein is associated with the soluble 
polysaccharide, first it has to be separated from the polysaccharide (loading volume was 1.7 
ml). Working with the polysaccharide is tedious and time consuming due to its high 
viscosity with excessive shear thinning. Moreover, the polysaccharide contains numerous 
other compounds, which dictated that we first dialyze it against double distilled water and 
dilute its concentration to 0.3 w/v. At the gel loading point, the polysaccharide concentration 
was lower since it was diluted again with Laemmli sample buffer (lowering the final 
concentration to about 0.2 w/v). Each gel run yielded one band (1 cm × 0.5 mm) that 
contained about 30 µg of the glycoprotein and a relatively small amount of total N-glycans 
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(about 500 pmol, calculated by 2AB calibration standards). To analyze the glycan structures 
using GC-MS, it was vital to collect enough material. Glycans from 40 gel pieces were 
collected, separated from the gel pieces, and cleaned. We hydrolyzed the glycans by 
rigorous acid conditions, methylated them, and tried to compare their GC-MS spectra to that 
of known methylated monosaccharide standards. The methylated monosaccharide GC-MS 
spectra derived from the unknown glycans contained a lot of background noise that 
presumably hid the monosaccharide peaks. The noise probably derived from the 
preparation of the polyacrylamide gel pieces together with the steps leading to the GC-MS 
analysis. We now understand that conventional strategies (collection of small glycan 
amounts from relatively large gel pieces) are insufficient in this research. As a result, it was 
necessary to use indirect methodologies to obtain structural information. In future research, 
we hope to develop a method for producing uncontaminated proteins from the 
polysaccharide. 

To understand the N-glycan compositions suggested by the mass values, the identities of 
the constituent monosaccharides of the N-glycans were determined. The N-glycans were 
hydrolyzed and labeled with 2AB and analyzed using a combination of MS spectrometry 
and a comparison of monosaccharide standards to the hydrolyzed monosaccharide 
chromatograms of the N-glycans obtained by NP/RP-HPLC [47]. The analysis indicated that 
each of the N-glycans derived from the 66-kDa glycoprotein comprised the same four 
monosaccharides: GlcNAc, mannose, probably 6-O-MeMan and xylose. Integrating 
monosaccharide identity data with the MS analysis, a sugar composition can be determined 
for each N-glycan feature (Table 1): 
 

N-Glycan calculated mass (Da) 
Composition 
Mannose MeMan GlcNAc Xylose 

1894.70 5 3 2 1 
2026.75 5 3 2 2 
2056.76 6 3 2 1 
2188.80 6 3 2 2 

Table 1. Compositions of the N-glycans from the 66-kda glycoprotein [47] 

The N-glycans were also released by Endo-H and then analyzed by NP-HPLC. To estimate 
the difference in glucose unit values between the PNGase-F– and Endo-H–released N-
glycans from the 66-kDa glycoprotein, the NP-HPLC chromatograms of the two 
preparations were compared to the NP-HPLC chromatogram of a known standard of 
PNGase-F– and Endo-H–released N-glycans derived from RNase B. The differences in the 
elution times (in the NP-chromatogram) of the 66-kDa glycoprotein fractions compared to 
those of the RNase B fractions showed the same pattern. The NP-HPLC chromatogram of 
the N-glycans released from the RNAse B glycoprotein (data not shown) indicated that the 
size difference between 2AB-labeled glycans released by the action of PNGase F and Endo H 
is very small (0.16 GU or less). For example, the size of the oligomannose structure with five 
mannose residues, which was separated from RNase B by PNGase F action, exceeded that 



 
Glycosylation 180 

(about 500 pmol, calculated by 2AB calibration standards). To analyze the glycan structures 
using GC-MS, it was vital to collect enough material. Glycans from 40 gel pieces were 
collected, separated from the gel pieces, and cleaned. We hydrolyzed the glycans by 
rigorous acid conditions, methylated them, and tried to compare their GC-MS spectra to that 
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presumably hid the monosaccharide peaks. The noise probably derived from the 
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amounts from relatively large gel pieces) are insufficient in this research. As a result, it was 
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we hope to develop a method for producing uncontaminated proteins from the 
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chromatograms of the N-glycans obtained by NP/RP-HPLC [47]. The analysis indicated that 
each of the N-glycans derived from the 66-kDa glycoprotein comprised the same four 
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monosaccharide identity data with the MS analysis, a sugar composition can be determined 
for each N-glycan feature (Table 1): 
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The N-glycans were also released by Endo-H and then analyzed by NP-HPLC. To estimate 
the difference in glucose unit values between the PNGase-F– and Endo-H–released N-
glycans from the 66-kDa glycoprotein, the NP-HPLC chromatograms of the two 
preparations were compared to the NP-HPLC chromatogram of a known standard of 
PNGase-F– and Endo-H–released N-glycans derived from RNase B. The differences in the 
elution times (in the NP-chromatogram) of the 66-kDa glycoprotein fractions compared to 
those of the RNase B fractions showed the same pattern. The NP-HPLC chromatogram of 
the N-glycans released from the RNAse B glycoprotein (data not shown) indicated that the 
size difference between 2AB-labeled glycans released by the action of PNGase F and Endo H 
is very small (0.16 GU or less). For example, the size of the oligomannose structure with five 
mannose residues, which was separated from RNase B by PNGase F action, exceeded that 
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obtained by Endo H digestion by a mere 0.16 GU. It was also shown that the size difference 
between the PNGase-F– and Endo-H–released glycans decreased as glycan size increased: 
Oligomannose structures with eight or nine mannose residues exhibited no size difference 
between PNGase-F– and Endo-H–released materials. The small difference in glycan size (in 
GU values) between the smallest glycan, released by PNGase F and yielding the smallest 
GU value (m/z 1895), and the major peak obtained in the NP-HPLC chromatogram after 
Endo H digestion, indicates that the glycan features are the same as those associated with N-
glycans from RNase B. A comparison of the sizes of the minor peaks for the derived glycans 
released by Endo H compared to those released by PNGase F digestion (corresponding to 
2027, 2057, 2189 Da) was in good agreement with the differences found in the measurements 
of the RNase B fraction. The yield of these glycans released by Endo H was found to be 
much lower than expected compared to the major glycan released by Endo H. This 
observation indicates the possible existence of structures with positions that interfere with 
Endo H activity. In addition, to verify that the glycans released after Endo H were derived 
from the same N-glycans released after PNGase F digestion, a comparison of analyses of 
their masses by MS indicated that they possess the same glycan features.  

To obtain a more detailed analysis, unlabeled oligosaccharides released by PNGase F were 
subjected to negative mode MS/MS [47]. The negative ion MS/MS spectra were typical of 
neutral glycans run as phosphate adducts (phosphate was the anion used to ionize the 
compounds) [47]. Spectra were interpreted according to published data [49-52]. All spectra 
contained a major ion 259 mass units below that of the molecular ion and consistent with a 
2,4A fragmentation (Domon and Costello [53] nomenclature) of the core HexNAc (Scheme 1, 
loss of 161 mass units and the phosphate adduct) following abstraction of the 3-proton by 
the phosphate. This mass loss showed no substitution of the core GlcNAc. 

 
Scheme 1. Fragmentation mechanism in the GlcNAc ring of the chitobiose core 

A second ion, 60 mass units below this ion, was also present in all compounds and 
corresponds to a BR cleavage (the subscript is used here to refer to the “reducing terminus”) 
(Scheme 2) consistent with a β(1→4)-linkage. 

The spectra of the compounds weighing 1991 and 2153 Da contained an additional ion, 203 
mass units below that of the 2,4AR ion, corresponding to a similar cleavage of the penultimate 
GlcNAc (Scheme 3).  
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Scheme 2. Fragmentation mechanism between the two GlcNAc residues of the chitobiose core 

 
Scheme 3. Fragmentation mechanism in the penultimate GlcNAc of the chitobiose core  

The spectra of compounds weighing 2123 and 2285 Da, that had an extra xylose residue did 
not contain this ion, suggesting that the xylose was attached to the 3-oxygen of the 
penultimate GlcNAc, blocking the abstraction of a proton at this site and accounting for the 
absence of the 2,4AR-1 ion [47]. 

Normally, xylose is found attached to the 2-position of the branching mannose. However, 
the negative ion MS/MS spectrum of [Man]2[GlcNAc]2[Xyl]1[Fuc]1 from horseradish 
peroxidase, which contains such a 2-linked xylose, contained an abundant ion 
corresponding to the 2,4AR-1 fragment (m/z 677) consistent with the 3-proton being available 
for abstraction [47]. Thus, it appears that the compounds with two xylose residues have one 
xylose attached to the 3-position of the penultimate GlcNAc residue [47]. 

The negative ion MS/MS spectra of all four compounds were virtually identical. The group 
of ions at m/z 1131, 1113, 1059, and 1029 (weak) are similar to those from high-mannose 
glycans and correspond to D, [D-18]-, O,3AR-2, and O,4AR-2 , respectively (Scheme 4)[47]. 

The similarity of these ions to those in the high-mannose glycans again suggests no xylose 
substitution on the core mannose. The mass of the D ion, which contains the 6-antenna, 
indicated a composition of [Hex]4[MeHex]2[Xyl]1 leaving after subtraction of the core 
GlcNAc residues. The similarity of the spectra to those of the high-mannose glycans 
suggests a similar topology, and therefore, the two branches of the 6-antenna contain Hex-
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MeHex and Xyl-Hex-MeHex compositions. The composition of the ion at m/z 631 appears to 
be [Hex]2[MeHex]1[Xyl]1, which is consistent with that of a D’ ion [the linkage (3 and 6) 
around the mannose attached to the 6-position of the core mannose is the same as that of the 
core mannose itself, Scheme 5]. 

 
Scheme 4. Fragmentation mechanism between the branching Mannose and the penultimate GlcNAc of 
the core core (D, O,3AR-2 and O,4AR-2 ions) 

 

 
Scheme 5. Fragmentation mechanism in the 6-branch mannose, creating the D’ ion. 

To further elucidate the glycan structures, each of the 2AB-labeled glycans were also 
analyzed by positive MS/MS. The results of the positive MS/MS spectra were in good 
agreement with those of the negative spectra, indicating that each of the N-glycans 
possesses the same core structure with a composition comprising [MeMan]2[Man]4 
[Xyl]1[GlcNAc]2 [47]. It can also be suggested that the glycans with the additional xylose 
residues (2026, 2188 Da) are attached to the penultimate GlcNAc. The major 2AB Endo-H–
released glycan was also analyzed by positive MS/MS, indicating the existence of two 
isomers in the fractions. The positive MS/MS spectra also indicated that different isomers 
exist in two of the glycan features [47]. 

Based on a combination of the two MS/MS spectra, the following structures were suggested 
[47] (Table 2): 
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N-Glycan calculated mass (Da) Suggested structure

1894.70 
 
 
 
 

                    

            
2026.75  

          
2056.76 

2188.80 
 

 

Table 2. Suggested structures of N-glycans separated from the 66-kDa glycoprotein within the-cell wall 
polysaccharide of Porphyridium sp. 

All these diverse glycan structures were found to have oligomannose topologies, containing 
unique motifs that differentiate them from other, known N-linked glycan structures found 
to date in other organisms, including the 6-methylation of mannose residues inside the 
glycan chain and the xylose attached in different positions, both of which have never before 
been reported [47].  

4. Effect of growth conditions on the cell-wall glycoproteins and on N-
glycans within the 66-kDa glycoprotein 

Since different physiological conditions were found to influence polysaccharide production 
[4] and since the 66-kDa glycoprotein is part of the polysaccharide structure, the study of 

Isomer 2Isomer 1

Isomer 1 Isomer 2 
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cell-wall glycoprotein production and its N-glycosylation may help us understand the 
biosynthesis process and function of the polysaccharide. As a result, in addition to N-glycan 
structure determination of the 66-kDa cell-wall glycoprotein, the effect of growth conditions 
along with the starvation of sulfate, nitrogen and calcium or the enrichment of sulfate were 
also tested on the composition and structure of the N-glycan moieties. Prior to the 
experiments, Porphyridium sp. cells were cultivated in accordance with the treatment 
conditions as follows: The sulfate-enriched growth medium contained four-fold sulfate 
concentration compared to the original medium (ASW). Sulfate starvation cultures were 
cultivated for five cycles (five days each) in a medium containing 1/100 of the sulfate 
concentration of the regular medium. Cells subjected to starvation of either nitrogen or 
calcium were cultivated in a deficient medium free of nitrate or calcium (without KNO3 or 
CaCl2, respectively). The Porphyridium sp. control cells were cultivated in ASW medium.  

After two weeks of growth, all of the cultures (sulfate enrichment or sulfate and nitrogen 
starvation, or regular medium), which were in the stationary phase, were centrifuged and 
the supernatant, which contained the polysaccharide, was isolated and dialyzed and 
concentrated to a final concentration of 0.3 w/v. The amount of cell-wall proteins within the 
concentrated polysaccharide (1.7 ml) was determined for each of the treatments by Lowry 
analysis [54]. To isolate the 66-kDa glycoprotein, the concentrated polysaccharide in the 
different treatments (1.7 ml) was run through SDS-PAGE electrophoresis, and the N-glycans 
were released by PNGase F following 2AB labeling. The NP-HPLC results for the N-glycans 
released from the 66-kDa protein were compared between the different treatments. In each 
NP-HPLC chromatogram, the molar ratios between the sugar features were determined 
with Empower HPLC software, which calculates the area under each peak, an indication of 
the sugar molar rate. The fluorescence rate was calibrated to mole amounts using 2-AB 
calibration standards. Each experiment was repeated twice. 
Polysaccharide protein amounts produced under sulfate or nitrogen starvation treatments 
were 90% less than under the control or sulfate enrichment condition. Accordingly, the N-
glycan amounts measured within the 66-kDa glycoproteins produced under these starvation 
conditions were also low (50 pmol compared to 500 pmol in the control and 450 pmol under 
the sulfate enrichment conditions). In addition, there was no difference compared to the 
control in either the cell-wall protein or N-glycan amounts measured within the 66-kDa 
protein produced under calcium starvation conditions. The NP-HPLC chromatogram of the 
2AB- labeled N-glycans released from the 66-kDa glycoprotein, which were separated from 
algal cultures grown in the different treatments, are shown in Figure 3. The molar rate 
percentage of the various peaks detected in the different treatments are described below 
(Table 3). There is no significant change between the NP-HPLC chromatogram and the 
molar ratio of the different glycans produced under the sulfate enrichment, calcium 
starvation or control condition. However, an additional N-glycan feature was detected in 
the algae grown under sulfate enrichment conditions (designated in *, Figure 3A). It is 
interesting to note that under sulfate starvation conditions, the largest N-glycans were not 
found in the NP-HPLC (peaks 6 and 7, Figure 3). Similar to the findings under sulfate 
starvation, the largest N-glycan was not detected in the NP-HPLC chromatogram of the 
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nitrogen starvation chromatogram (peak 7, Figure 3B). Therefore, the effects of nitrogen and 
sulfate starvation on N-glycosylation of the 66-kDa protein were found to be similar. These 
observations are in agreement with former studies [55-57], where it was reported that in both 
starvation conditions, the cells directed most of their energy toward the synthesis of cell- wall 
polysaccharide, an activity that is probably important for its survival. The decrease in 66-kDa 
protein production and in its N-glycan composition in both starvation conditions was 
expected, because under these conditions, the cells inhibit protein synthesis to the benefit of 
polysaccharide production. Although amounts of the glycoprotein under these starvation 
regimes are much lower than for the control, it is still being produced, just not at levels 
observed in the control cells, a finding that hints at the protein's vitality to cell survival. Since 
polysaccharide compositions in the sulfate/nitrogen deficient conditions (particularly the 
increased methyl hexose amounts) were found to differ from that of the control [57], the 66-
kDa protein's role in polysaccharide production cannot be ruled out (i.e., it could be part of a 
specific polysaccharide process that does not occur under these starvation conditions).  

 
Figure 3. NP-HPLC chromatograms of N-glycans released from the 66-kDa glycoprotein produced in 
different treatments: A – sulfate enrichment, B – Sulfate starvation, C – Nitrogen starvation, D –
Control/ASW medium 
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Since polysaccharide quantity in the medium was also found to be affected by growth phase 
(thinnest in logarithmic phase vs. thicker in stationary phase), cell-wall protein production 
and the 66-kDa glycoprotein N-glycans were studied as described above. In contrast to the 
nitrogen/sulfate starvation treatments, no difference was observed between the two phases 
of growth either in cell-wall protein production or in the 66-kDa N-glycan chromatograms. 
This observation lends credence to the hypothesis suggested by Ramus [58], i.e., in the 
stationary phase, polysaccharide production is not increased, but rather, its level of 
production exceeds its dissolution into the medium. If polysaccharide production were 
actually increasing throughout the stationary phase, then we would expect the 
corresponding increased energy consumption to be at the expense of protein production, as 
found in the algae grown under the sulfate/nitrogen starvation conditions. That was not the 
case here, where no difference in the cell-wall glycoprotein amount was observed between 
these two growth phases.  
 

Molar rate percentage of peak** 
 

Treatment 

7- n.d 6- n.d 5- 
2188.8 
Da 

n.d - *   4- 2056.76 
Da 

3- 2026.75 
Da 

2- n.d 1-1894.70 
Da 

5.28 Little 20.86 1.56 37.6 12.95 8.09 13.67 Sulfate 
Enrichment 

n.f n.f 13.97 n.f 49.59 18.21 1.64 16.59 Sulfate 
Starvation 

n.f 2.75 28.83 n.f 39.86 13.32 3.62 11.62 Nitrogen 
Starvation 

8.76 4.07 20.54 n.f 41.31 8.65 4.96 11.70 Calcium 
starvation 

7.17 2.55 24.74 n.f 35.42 12.23 4.08 13.81 Logarithmic 
phase  

6.77 2.21 25.68 n.f 35.08 12.93 4.32 13.01 Control 

** Each peak matches its GU value in line with those shown in the NP-HPLC (in Figure 3). The molar rate was 
calculated by Water Empower software. 
n.f- not found 
n.d- not defined 
Table 3. Molar rate percentage of the different N-glycans released from the 66-kDa glycoprotein that 
was isolated from the polysaccharide produced under different treatments. 

5. Significance 

Several years of intensive, multidisciplinary research have been directed at red microalgae, 
particularly Porphyridium sp. Among the various chemicals produced by Porphyridium sp., 
sulphated polysaccharides have perhaps garnered the most attention because of their 
potentially high value in biotechnological applications [2-4, 59-60]. However, little attention 
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has been devoted to elucidating the glycosylation process in red microalgae. To date, our 
study is the first to report the structures of several N-glycans from a specific red microalga 
species, Porphyridium sp. [47]. This knowledge is important for both basic and applied 
research. An understanding of the way in which the sugar moieties of glycoproteins are 
bound to the microalgal proteins will elucidate glycosylation pathways, in the process 
revealing the enzymes involved, and it will contribute to an understanding of the role(s) of 
the sugar moieties in microalgal glycoproteins. The findings of this study will thus facilitate 
the identification of glycan biosynthetic components, thereby making an invaluable 
contribution to a comprehensive understanding of N-glycosylation in red microalgae. Since 
the N-glycan structures within the cell-wall glycoprotein were found to be novel, one 
particularly intriguing research direction will be to test whether these glycosylation 
structures are unique to the formation of the cell-wall polysaccharide. Alternatively, perhaps 
they are part of the general glycosylation process in these red microalgae cells exclusively or 
in a variety of red microalgae species.  

Importantly, the technology for growing this species in controlled environments, both in 
small-scale laboratory facilities and in large-scale, semi-industrial systems, is already well-
developed. A stable chloroplast transformation system [62], and recently, a nuclear 
transformation system, have been developed [63], the latter of which has paved the way for 
the expression of foreign genes in red algae and has far-reaching biotechnological 
implications. A growing number of scientists around the world are building a novel 
assortment of pharmaceutical products using algae as cell factories [64-66]. However, 
although they are well suited to the large-scale production of recombinant proteins, algae 
have not been extensively utilized for protein expression [66-67]. There are a number of 
advantages in cultivating algae as a platform for producing therapeutic proteins. Relatively 
simple and cheap to grow, algae are also amenable to cultivation under a variety of growth 
conditions. In addition, they are energy efficient, have a minimal negative impact on the 
environment, and they are easy to collect and purify. It is, therefore, of the utmost 
importance to evaluate the glycans attached to any recombinant protein expressed in any 
system. Since glycosylation may affect the biological role(s) of proteins or elicit an 
immunogenic response, knowledge of the structure of the microalgal N-glycans is essential 
for these applications. Moreover, knowledge of glycosylation patterns in algae will enable 
us to evaluate the potential of red microalgae species, particularly of Porphyridium sp., to be 
used as hosts and as potential alternatives to other plant-derived, transgenic therapeutic 
proteins. Furthermore, to fully exploit the inherent biotechnological potential of algae, it is 
important to initiate an overarching research program on the glycosylation pathways in 
algae that will include in-depth study of the enzymes involved. On the basis of the results 
toward elucidation of N-glycoslation pathways in red microalgae, we will be able to suggest 
glycosylation pathway manipulations to produce therapeutic proteins with ideal 
glycosylation patterns. In addition, the study can provide information about the 
evolutionary status of the red microalgae, since the N-glycans of the red microalgae 
combine not only the structural features of eukaryotes and prokaryotes, they also contain 
additional elements (e.g., the O-methylhexose and the pentose modifications) never before 
reported in other organisms. 
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6. Suggested biochemical processes of N-glycosylation 
Our study to elucidate 66-kDa glycoprotein N-glycan structures found that those released 
from the 66-kDa protein possess oligomannose topology. The oligomannose topology may 
imply the existence of a conserved N-glycosylation pathway in red microalgae that takes 
place in the ER – which is common to eukaryotic organisms – and that includes the building 
of the N-glycan on the lipid substrate-dolichol-phosphate and its transfer to the protein. The 
results of other studies, such as that by Fishcer [68], also hint at the existence of this 
conserved pathway. Supporting evidence is based on homology searches for N-
glycosylation protein sequences using the TBLASTN function on the algae DNA scaffold 
contigs database. Homologs were found for all N-glycosylation protein sequences in the ER 
pathways in the algae, thus suggesting that the pathway is conserved in Porphyridium sp. as 
it is in other organisms (animals, plants, yeast, etc.).  

All the N-glycans investigated seem to go through the same intermediate glycan feature 
within their glycosylation biosynthesis, that probably have similar basic form based on the  
Man-9 topology structure constructed along the pathways typical of the ER. However, other 
enzymes, not typical to N-glycosylation pathways investigated so far, are involved in this 
pathway (e.g., the xylose, mannose, and methylated tranferase enzymes). However, we do 
not know at what stage the methyl and xylose groups were added to the mannoses during 
biosynthesis. In addition, we do not know if the glycan is assembled by incorporation of 
methyl-mannose rather than plain mannose or where the methyl groups are added to the 
intact high-mannose glycans. 

If the methylated mannoses were incorporated into the assembled core oligosaccharide 
(parallel to [Glc]3[GlcNAc]2[Man]9) via the same conserved pathway in the ER, the following 
mechanism can be suggested. The assembled core oligosaccharide (containing methylated 
groups) is transferred onto a nascent polypeptide imported into the ER (because of its signal 
sequence). This step is probably catalyzed by an enzyme complex (oligosaccharide 
transferase). Following Glucosidase I and II actions, the 3 glucose residues are cleaved from 
the end of the 6-branch, which initiates a process called glycan-mediated chaperoning. The last 
sugar that is removed in the ER is a mannose that is trimmed by an α-1,2-mannosidase 
through the action of ER mannosidase I (ManI, scheme 6), an enzyme that is also normally 
active in N-glycosylation processes, creating Man-8. However, this enzyme seems to be 
partially activated, as it does not cleave all the mannose residues. This phenomenon can be 
explained based on the methyl group structure of the oligosaccharide, which may interfere 
with enzyme cleavage. As a result, two different glycoprotein structures exit the ER (Figure 4): 

 
Figure 4. Two suggested intermediate features that are leaving the ER, Followed the ER they are getting 
their final structures within the Golgi apparatus (GA) by different enzymes. 
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Other changes are probably made in the GA by various xylose transferases (XylT) and a 
specific mannosidase (Man-2, scheme 6), the latter of which may only be able to remove the 
terminal mannose on the 3-antenna of the mannose-9 analog. Moreover, this enzyme may be 
a Golgi endomannosidase [69-70] that specifically cleaves the α1-2 linkage between the 
glucose-substituted mannose residue and the more internal portion of its polymannose 
branch, leading to the formation of the [Man]8[GlcNAc]2 (Man 8A) isomer [71]. 
Based on an assumption about N-glycosylation of the 66-kDa protein, namely, that 
processes occurring in the red microalgal ER are conserved as in eukaryote cells, a scheme 
for the mechanism of 66-kDa protein N-glycosylation is presented (Scheme 6). 

 
Scheme 6. Suggested mechanism of 66-kDa protein N-glycosylation, after formation of the basic core 
structure [GlcNAc]2[MeMan]9. 

Another mechanism for N-glycosylation in red microalgae may be suggested based on the 
assumption that mannose methylation takes place in the GA, after mannose incorporation 
into the assembled ER core oligosaccharide. The following mechanism (Scheme 7) is based 
on the additional assumption that the conserved ER pathway of red microalgae functions 
much the same as in most eukaryotes, including synthesis of a lipid-linked oligosaccharide, 
transfer of glucose trimming in the ER, and subsequent cycles of glucose re-addition and 
removal involved in protein-folding quality control. After core oligosaccharide construction 
in the ER (following mannosidase I (ManI) cleavage), the ER oligosaccharide is further 
modified in the GA. The pathway present in the Golgi probably includes the cleavage of 3 
mannose sugars by an α-1,2-mannosidase to produce [Man]5[GlcNAc]2, the known substrate 
for N-acetylglucosaminyltransferase I, which adds a single N-acetylglucosamine (GlcNAc) 
sugar onto the terminal of the 1,3-mannose in the mammalian glycosylation pathway. 
However, the structures found in this study indicate that the [Man]5[GlcNAc]2 is the 
substrate for the methyl-transferase (MeT) enzyme. Following the addition of methyl groups 
to the non-reducing end of the substrate, more changes occur, including the addition of 
mannose and xylose residues to the oligosaccharide mediated by specific transferases 
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(xylose tranferases designated as XylT-1 and XylT-2, and mannose transferases as ManT, 
scheme 7).  

 
Scheme 7. Suggested mechanism of 66-kDa protein N-glycosylation, after formation of the typical 
eukaryote core structure comprising [GlcNAc]2[MeMan]9  and based on the assumption that mannose 
methylation takes place in the GA. 

In both the suggested glycosylation pathways, xylose transferases, novel in N-glycosylation 
pathways, play prominent roles in the glycosylation. Since the ER pathway is probably 
conserved, it may be assumed that mannose methylation and xylose addition take place in 
the GA. Moreover, these novel enzymes are probably identical to those involved in the cell-
wall polysaccharide biosynthesis that occurs in the GA. 

A previous study of the evolutionary conservation of genes that participate in the N-
glycosylation pathway in Porphyridium sp. showed that the protein sequences had relatively 
high similarity (40%) to orthologous sequences from red and green algae, diatoms, 
mammals and yeast [68]. These data are indicative of the extent of conservation of the N-
glycosylation pathway and of its general importance in eukaryotes, particularly in 
photosynthetic organisms. The phylogenetic status of the algae can also be discussed based on 
the structure of the bodies involved in the N-glycosylation, e.g., ER and Golgi. The Golgi 
bodies and ER of red microalgae have not been extensively studied. Ultrastructural studies of 
these cells have produced little information. Both the smooth and rough ER appear to be 
present, although typically not in large quantities, in red algal unicells that have been studied. 
One characteristic shared by all unicells studied is a smooth ER system lining the entire 
interior of the plasma membrane [72-75]. The wide region between this peripheral ER system 
and the plasma membrane is 100-150 nm and free of major organelles (including ribosomes), 
but it does appear to contain a fibrous substance [76]. At irregular intervals, tubules arise at 
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right angles from the ER toward the plasma membrane. Some appear to fuse with the plasma 
membrane, suggesting direct communication between the ER and the cell exterior [72]. Evans 
et al. [77] suggested that this system may play a role in mucilage production.  

The presence of structures indicative of a eukaryotic organism may also imply that the ER-
based glycosylation occurs similar to how it does in other eukaryote organisms. In addition, 
all red algae also contain a typical eukaryotic GA, comprising 4 to 15 cisternae [72] that are 
especially prominent during sporogenesis. GA numbers, size and morphology may vary 
with the cell cycle or culture conditions [75], i.e., in the logarithmic phase of growth of 
Porphyridium, the Golgi bodies are larger and more numerous (due to its higher number of 
dictyosomes, which are larger and have distended cisternae) than in stationary phase cells 
[75, 78]. Whereas in most eukaryotes, the cis-Golgi is associated with the ER, in red 
microalgae it may be involved with other bodies. Some red microalgal ultrastructure 
micrographs show a thin line of an apparently fibrillar substance between the forming face 
of the Golgi body and its associated organelles [79], representing a possible cytoskeleton 
element, such as actin. Moreover, it may be responsible for maintaining the associations 
between dictyosomes and other organelles.  

Golgi involvement in the N-glycosylation pathway has yet to be elucidated. However, some 
reports have been published about the relationship between cell-wall polysaccharide 
biosynthesis and the Golgi. The GA of Porphyridium sp. [12, 58, 80] and of other red 
microalgae species [77, 81] were found to be involved in the synthesis of the cell-wall 
polysaccharide. Polysaccharide synthesis in P. aerugineum and Rhodella reticulata  and their 
subsequent packaging into vesicles takes place in the Golgi [77, 82]. The vesicles are 
transported, fuse with the plasma membrane, and then secrete their contents on the cell 
surface [12, 58, 77]. Involvement of the GA in polysaccharide biosynthesis may indicate the 
existence of an unusual algal glycosylation process, i.e., enzymes responsible for 
polysaccharide biosynthesis also act on other glycol-substrates, in our case N-glycans.  

The immunological natures of the additions unique to the red microalgal polysaccharide, 
including methylated and xylose residues, need to be determined. Xylose residues are found 
in N-glycans from plants [83], insects [84], molluscs [85], and rarely in parasitic helminths 
[86], but not normally in mammals [47]. In addition, the position and linkage of xylose 
(attached to the 2-position of the core branching mannose) is the same in all the organisms 
mentioned above. In this study, we found, for the first time, a xylose residue attached to the 
mannose of the 6-antenna and 1→3-linked to the penultimate GlcNAc of the core. These 
xylose residues are attached to a different monosaccharide (and in a different linkage 
position) than known glycans. Therefore, it is not known whether the xylose residues 
reported here have allergenic natures similar to those of the xylose residues found in other 
known glycans [87-88]. In addition, we also do not know how the additional methyl groups 
affect the protein and its immunogenic response. 

The many remaining questions about N-glycosylation in the cell wall of red microalgae prevent 
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right angles from the ER toward the plasma membrane. Some appear to fuse with the plasma 
membrane, suggesting direct communication between the ER and the cell exterior [72]. Evans 
et al. [77] suggested that this system may play a role in mucilage production.  

The presence of structures indicative of a eukaryotic organism may also imply that the ER-
based glycosylation occurs similar to how it does in other eukaryote organisms. In addition, 
all red algae also contain a typical eukaryotic GA, comprising 4 to 15 cisternae [72] that are 
especially prominent during sporogenesis. GA numbers, size and morphology may vary 
with the cell cycle or culture conditions [75], i.e., in the logarithmic phase of growth of 
Porphyridium, the Golgi bodies are larger and more numerous (due to its higher number of 
dictyosomes, which are larger and have distended cisternae) than in stationary phase cells 
[75, 78]. Whereas in most eukaryotes, the cis-Golgi is associated with the ER, in red 
microalgae it may be involved with other bodies. Some red microalgal ultrastructure 
micrographs show a thin line of an apparently fibrillar substance between the forming face 
of the Golgi body and its associated organelles [79], representing a possible cytoskeleton 
element, such as actin. Moreover, it may be responsible for maintaining the associations 
between dictyosomes and other organelles.  

Golgi involvement in the N-glycosylation pathway has yet to be elucidated. However, some 
reports have been published about the relationship between cell-wall polysaccharide 
biosynthesis and the Golgi. The GA of Porphyridium sp. [12, 58, 80] and of other red 
microalgae species [77, 81] were found to be involved in the synthesis of the cell-wall 
polysaccharide. Polysaccharide synthesis in P. aerugineum and Rhodella reticulata  and their 
subsequent packaging into vesicles takes place in the Golgi [77, 82]. The vesicles are 
transported, fuse with the plasma membrane, and then secrete their contents on the cell 
surface [12, 58, 77]. Involvement of the GA in polysaccharide biosynthesis may indicate the 
existence of an unusual algal glycosylation process, i.e., enzymes responsible for 
polysaccharide biosynthesis also act on other glycol-substrates, in our case N-glycans.  

The immunological natures of the additions unique to the red microalgal polysaccharide, 
including methylated and xylose residues, need to be determined. Xylose residues are found 
in N-glycans from plants [83], insects [84], molluscs [85], and rarely in parasitic helminths 
[86], but not normally in mammals [47]. In addition, the position and linkage of xylose 
(attached to the 2-position of the core branching mannose) is the same in all the organisms 
mentioned above. In this study, we found, for the first time, a xylose residue attached to the 
mannose of the 6-antenna and 1→3-linked to the penultimate GlcNAc of the core. These 
xylose residues are attached to a different monosaccharide (and in a different linkage 
position) than known glycans. Therefore, it is not known whether the xylose residues 
reported here have allergenic natures similar to those of the xylose residues found in other 
known glycans [87-88]. In addition, we also do not know how the additional methyl groups 
affect the protein and its immunogenic response. 

The many remaining questions about N-glycosylation in the cell wall of red microalgae prevent 
the full potential of Porphyridium sp. to serve as a host for therapeutic protein production from 
being realized. For example, is not known whether the unusual N-glycan structures are typical 
specifically to the 66-kDa glycoprotein (that is part of the polysaccharide) or whether they 
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represent glycosylation structures characteristic of all algal N-glycosylation processes. 
Therefore, microalgal potential as a protein production machine cannot be evaluated without 
additional and extensive research, preferably with a multidisciplinary approach. 
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1. Introduction 

The majority of plasma proteins are modified by the addition of oligosaccharide chains 
(glycans) to their surface. The process, known as glycosylation, is responsible for 
introducing huge structural variation and is important in the determination of functional 
properties expressed by the overall glycoprotein. Glycan composition and structure can 
vary widely, potentially showing disease- specificity, unlike the underlying polypeptide 
sequence [1-3]. Therefore analysis of their structures could offer more accurate and 
condition-specific markers which is critical when early treatment and monitoring is crucial 
in tackling diseases. The monomeric units of glycans are the monosaccharides, linked 
together via glycosidic bonds between the –OH reducing group of C1 and any other –OH of 
adjacent residues (a condensation reaction). The bonds exist in either an α or β anomeric 
configuration, depending on the orientation of the bond, providing further opportunity to 
generate structural variability. 

Unlike the structure of the polypeptide backbone, glycosylation is not directly encoded by 
specific genes, but is reliant upon the concerted action of a series of highly specific enzymes 
(glycosyltransferases and glycosidases), which are resident in the ER and Golgi of cells, to 
initiate and processing glycan chain precursors. Any alterations in the expression of the genes 
encoding these enzymes due to, for example a pathophysiological condition, will affect the 
structure and composition of the glycans generated. During the synthesis and processing of 
glycans, they are transferred by the enzyme oligosaccharyltransferase from a lipid-linked 
oligosaccharide donor to polypeptide chains, either at asparagine (N-linked) or 
Serine/Threonine (O-linked) residues. N-linked glycans share a common pentasaccharide core 
(Man3GlcNAc2), however the overall structures can vary widely, primarily differing by the 
sequence and quantity of monosaccharides of which they are composed. Glycan synthesis then 
proceeds by the sequential addition/removal of individual monosaccharide units.  

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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Glycan expression is cell and tissue specific and dependent on the presence of (patho)-
physiological conditions [4]. Abnormal expression of even a single enzyme participating in 
this process may alter the subsequent steps and give rise to aberrant oligosaccharide 
structures. The cell types containing these biomolecules determine the enzymes expressed 
and therefore the glycans – variation reflects these source cells or tissue and the 
physiological and biochemical conditions present [3-4]. For example, abnormal or unusual 
glycan moieties are often detected on the surface of tumour cells, as well as among secreted 
glycoproteins. Many well known tumour-associated antigens are glycolipids or 
glycoproteins that contain aberrant glycan structures [5].  

The post translational modification of proteins with oligosaccharide chains offers several 
advantages as a potential source of cancer biomarkers [5-6]. While protein biomarkers 
frequently occur in low abundance, distinctive cellular glycan structures, including those 
that are tumour-specific, are typically fairly abundant. Such structures are usually 
synthesised in multiple copies on a single glycoprotein molecule. In addition, the same 
tumour-specific glycan structures may be present on several different glycoproteins. 
Importantly, many currently used biomarker molecules, such as prostate specific antigen, 
CA125, and carcinoembryonic antigen, are monitored solely based on protein levels, not on 
their tumour-specific glycan moieties.  

Glycoproteins with modified glycosylation resulting from the presence of cancer may be 
identifiable in body fluids that are typically amenable for clinical testing [6]. Alpha – 1 (or 
α1) – acid glycoprotein (AGP, or orosomucoid) is an important example of a naturally 
occurring N-linked plasma glycoprotein secreted by liver parenchymal cells. It was first 
isolated and characterised in the 1950s and although its specific biological role/function has 
yet to be clearly defined it is considered a natural anti-inflammatory and 
immunomodulatory agent [7-9], the concentration and/or ‘normal’ glycosylation of which 
may change under various physiological and pathophysiological conditions. It is a highly 
glycosylated (45%) protein and therefore investigations into alterations in its glycan profile 
during different diseases has been, and is still, of great interest (Figure 1). Sialic acid, in the 
form of N-acetylneuraminic acid (NeuAc), accounts for 12% of the total number of 
monosaccharides, and is responsible for giving AGP its low isoelectric point of 2.7.  

Alterations in the protein levels of AGP have been well documented for numerous 
physiological and pathophysiological conditions including lung and breast cancer [10] and 
malignant mesothelioma [11]. It has been suggested that a marked increase in AGP 
concentration may limit adverse reactions such as inflammation by providing a form of 
negative feedback [12]. Increased concentrations are associated with expression of the ORM-
1 and ORM-1 genetic variants of AGP; however the proportions of each do not necessarily 
differ to that of a healthy individual [10]. In terms of plasma concentration, increased levels 
of AGP have been detected in the plasma of patients with breast cancer [13] and have also 
been shown to increase with disease progression [14] but to return to normal upon 
treatment with tamoxifen [15]. This indicates that the prognosis of breast cancer appears to 
be linked to the APR in general and AGP levels in particular. Not only is there a dearth of 
studies determining the levels of AGP in breast cancer but more importantly there has been 
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no investigations of the glycosylation of AGP in breast cancer, the extent that it is altered 
and/or its significance as a diagnostic marker. 

 
Figure 1. General schematic illustrating the structure of alpha-1-acid glycoprotein. 

Although the concentration of AGP alone is not diagnostic for a particular pathological 
condition, the altered glycosylation of AGP (microheterogeneity) in different diseases, 
provides an alternative biomarker target. These alterations have the potential to be markers 
for particular diseases and also disease progression. The major form of heterogeneity, type I, 
is associated with a reduction in the number of branches on the oligosaccharide chains [4, 
16-17]; the minor form (type II) concentrates on the composition of the oligosaccharide 
chains namely the extent of fucosylation and sialylation of the five oligosaccharide chains 
[18].  

There is potential for the existence of 105 different glycoforms of AGP due to the huge 
structural variability provided mainly by the presence of glycans. However in normal, non-
pathological conditions there are only 12-20 expressed, each exhibiting various degrees of 
branching, fucosylation and sialylation [18]. The number of feasible glycoforms is reduced 
because the asparagines (Asn) residues are selective for the type of glycans they express in 
terms of the degree of branching. The first and second Asn sites (Asn 15 and 38) prefer to 
harbour bi-antennary glycans whilst Asn 15 will not bind a tetra-antennary chain and Asn 
38 never binds fucosylated glycans. Conversely, Asn 75 and Asn 85 prefer more branched 
glycans; in fact site Asn 75 never carries bi-antennary chains and Asn 85 usually expresses 
the greatest degree of α1,3-fucosylation [16]. This increased branching could explain why 
only these two sites potentially carry a tetra-antennary chain with more than one fucose 
residue [8]. It has been found that the majority of AGP glycans have a tri/tetra-antennary 
structure (85-90%) and the remaining 10-15% is bi-antennary glycans [19]. Sialic acid can be 
bound α2-3 or α2-6 on terminal galactose residues; fucose can be bound α1-3 to an external 
N-acetlyglucosamine and also by α1-6 and α1-2 to core N-acetlyglucosamine and galacose 
residues respectively [8]. The extent of fucosylation in a healthy population varies with 30% 
[8] to 40% [20] containing no fucose.  
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Altered glycosylation of AGP has been widely studied in a number of pathophysiological 
conditions. Decreased branching of the five glycans of AGP has been demonstrated in acute 
inflammation while an increase is associated with chronic inflammation [21-23]. Chronic 
inflammatory states such as those found in patients with RA are characterised by an 
increase in branching [24, 25], increased fucosylation of the chains [26-31] and increased 
sialic acid content [32-33]. The expression of the antigen sialyl lewis X (SLeX ) has been found 
to increase on AGP oligosaccharides [20, 25-26] at any one of the 5 sites of glycosylation [27]. 
SLeX is normally expressed on white blood cells and aids through binding to the endothelial 
ligand, E-Selectin, the extravasation of leukocytes into tissues to mount their inflammatory 
response. De Graaf and colleagues [20] proposed that the increased expression of this 
antigen on AGP represents a negative feedback response during inflammatory conditions. 
Further work by Jørgensen et al. [26] using a microtitre cell-protein binding assay discovered 
that SLeX-containing AGP expressed in patients with RA was able to inhibit binding of SLeX 
presenting cells to E-Selectin. Thus, during inflammatory states such as those in RA, the 
abnormally glycosylated form of AGP has the ability to competitively bind to E-Selectin and 
inhibit leukocyte extravasation exerting an overall anti-inflammatory effect. Highly 
branched structures have also been noted in individuals with liver disease, along with 
increased fucosylation of these chains [34-36]. Increased concentrations of AGP were found 
in the cerebrospinal fluid (CSF) of patients with multiple sclerosis (MS) compared to disease 
free individuals [37] and in the plasma/serum of patients with burns injuries [38]. It is 
known that various factors act to influence AGP glycosylation including the congentital 
disorders [28], pregnancy [29, 33], drug or glucocorticoid use [39], and oral contraceptive 
use [40]. 

Investigations into the heterogeneity of AGP in cancer have found an increase in bi-
antennary glycan content with increased fucosylation and sialylation. An early study by [41] 
reported that the major microheterogeneity of AGP from malignant, benign and normal 
groups was significantly different from each other. When compared with normal controls, 
sera from patients with inflammatory lung disease (benign group) exhibited an increase in 
tri-and tetra-antennary glycans and in sera from lung cancer patients (malignant group) 
there was an increase in bi-antennary expression. This work was contradicted the following 
year in an investigation [42] which repeated the study including an evaluation of the 
microheterogeneity of AGP in colorectal cancer and reported that there was no significant 
difference in the microheterogeneity of AGP from malignant and non-malignant 
inflammatory disease. Evidence to support the cancer-induced expression of bi-antennary 
glycans on AGP detailed by Hansen and colleagues was provided by [43] who reported a 
similar finding on AGP from the ascitic fluid of liver cancer patients.  

Reports of changes in the minor microheterogeneity of AGP from studies of the 
oligosaccharide content of the chains in cancer have been detailed. Early studies [44-45] 
observed an increase in the sialic acid content of cancer AGP glycans compared to normal 
controls. A more recent study by Hashimoto et al. [46] on AGP branching and fucosylation 
in cancer concluded that changes in microheterogeneity could be used as a marker of 
carcinoma progression and prognosis. Patients with advanced stages of the disease who 
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displayed highly branched glycans with a high fucose content for a significant duration 
post-surgery were associated with poor prognosis whereas, patients who did not display 
this increase in branching and fucosylation were likely to have a good, more reassuring 
prognosis. When highly branched and fucosylated glycans were present a prolonged period 
after surgery, a poor prognosis was associated. Similar analyses can be associated with 
surgery and other traumas in general [47]. 

2. Problem statement 

The majority of studies [reviewed in 7-9] have concluded that, although increased levels of 
AGP have been detected in the plasma of patients with breast cancer, this concentration is 
largely unrelated to disease progression. The prognostic value of AGP glycosylation in 
breast cancer is still largely unproven. Although the limited research to date has discovered 
structural differences in the glycosylation in AGP isolated from different cancers and early 
and advanced stages of the same cancer, very few studies have looked at breast cancer 
samples. We hypothesise that alpha-1-acid glycoprotein (AGP), which is a common 
constituent in all blood, could be a diagnostic marker for early breast cancer.  

3. Application area 

There is a critical need for information regarding a reliable biomarker that could be used to 
predict the onset, severity, progression and prognosis of breast cancer. The identification of 
alterations in AGP glycosylation specific to individual stages of breast cancer could, through 
being altered to the “normal” healthy AGP glycosylation pattern, result in the development 
of a diagnostic test based on AGP glycosylation for the onset, progression and/or prognosis 
of breast cancer. 

4. Aims of study 

To determine whether specific alterations in the glycosylation pattern of alpha-1-acid 
glycoprotein (AGP) could be diagnostic for the for the onset, progression and/or prognosis 
of breast cancer. 

5. Study design and methodology (Figure 2) 

5.1. Patient samples 

Breast cancer can occur as a non-malignant or malignant tumour. Non-malignant cancers 
can be further subdivided into ductal carcinoma in situ (DCIS) and lobular carcinoma in situ 
(LCIS). In situ refers to the state and location of the breast epithelial cells in that they have 
gone through malignant transformation and are now proliferating but remain at the site of 
origin and do not penetrate the basement membrane into surrounding tissues. DCIS and 
LCIS are not at risk of metastatic spread as there are no blood vessels or lymphatics in the 
epithelial layer of the breast [48]. The two most common types of invasive or malignant 
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breast cancer are Invasive ductal carcinoma (IDC) and Invasive lobular carcinoma (ILC). 
Approximately 75% of breast cancers are IDC with ILC accounting for a further 10%. The 
remaining 15% of diagnosed invasive breast cancers are made up of rare types such as 
mucinous, medullary, tubular, and papillary. Blood samples were taken from non-fasting 
patients with consent by Calgary Laboratory Services. The blood samples were drawn into 
5mL Red Top tubes and processed within 30 minutes. During processing, the blood samples 
were spun for 30 minutes to separate them into components. The samples were stored at -80 
degrees Celsius. The patient details are given in Table 1. 

 
Figure 2. The design of the study to determine the glycosylation patterns of AGP in breast cancer  
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remaining 15% of diagnosed invasive breast cancers are made up of rare types such as 
mucinous, medullary, tubular, and papillary. Blood samples were taken from non-fasting 
patients with consent by Calgary Laboratory Services. The blood samples were drawn into 
5mL Red Top tubes and processed within 30 minutes. During processing, the blood samples 
were spun for 30 minutes to separate them into components. The samples were stored at -80 
degrees Celsius. The patient details are given in Table 1. 
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No Age Description Her2 Malignant. Grade ER 
1 62 Benign proliferative breast disease N/A No . . 
2 78 DCIS (+ invasive ductal carcinoma) neg. Yes 3.00 . 
3 48 Benign proliferative breast disease N/A No . . 
4 77 Invasive duct carcinoma neg. Yes 1.00 1.00 
5 51 Invasive duct carcinoma neg. Yes 2.00 1.00 
6 35 Invasive duct carcinoma neg. Yes 1.00 1.00 
7 39 Benign proliferative breast disease N/A No . . 
8 35 Malignant phyllodes tumor. neg. Yes . . 
9 53 DCIS (+ invasive ductal carcinoma) neg. Yes . . 

10 49 Invasive duct carcinoma pos. Yes 2.00 1.00 
11 76 Invasive duct carcinoma neg. Yes 2.00 1.00 
12 65 Invasive duct carcinoma neg. Yes 3.00 1.00 
13 32 Invasive ductal carcinoma pos. Yes . . 
14 43 Invasive duct carcinoma neg. Yes 3.00 1.00 
15 40 Biphasic fibroepithelial lesion N/A No . . 
16 48 Benign proliferative breast disease N/A No . . 
17 50 Invasive duct carcinoma pos. Yes 3.00 1.00 
18 69 Invasive duct carcinoma neg. Yes 2.00 . 
19 45 Invasive duct carcinoma pos. Yes 3.00 .00 

Table 1. Demographic and clinical details of patients used in study 

5.2. Materials 

5.2.1. AGP Isolation 

Polyethylene glycol (PEG 3350), the low pressure chromatographic material (Cibacron Blue 
3GA, Q-sepharose and Red Sepharose CL-6B), potassium thiocyanate, sodium acetate, 
sodium chloride and Trizma base were purchased from Sigma (Poole, UK). Bio-Rad, Hemel 
Hampstead, UK, provided the poly-prep disposable 10ml columns. HPLC-grade water and 
the Centricon YM10 centrifugal filter device were purchased from Rathburn Chemicals 
(Walkerburn, UK) and Millipore (Bedford, USA) respectively. 

5.2.2. High pH anion exchange chromatography monosaccharide analysis 

HPAEC was carried out on a DX600 system supplied by Dionex (Camberley, UK), 
consisting of a GP50 gradient pump and an ED40 electrochemical detector, controlled with 
PeakNet software via a Dell OptiPlex GX110 personal computer. Separation of 
monosaccharides was achieved using a CarboPac PA-100 (250x4mm) and guard column 
(50x4mm). HPLC grade water was purchased from Rathburn Chemicals, Walkerburn, UK, 
and sodium hydroxide 50% w/v was obtained from BDH, Poole, UK. The monosaccharide 
standards and Dowex-50W were purchased from Sigma, Poole, UK. HPLC grade 
trifluoroacetic acid was purchased from Perbio Science, UK Ltd, Talenhall, UK. 
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5.2.3. Oligosaccharide analysis 

PNGase F and buffers (NP40 and NE buffer G7) were supplied by New England BioLabs 
(New England, USA). HPAEC was carried out on a DX500 system supplied by Dionex 
(Camberley, UK), consisting of a GP40 gradient pump and an ED40 electrochemical 
detector, controlled with PeakNet software via a Vtech personal computer. Separation of 
monosaccharides was achieved using a CarboPac PA-100 (250x4mm) and guard column 
(50x4mm). HPLC grade water was purchased from Rathburn Chemicals, Walkerburn, UK, 
and sodium hydroxide 50% w/v was obtained from BDH, Poole, UK. Sodium acetate was 
purchased from Sigma (Poole, UK). 

5.3. Methods 

5.3.1. Polyethylene Glycol (PEG) precipitation 

First, PEG 3350 was added to each plasma sample to a final concentration of 40% w/v in a 
microcentrifuge tube. This was then mixed vigorously for ten minutes before being stored 
overnight at 4ºC. Subsequently the mixture was centrifuged at 14,000 rpm for 30minutes. 
The supernatant was removed to a clean eppendorf and frozen until required, with the 
pellet being discarded. 

5.4. Low pressure chromatography to isolate AGP 

A disposable BioRad low-pressure chromatography column (10ml) was packed to a bed 
volume of approximately 6ml with the appropriate chromatographic resin. Several volumes 
of the appropriate Elution buffer (Table 2) was washed through the column using a 
Pharmacia LKB peristaltic pump at a flow rate of 0.5ml/min, with the change in UV 
absorbance at 280nm being detected using a Pharmacia LKB optical unit. Peak fractions 
were collected in 15ml disposable centrifuge tubes and dried under vacuum to 
approximately 2ml between stages, using a centrifugal evaporator. 2-3ml of the PEG-
precipitated serum sample is first applied to a Cibacron blue column, to which the bilirubin 
site of albumin binds. The remaining soluble proteins are eluted with 0.05M Tris/0.1M 
potassium chloride/0.02% Azide (pH7.0) elution buffer while the albumin is removed from 
the column with 0.5M potassium thiocyanate. One peak is collected upon elution. After 
drying the peak is next applied to the ion-exchange column Q-sepharose. This divides the 
eluate from the previous column into three fractions; α1-antitrypsin, AGP and transferrin. A 
column gradient of 0.075-0.5M sodium chloride (pH 6.5) is utilised, and the second peak, 
which contains AGP, is collected. The column is regenerated between samples by washing 
the column with 0.075M NaCl buffer until a flat baseline is observed. The AGP is then, after 
again drying to 2-3ml, applied to a column containing the Red sepharose resin in order to 
remove any trace proteins that may remain. The AGP in the sample is eluted with a 0.03M 
sodium acetate elution buffer and collected, while the bound proteins are removed with 1M 
sodium chloride. The AGP peak is then dried to 2ml in preparation for desalting. 
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sodium chloride. The AGP peak is then dried to 2ml in preparation for desalting. 
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 Buffer
Chromatography resin Elution Desorption

Cibacron Blue 50mM Trizma/0,1mM 
KCl/0.02% Azide at pH 7.0 

500mM KSCN/50mM 
Trizma/0.1mM KCl/0.02% 
Azide pH 7.0 

Q-sepharose fast flow 20mM Trizma/75mM NaCl 
pH6.5 

Equilibrium buffer: 20mM 
Trizma/75mM NaCl pH 6.5 

Red sepharose CL-6B 30mM NaOAc 1M NaCl/30mM NaOAc 

Table 2. Buffers for each stage of low-pressure chromatography  

5.5. Desalting 

In The AGP peak from red sepharose was subsequently desalted using centrifugal 
ultrafiltration. 2mL of the sample was added to a Centricon centrifugal filter device. This 
removes any salt in the solution and also acts to concentrate the AGP. The centricons were 
spun at 4000 rpm until the filtrate had passed entirely through the membrane into the 
filtrate vial. To ensure complete removal of salt from the sample 1ml of HPLC water was 
added to the sample reservoir and spun as before. The centricon was then inverted and spun 
for 10 minutes at 1000 rpm, transferring the concentrate into the collection vial. The desalted 
glycoprotein is then transferred to an eppendorf and dried down to completion using a 
centrifugal evaporator. 

5.6. High pH Anion Exchange Chromatography (HPAEC) 

5.6.1. Preparation of monosaccharides: Acid Hydrolysis of AGP 

Approximately 50µg of isolated AGP was hydrolysed using 100µl 2M trifluoroacetic acid 
(TFA) and 50µl 4M hydrochloric acid in a reacti-vial then sealed with a Teflon disc. The 
reacti-vial was then placed on a heating block pre-heated to 100ºC for four hours in order to 
reach optimum hydrolysis. The monosaccharides were separated from the peptide 
fragments by eluting the hydrolysate down a Dowex-50W cation exchange column. A 
Pasteur pipette was plugged with glass wool and loaded with the resin to a bed volume of 
1ml. Each AGP sample was added to a separate column and washed through with HPLC 
water. The neutral monosaccharides were washed through and collected, then dried to 
completion in preparation for analysis. 

5.6.2. Monosaccharide analysis 

Monosaccharide analysis was carried out using a DX600™ system. Separation of the 
monosaccharides, as their oxyanions, was performed at pH 13 on a CarboPac PA-100 
column. The monosaccharides were resolved using an isocratic elution with 30mM  
NaOH, at a flow rate of 0.5ml/min for 35 minutes. The column was regenerated after each 
run with 0.5M NaOH for 5 minutes, prior to equilibration with 20mM NaOH for a further  
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10 minutes. Detection of monosaccharides was by pulsed amperometric detection (PAD)  
at the following pulse potentials: 0 sec: E=0.05V; 0.29sec: E=0.05V; 0.49sec: E=0.05V;  
0.50sec: E=0.05V; 0.51sec: E=0.6V; 0.6sec: E=0.6V; 0.61sec: E=-0.6V; 0.65sec: E=-0.6V; 0.66sec: 
E=0.05V (Figure 3). 

 
 

 
 
Figure 3. The triple pulsed waveform used in pulsed amperometric detection 

An internal standard (IS) of 2-deoxy-D-galactose was utilised to determine the elution 
position of the monosaccharides by dividing the elution time of the IS by the time of the 
unknown peak. The calculated ratio can then be compared to known standards. 

5.6.3. HPAEC-PAD oligosaccharide analysis 

The required amount (50-100µg) of AGP was reconstituted in 100 µL of HPLC grade water. 
The AGP solution was subsequently denatured through boiling for one hour. To the 
denatured AGP 10 µL of NP-40, 10 µL of NE Buffer G7 and 100U of PNGase F were added. 
PNGaseF cleaves the oligosaccharide chains from the AGP peptide moiety. The enzymatic 
reaction was allowed to proceed overnight while incubated at 37C. Following incubation the 
solution was subjected to cold ethanol precipitation. 1ml of cold ethanol was added to each 
sample and then centrifuged at 10000rpm for 10 minutes which pelleted the peptide 
fractions and left the soluble oligosaccharides in the supernatant. Thus the supernatant was 
removed and dried to completion. 
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Analysis of the enzymatically released oligosaccharides was performed using a DX500™ 
system. Similar to monosaccharide analysis, oligosaccharides are eluted as their oxyanions, 
formed in the highly alkaline environment. Resolution is achieved using a CarboPac PA-100 
column packed with a micro-pellicular resin. The column was equilibrated for 10 minutes 
with 10% 1M sodium hydroxide, 5% 1M sodium acetate and 85% HPLC grade water. 
Following equilibration a linear gradient was developed over 40 minutes to a final eluant 
composition of 10% sodium hydroxide, 20% sodium acetate and 70% water. These 
conditions were maintained for 5 minutes before the column was regenerated for ten 
minutes with 50% sodium hydroxide and 50% water. The pulsed amperometry was 
performed as described for the monosaccharide analysis. 

6. Results 

This investigation studied AGP from 19 breast cancer sufferers with either malignant or 
non malignant forms of breast cancer in term of the monosaccharide composition of the 
oligosaccharide chains and the oligosaccharide fingerprint of the intact chains themselves. 
Under alkaline conditions, the hydroxyl groups of a monosaccharide, either individually 
or as part of a sequence, are ionised to varying degrees such that they exist as negatively 
charged oxyanions. The varying location of the OH groups results in slight differences in 
the pKa value (ranging from 12-14) of individual monosaccharides under these 
conditions. These differences in ionisation, which are unique both with respect to 
individual monosaccharides and also cumulatively in terms of a sequence of 
monosaccharides, can be exploited in chromatographical terms using the anion exchange 
stationary phases and the electrochemical detection (based on pulsed potentials) 
components of high pH anion exchange chromatography (HPAEC). For monosaccharide 
analysis, an alkaline environment of 0.03M sodium hydroxide ionises monosaccharides in 
the hydrolysate and results in the formation of oxyanions unique to individual 
monosaccharides. The interaction of the charged oxyanions with the strong anion-
exchange CarboPac ™ column and the slight differences in relative pKa values aids the 
chromatographic separation of individual monosaccharides. The monosaccharide 
compositions were determined, after acid hydrolysis, using high pH anion exchange 
chromatography (HPAEC). The results obtained are summarised in Table 3 and a typical 
HPAEC profile is shown in Figure 4. 

The monosaccharide composition of the AGP oligosaccharide chains was found to differ 
between normal, non-malignant and malignant groups. Of all the samples containing 
fucose, the malignant breast cancer group displayed the highest average level of this 
monosaccharide compared to the normal and non malignant breast disease group. Only the 
malignant breast cancer population had N-acetylgalactosamine present; this 
monosaccharide is not usually found in AGP and was completely absent from the normal 
samples analysed in the study. The graphs in Figures 5-7 illustrate the statistical significance 
of the fucose and Nacetylgalactosamine composition of AGP with respect to malignancy. 
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Patient Description Galactose* Fucose1 GalNAc1 
1 Benign proliferative breast disease 14.12 1.22 .00 
2 DCIS (+ invasive ductal carcinoma) 15.58 1.78 1.25 
3 Benign proliferative breast disease 14.57 .98 .00 
4 Invasive duct carcinoma 16.22 3.12 2.87 
5 Invasive duct carcinoma 17.33 4.12 3.55 
6 Invasive duct carcinoma 16.47 2.95 1.14 
7 Benign proliferative breast disease 14.29 1.04 .00 
8 Malignant phyllodes tumor. 18.29 4.56 3.22 
9 DCIS (+ invasive ductal carcinoma) 15.98 2.55 .98 
10 Invasive duct carcinoma 17.78 4.01 3.68 
11 Invasive duct carcinoma 17.56 3.93 3.44 
12 Invasive duct carcinoma 19.91 6.02 4.45 
13 Invasive ductal carcinoma 18.84 5.10 4.06 
14 Invasive duct carcinoma 19.76 5.77 4.89 
15 Biphasic fibroepithelial lesion 11.75 .76 .00 
16 Benign proliferative breast disease 13.95 1.31 .00 
17 Invasive duct carcinoma 19.82 5.52 4.36 
18 Invasive duct carcinoma 17.43 4.19 3.49 
19 Invasive duct carcinoma 19.64 5.59 4.80 

* units in mol/mol AGP 

Table 3. The monosaccharide compositions of oligosaccharide chains from AGP, isolated from healthy 
volunteers, patients with non malignant breast cancer and patients with malignant breast cancer, 
determined using high pH anion exchange chromatography  

 
Figure 4. The separation of a mixture of monosaccharides by high pH anion exchange chromatography  
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Figure 5. Fucose Composition of AGP with Respect to Malignancy 

 
Figure 6. N-acetylgalactosamine Composition of AGP with Respect to Malignancy 
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Figure 7. Galactose Composition of AGP with Respect to Malignancy 

The monosaccharides fucose and N-acetylgalactosamine are not normally found on AGP 
oligosaccharide chains; however, both were found to be present in plasma from breast 
cancer patients. Most importantly, the presence of N-acetylgalactosamine appears to 
correlate with the presence of malignancy (Figure 6). While fucose appears to be present in 
small levels in patients with benign proliferative breast disease and in increased levels in 
malignant breast disease (Figure 5), N-acetylgalactosamine appears to be present only in 
ductal carcinoma in-situ (DCIS) and invasive carcinoma. Each AGP molecule has five 
oligosaccharide chains, and each chain can have two, three, or four branches. Given that 
each branch contains a galactose molecule (refer to Figure 1), a higher degree of branching 
can be identified by a higher level of galactose. Therefore, increased galactose levels appear 
to be indicative of increased Malignancy (Figure 7). The AGP oligosaccharide profiles 
differed between the normal, non-malignant and malignant breast cancer groups. 

The flexibility of HPAEC is illustrated by the fact that it also allows the efficient separation 
of oligosaccharide chains on the basis of their size, formal charge, monosaccharide 
composition and intra-chain linkages [49]. A major advantage over other techniques is that 
the HPAEC of oligosaccharides requires no prior derivatisation and can detect to picomole 
sensitivity. The separation of oligosaccharide structures using HPAEC is based primarily on 
the negative charge present on the oligosaccharides due to the presence of terminal sialic 
acid residues. The greater the number of sialic acid residues, the greater the negative charge. 
This leads to a stronger interaction between the oligosaccharide and the resin in the HPAEC 
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analytical column. The application of a sodium acetate gradient causes the displacement of 
oligosaccharides, thus residues with a greater charge require a higher acetate concentration 
to cause displacement. Therefore, for example, a trisialylated oligosaccharide structure is 
retained longer than a bisialylated structure. Thus there is a positive correlation between the 
degree of negative charge and the elution time. Within charge bands, structures can be 
further separated on the basis of size i.e. a biantennary, bisialylated structure will be 
retained less than a triantennary, bisialylated oligosaccharide.  

On a more subtle level the separation of oligosaccharides within each charge band is 
determined by the sequence of monosaccharides which form the chain and also the linkages 
between them. The involvement of hydroxyl groups in glycosidic bonds between 
monosaccharides can alter the charge of the sequence. Therefore oligosaccharides with the 
same monosaccharides but differing in one linkage can be separated using this technique. 
The analysis of oligosaccharides is qualitative, unlike monosaccharide analysis which is both 
qualitative and quantitative, allowing the pattern of oligosaccharides to be determined [49-
50]. The separation of a standard library of the oligosaccharide chains of AGP is shown in 
Figure 8. In the profile, each peak corresponds to a single oligosaccharide chain. The 
sialylated portion of oligosaccharide chains,such as those found in AGP, are separated into 
distinct charge bands based on the number of terminal sialic acids. 

 
Figure 8. A HPAEC separation of a commercially available library of AGP oligosaccharides illustrating 
their separation into charged bands based on the number of sialic acid residues present at the chain 
terminus. 
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The greater the number of sialic acids, the greater the overall negative charge resulting in a 
longer retention time. Typically bisialylated oligosaccharides elute between 20 and 30 
minutes; trisialylated, 30 to 40 minutes and tetrasialylated 40-50 minutes (Figure 8). The 
oligosaccharide profiles for the AGP oligosaccharides from the clinical samples analysed in 
this study are shown in Figure 9. 

 
Figure 9. Representative oligosaccharide profiles of AGP, isolated from healthy volunteers (purple 
line), non malignant breast cancer (green line), malignant breast cancer (red line) were separated using 
high pH anion exchange chromatography and compared with a standard library of AGP 
oligosaccharides (black line). 

The oligosaccharide profiles of AGP oligosaccharides from healthy volunteers, non 
malignant breast cancer and malignant breast cancer are comparable with the standard 
library (Figure 8) in that they both display peaks in the bi-, tri- and tetra-sialylated regions. 
Although qualitatively similar, the profiles for the breast cancer populations are noticeable 
for the earlier elution of the comparable peak regions. This reduction in retention is 
indicative of the presence of fucose on the oligosaccharide chains [49-50] which reinforces 
the results of the monosaccharide compositional analysis. Additionally, the two cancer 
populations appear to have fewer tetra-sialylated chains (elute 40-50 minutes) even if the 
presence of fucosylation is taken into account.  

7. Further research 

The oligosaccharide chains of each AGP in this study were released and analysed by high 
pH anion exchange chromatography [Figure 8] and showed differences that could be 
diagnostic and the basis of future research. Monosaccharide compositional analysis using 
HPAEC has highlighted the differences that exist between normal and breast disease 
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presence of fucosylation is taken into account.  

7. Further research 

The oligosaccharide chains of each AGP in this study were released and analysed by high 
pH anion exchange chromatography [Figure 8] and showed differences that could be 
diagnostic and the basis of future research. Monosaccharide compositional analysis using 
HPAEC has highlighted the differences that exist between normal and breast disease 
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populations. Specifically the presence of fucose, galactose and N-acetylgalactosamine 
appears to be correlated with breast cancer malignancy. The presence of N-
acetylgalactosamine in the malignant population, together with its absence from the healthy 
and non-malignant populations suggests that the modification could form the basis of a 
serum biomarker for breast cancer malignancy with potential prognostic utility. HPAEC 
also provides useful information about the oligosaccharide structures present on AGP and 
allows the development of an oligosaccharide ‘fingerprint’ for each cohort of breast cancer 
patients.  

8. Conclusion 

Glycosylated molecules play major roles in oncogenesis, but their potential as cancer 
biomarkers remains unclear. Historically the reasons were twofold. Firstly, the large 
heterogeneity of structures arising from the cellular biosynthesis of glycans were not able to 
be detected and resolved by the analytical technology available at that point in time. 
Secondly the definitive diagnosis of cancerous disease normally required invasive 
techniques. These two hindrances have been addressed through the development of 
techniques such as high pH anion exchange chromatography (HPAEC) which now allows 
the sensitive (to picomole level) determination of glycosylated structures including linkage 
isomers of oligosaccharide chains. The solution to the second problem could lie in the 
development of tests based on the presence, in biological fluids, of glycosylated molecules 
which are disease-specific markers.  

Alpha-1-acid glycoprotein is a prominent example of a molecule in which alterations in the 
structure of the surface oligosaccharides has provided some potential in the diagnosis and 
prognosis of physiological and pathophysiological conditions and determination of the 
effectiveness of treatments. There have been a vast number of studies concerned with 
quantifying the levels and characterising the microheterogeneity of AGP in a number of 
diseases [Reviewed in 7-9]. Variation in the branching of the chains, levels of fucose, sialic 
acid and the presence or absence of antigens such as sialyl Lewis X are commonly reported 
and represent the potential exploitation of AGP heterogeneity as prognostic and diagnostic 
markers of disease [7]. 

In spite of major advances in detection and treatment, deaths from breast cancer are still 
high therefore there is a very definite requirement for the identification of a breast cancer 
specific biomarker to indicate the onset of the disease. Breast cancer is the most common 
cancer in women and currently diagnosis is reliant upon mammography and invasive 
techniques such as biopsy. There is no serum biomarker currently used in clinical practice 
for the detection and diagnosis of breast cancer. The discovery of a breast cancer-specific 
biomarker whose presence and/or altered expression in the serum precedes  
the appearance of a malignant mass would allow the development of a non-invasive 
serologic test and provide an invaluable screening tool in the assessment of high risk 
individuals. 
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The current study has identified that the quantitative and qualitative changes in AGP 
glycosylation observed among patients with malignant and non malignant breast cancer 
may in fact, provide the basis of a serum biomarker with potential prognostic utility. The 
monosaccharide and oligosaccharide composition of the AGP glycosylation was found to 
differ between normal, non-invasive and invasive groups. From our results, fucose, N-
acetylgalactosamine and galactose could be used as a screening test for early detection of 
breast cancer, and also as markers of breast carcinoma progression or “tumour load”, as 
changes in the levels of the substances correlate with disease progression. Most importantly, 
N-acetylgalactosamine could be used as a marker for the presence of malignancy in the 
breast, as N-acetylgalactosamine is present only in the plasma of patients with malignant 
breast lesions. The implications of the use of N-acetylgalactosamine as a marker for the 
presence of breast malignancy is profound; a definite diagnosis of breast carcinoma could be 
carried out by simple blood tests.  

The current standard method of diagnosing early stages of breast cancer is mammography 
which, along with other imaging technology, requires expensive instrumentation. The use of 
blood tests to diagnose breast cancer would obviously have numerous advantages over 
mammography, and would prove to be an invaluable tool in the fight against breast cancer. 
The use of blood tests based on differences in AGP glycosylation for diagnosing breast 
cancer could be done inexpensively using ELISA. Mammography requires radiologists to 
review images, while screening for AGP markers can be performed by laboratory 
technicians with a high degree of automation. Mammography suffers from a relatively high 
degree of false diagnoses, while screening for N-acetylgalactosamine appears to diagnose 
breast cancer with 100% accuracy. Breast cancer has a high rate of survival if it is detected in 
its early stages. Unfortunately, large segments of the at-risk female population do not 
receive mammograms regularly, as a result of lack of access to mammography facilities, 
high cost, discomfort caused by the procedure, and potential or perceived risks of radiation 
exposure. The factors preventing women from receiving mammograms regularly would not 
be present with blood tests. Small blood samples could be taken from patients with minimal 
discomfort and cost in local medical centres. These samples could then be sent to large, 
centralised testing facilities for processing. The improved accessibility and convenience of 
this strategy over mammography would result in a greater segment of the at-risk female 
population receiving regular breast cancer screening, which would result in more early 
diagnoses, and therefore higher survival rates.  

The use of blood tests that employ AGP alterations as markers of breast cancer has obvious 
commercial applications. These blood tests would likely become routine diagnostic 
procedures like the prostate-specific antigen (PSA) test. The potential market value of a 
breast cancer blood test would be comparable to that of the PSA test, which is about $1.5 
billion (USD) per year in the United States alone. Clearly, on an international scale, blood 
tests for diagnosing breast cancer would have a huge market value. In the event that AGP 
alterations are found to be markers of other cancers, the international market value of AGP-
based blood tests would likely double or triple, reaching as high as $20 billion (USD) per 
year.  
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1. Introduction 

1.1. Glycation and consequences 

Glycation or the Maillard reaction is the non-enzymatic adduct formation between amino 
groups (predominantly the ε-amino group of lysine and the guanidine group of arginine) [1, 
2] and carbonyl groups of reducing sugars or other carbonyl compounds. This reaction is 
subdivided into three main stages: early, intermediate, and late. In the early stage, glucose 
(or other reducing sugars such as fructose, pentoses, galactose, mannose, xylulose) react 
with a free amino group of biological amines, to form an unstable aldimine compound, the 
Shiff base. Then through an acid-base catalysis, this labile compound undergoes a 
rearrangement to a more stable early glycation product known as Amadori product [3]. 
Because the Maillard reaction is non-enzymatic, the variables which regulate its velocity in 
vivo are the glucose and protein concentrations, the half-life of the protein, its reactivity in 
terms of free amino groups, and the cellular permeability to glucose. 

In the intermediate stage, via dehydratation, oxidation and other chemical reactions, the 
Amadori product degrades to a variety of reactive dicarbonyl compounds such as glyoxal, 
methylglyoxal, and deoxyglucosones which, being much more reactive than the initial 
sugars, act as propagators of the reaction, again reacting with free amino groups of 
biomolecules. In the late stage of the glycation process through oxidation, dehydratation 
and cyclization reactions, irreversible compounds, called Advanced glycation end products 
(AGEs) are formed. The AGEs are yellow-brown, often fluorescent and insoluble adducts 
that accumulate on long-lived proteins thus compromising their physiological functions [4]. 
Glycation of proteins can interfere with their normal functions by disrupting molecular 
conformation, altering enzymatic activity, reducing degradation capacity, and interfering 
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with receptor recognition [5]. AGE-modified proteins lose their specific functions and 
undergo accelerated degradation to free AGEs such as 2-(2-furoyl)-4(5)-furanyl-1H-
imidazole (FFI), imidazolone, N-ε-carboxy-methyl-lysine (CML), N-ε-carboxy-ethyl-lysine 
(CEL), glyoxal-lysine dimmer (GOLD), methyl-glyoxal-lysine dimer (MOLD), and others. 
Moreover, AGEs can also act as cross-linkers between proteins, resulting in the production 
of proteinase-resistant aggregates [6]. 

The formation of AGEs progressively increases with normal aging and age-dependent AGEs 
have been shown to accumulate in human cartilage, skin collagen and pericardial fluid [7]. 
Long-lived proteins such as lens crystallins and especially collagens contain numerous 
lysine, hydroxylysine and arginine residues, have a slow turn over, and are prone to age-
related accumulation of glycation damage [8]. Besides accumulation during healthy aging, 
AGEs are formed at accelerated rates in diabetes [9]. They are markers and also important 
causative factors for the pathogenesis of diabetes [10], cataracts [11], atherosclerosis [12], 
diabetic nephropathy [13], and neurodegenerative diseases, including Alzheimer’s disease 
[14]. Three routes have been proposed for AGEs formation: 1) autoxidative pathway in 
which sugars give rise to reactive products by autoxidation, 2) Amadori rearrangement, and 
3) from the Shiff base. Reactive oxygen species (ROS) in the presence of trace levels of 
catalytic redox-active transition metal ions also contribute to AGEs formation. The process 
includes oxidative steps and is therefore called glycoxidation [15]. 

Except these endogenous AGEs, humans are also exposed to exogenous AGEs which are 
ingested with food. Some approaches for food processing promote the Maillard reaction and 
the development of browning products [16]. The formation of Maillard reaction products 
(MRPs) depends on the processing temperature and duration, and is greatly accelerated by 
long exposure to heat [17]. Food treatments such as frying or baking have a greater impact 
on the formation of MRPs than boiling [18]. MRPs are inherent to Western diet [19] and 
fructose intake was largely elevated in recent years because of an increased consumption of 
soft drinks and processed foods. Fructose and its metabolites, can initiate the non-enzymatic 
fructosylation of proteins. Moreover, among the various physiological sugars, fructose 
undergoes a more rapid oxidative degradation and is a more potent protein glycating agent 
than glucose [20]. During chronic hyperglycemia, excessive glucose uptake in tissues also 
affects the key enzyme aldose reductase (AR) in the polyol pathway. This leads to the 
reduction of various sugars to sugar alcohols, such as glucose to sorbitol, followed by 
nicotinamide adenine dinucleotide (NADH)-dependent sorbitol dehydrogenase-catalyzed  
fructose production. Increased fructose formation in turns leads to the production of 
reactive carbonyl species which are key factors in AGEs formation [21]. Furthermore, 
sorbitol and its metabolites accumulate in the nerves, retina, kidney, and lens due to poor 
penetration across membranes and inefficient metabolism, resulting in the development of 
diabetic complications [22]. Advanced glycation end products formed inside the body or 
ingested with food can also interact with specific receptors and/or binding proteins thus 
activating a series of intracellular signalling pathways, which are implicated in diabetic 
complications. Interaction of AGEs with receptors for advanced glycation end products 
(RAGE) can trigger signaling events through p38 MAP Kinase, nuclear factor kappa-B  
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(NF-κB), P21 Ras and Jak/STAT pathways. The cellular response can involve the 
overexpression of cell adhesion molecules such as vascular cell adhesion molecule-1(VCAM-
1), and the production of cytokines (interleukin-2, interleukin-6 and tumor necrosis factor-α) 
and vascular endothelial growth factor (VEGF) [23-25]. Various studies have shown that 
diabetes mellitus is associated with an increased production of free radicals and also with a 
decrease in the antioxidant potential leading to oxidative stress. Thus, the disturbed balance 
between radical formation and radical neutralization leads to oxidative damage of cell 
components such as proteins, lipids, and nucleic acids [26]. During glycoxidative stress, NF-
κB activates the production of TNF-α which in turn leads to enhanced ROS production. In 
such a way AGEs formation keeps the oxidative stress ongoing [27, 28].  

ROS exert a multitude of effects. They are both harmful by-products and cellular 
messengers. As messengers, ROS are involved in a network of intracellular and intercellular 
communication pathways and that is why mitochondrial production of ROS plays a crucial 
role in the pathogenesis of type II diabetes, neurodegenerative and cardiovascular diseases 
[29]. It has been reported that direct exposure of endothelial cells to hyperglycaemic 
concentrations of glucose increases the formation of ROS. Activation of the enzyme NADPH 
oxidase is strongly implicated in this process [30]. NADPH oxidase may be activated 
through an increased diacylglycerol mediated activation of protein kinase C (PKC) [31]. 
High concentrations of glucose [32] and ROS [33] also have been reported to activate PKC. 
Since hyperglycaemia is responsible for a rise in the mitochondrial production of ROS, 
targeting antioxidants to mitochondria and increasing their overall antioxidant potential is 
expected to ameliorate diabetic symptoms [34]. In order to enhance the antioxidant capacity 
of the body, we must increase the exogenous intake of antioxidants or stimulate the 
endogenous synthesis of antioxidants such as superoxide dismutase and reduced 
glutathione. The inhibition of AR and advanced glycation end products formation is yet 
another mode for diabetes treatment, which is not dependent on the control of blood 
glucose, and would be useful in prevention of certain diabetic complications [35].  

2. Therapeutic agents 

Both synthetic compounds and natural products have been evaluated as inhibitors against 
the formation of advanced glycation end products (AGEs). The synthetic AGEs inhibitors so 
far discovered are divided into three classes: (a) carbonyl trapping agents which attenuate 
carbonyl stress; (b) metal ion chelators, which suppress glycoxidations; and (c) cross-link 
breakers that reverse AGE cross-links [9]. However, despite of their inhibitory capacities 
against the formation of AGEs, many synthetic inhibitors of AGEs formation were 
withdrawn from clinical trials due to relatively low efficacies, poor pharmacokinetics, and 
unsatisfactory safety [36, 37].  

For exaple, aminoguanidine (AG), a nucleophilic hydrazine compound which prevents the 
formation of AGEs was withdrawn from the crucial phase III of clinical trials because of 
safety concerns and apparent lack of efficacy [38]. On the other hand natural products 
have been proven relatively safe for human consumption and many plant extracts have 



 
Glycosylation 226 

been tested for their ability to prevent AGEs formation [39]. Moreover, a number of plant-
derived products have been shown to possess hypoglycemic, hypolipidemic as well as 
antioxidant properties [40]. Some important compounds such as phenolics [41, 42], oligo- 
and polysaccharides [43, 44], carotenoids [45, 46], unsaturated fatty acids [45, 46] and 
many others have been reported to possess anti-glycating activity. Thus, the daily 
consumption of dietary components, mainly from plant sources which have an 
antioxidant effect, is considered to be of potential benefit for prevention of diabetes and 
diabetic complications [47]. For example ethanol fractions of Melissa officinalis, L (Lemon 
balm) were shown to possess high inhibitory effect on the formation of advanced 
glycation end products in the late stage of the glycation process [48]. Green tea 
consumption (drinking) also significantly reduced the advanced glycation, the 
accumulation of AGEs and the cross-linking of tail tendon collagen in diabetes [49]. 
Moreover, phenolics, particularly flavonoids, are responsible for the anti-glycation 
activity of herbal infusions [50]. Another beverage consumed worldwide, the coffee, is 
also rich in phenolic compounds, mainly caffeoylquinic, p-coumaroylquinic, feruoylquinic 
and dicaffeoylquinic acids which inhibit protein glycation and dicarbonyl compounds 
formation [51]. Except polyphenols which constitute a major group of plant-derived 
compounds with anti-glycation activity, some amino acids [52-54], triterpenes and 
saponins [55, 56], polysaccharides and oligosaccharides [43, 44, 57, 58] were shown to 
decrease the AGEs formation. Taurine, a sulfur amino acid, was shown to reduce 
acrylamide production in potato chip models suggesting its potential use in food 
processing to decrease acrylamide formation [53]. Another amino acid, arginine, was 
shown to have an immunomodulatory effect and to inhibit AGEs formation in in vitro 
studies [54]. 

3. Polyphenols 

The anti-glycation capacity of numerous medicinal herbs and dietary plants was comparable 
with [59], or even stronger than that of aminoguanidine [42, 60, 61-63]. Several studies have 
demonstrated that the anti-glycation activity correlates significantly with the phenolic 
content of the tested plant extracts [5, 50, 59, 64, 65]. Polyphenols are the most abundant 
dietary antioxidants, being common constituents of fruits, vegetables, cereals, seeds, nuts, 
chocolate, and beverages, such as coffee, tea, and wine. They have been shown to lead to 
many health benefits, such as prevention of cancer [66], neurodegenerative diseases [67], 
cardiovascular diseases [68] and diabetes [69]. 

Although polyphenols are chemically characterized as compounds with phenolic structural 
features, this group of natural products is highly diverse and contains several sub-groups of 
phenolic compounds. The diversity and the wide distribution of polyphenols in plants have 
led to different ways of categorizing these naturally occurring compounds. Polyphenols 
have been classified by the source of origin, biological function, and chemical structure. 
Also, the majority of polyphenols in plants exist as glycosides with different sugar units and 
with sugars acylated at different positions of the polyphenol skeletons [70]. According to the 
chemical structure of the aglycones, polyphenols are subdivided into the following groups: 
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1. Phenolic acids are among the most important non-vitamin antioxidant phytochemicals 
naturally present in almost all vegetables and fruits. Their biological activity is related 
to their lipophilicity and is influenced by the presence of ring substituent hydroxyl 
groups and, in the case of polyhydroxylated phenolic esters, by the length of the ester 
moiety [71]. Phenolic acids are non-flavonoid polyphenolic compounds which can be 
divided into two main types, benzoic acid and cinnamic acid derivatives based on C1–
C6 and C3–C6 backbones (Figure 1) [70].  

 
Figure 1. Phenolic acids: Left, Benzoic acids; right, Cinnamic acids. Tsao R (2010). 

Cinnamic acids and derivatives 

Caffeic acid is a naturally occurring cinnamic acid, found in many vegetables and herbs, e.g. 
coffee, pear, basil, oregano and apple [72]. In 2009 Gugliucci et al. demonstrated that caffeic 
acid in Ilex paraguariensis extracts inhibits the generation of fluorescent AGEs in in vitro 
experiments [65]. Moreover, extracts from two Chrysanthemum species (C. morifolium R. and 
C. indicum L.) demonstrated marked inhibition of the formation of AGEs and CML in in vitro 
model systems [42]. The plant extracts inhibited the formation of total AGEs after one week 
of incubation in BSA/glucose and BSA/fructose systems. Furthermore, the inhibitory effect 
of the Chrysanthemum extracts at a concentration of 5.0 mg.ml-1 was stronger than that of AG 
at a concentration of 1 mM as a positive control. The active components in these plants were 
characterized by liquid chromatography-diode array detector-atmospheric pressure 
chemical ionization/mass spectrometry, which showed that C. indicum L. conatins large 
amounts of caffeic acic, as well as luteolin and kaemferol. The other Chrysanthemum species 
(C. morifolium R.) contains chlorogenic acid, flavonoid glucoside varieties, and apigenin [42]. 
Chlorogenic acids, esters formed between certain trans cinnamic acids and (-)-quinic acid, 
are the major phenolic compounds in coffee, strawberries, pineapple, apple, and sunflower. 
5-caffeoylquinic acid (5-CQA) is the only chlorogenic acid commercially available and has 
been extensively studied due to its antioxidant activity. Chlorogenic acids are free radical 
and metal scavengers, and along with other biological activities they may interfere with 
glucose absorption and have been shown to modulate gene expression of antioxidant 
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enzymes [73]. Coffee fractions, in which chlorogenic acids are the main compounds, have 
been shown to inhibit the formation of CML in a concentration-dependent manner. In 
addition polyphenols such as caffeoylquinic, p-coumaroylquinic, feruloylquinic and 
dicaffeoylquinic acids contributed to about 70% of the antioxidant capacity of the coffee 
fractions [51]. Notably, Ilex paraguariensis, like coffee, contains a high concentration of caffeic 
acid, mostly esterified as chlorogenic acids [65]. Large amounts of chlorogenic acid were 
identified also in Chrysanthemum morifolium R. [42]. 

Recently, Jang et al. (2010) isolated three quinic acid derivatives from ethyl acetate soluble 
extract of the leaves and stems of Erigeron annuus. The structures of these compounds were 
identified as 3-caffeoylquinic acid, 3,5-di-O-caffeoylquinic acid methyl ester, and 3,5-di-
O-caffeoyl-epi-quinic acid. The last compound exhibited the most potent inhibitory activity 
against AGEs formation (IC50 value of 6.06 µM vs. 961 µM for AG) and prevented 
opacification of rat lenses, while 3-caffeoylquinic acid (a monocaffeoylquinic acid) was not 
effective. Two caffeoyl erigerosides and a sucrose ester also were more effective AGEs 
inhibitors than AG. This is the first report on 3,5-di-O-caffeoyl-epi-quinic acid as an 
inhibitor of RLAR (rat lens aldose reductase), AGEs formation, AGEs-BSA cross-linking, and 
cataractogenesis [62].  

Ferulic acid (FA) is another cinnamic acid that occurs naturally and which is present in 
drinks and foods, e.g., rice, wheat, oats and some fruits and vegetables [58]. In 2002 
Kikuzaki et al. reported that ferulic acid possesses free radical scavenging properties toward 
hydroxyl radicals, peroxynitrite and oxidized low-density lipoprotein in vitro [74]. It has 
been also shown that ferulic acid can bind human serum albumin (HSA) to form complexes 
[75]. This interaction led to a significant reduction of the HSA α-helix structure and caused 
structural changes to the protein providing unusual protective effects against protein 
oxidation. Silván et al. (2011) reported that the addition of ferulic acid reduces the formation 
of CML and fluorescent AGEs in vitro by nearly 90% [76]. It was shown that the presence of 
ferulic acid in samples containing proteins and fructose prevents the blocking of free amino 
groups by about 15% and 30% in soy glycinin and BSA glycation model systems, 
respectively. Based on previously published results, as well as on the latest findings 
regarding ferulic acid, Silván et al. (2011) concluded that FA might prevent AGE formation 
by some of the following ways: acting as an antioxidant, binding amino groups, and 
inhibiting sugar autoxidation and early Maillard Reaction Products (MRP) degradation [76]. 
However, the exact mechanism of anti-glycation by ferulic acid demands further 
investigations. 

In 2011 Miroliaei et al. reported the presence of rosmarinic acid, a dimmer of caffeic acid, in 
Melissa officinalis L. extract. They demonstrated that treatment of BSA with this herb resulted 
in a profound prevention of structural changes caused by D-glucose keeping the protein 
molecule close to its native polar conformation. The extract has the potential to arrest 
changes in the α-conformers by concealing the glycation sites and lowering the extent of the 
solvent-accessible surface area, thereby producing barriers for cross β-structure formation. 
The behavior of the balm extract in this respect resembles that of molecular chaperones 



 
Glycosylation 228 

enzymes [73]. Coffee fractions, in which chlorogenic acids are the main compounds, have 
been shown to inhibit the formation of CML in a concentration-dependent manner. In 
addition polyphenols such as caffeoylquinic, p-coumaroylquinic, feruloylquinic and 
dicaffeoylquinic acids contributed to about 70% of the antioxidant capacity of the coffee 
fractions [51]. Notably, Ilex paraguariensis, like coffee, contains a high concentration of caffeic 
acid, mostly esterified as chlorogenic acids [65]. Large amounts of chlorogenic acid were 
identified also in Chrysanthemum morifolium R. [42]. 

Recently, Jang et al. (2010) isolated three quinic acid derivatives from ethyl acetate soluble 
extract of the leaves and stems of Erigeron annuus. The structures of these compounds were 
identified as 3-caffeoylquinic acid, 3,5-di-O-caffeoylquinic acid methyl ester, and 3,5-di-
O-caffeoyl-epi-quinic acid. The last compound exhibited the most potent inhibitory activity 
against AGEs formation (IC50 value of 6.06 µM vs. 961 µM for AG) and prevented 
opacification of rat lenses, while 3-caffeoylquinic acid (a monocaffeoylquinic acid) was not 
effective. Two caffeoyl erigerosides and a sucrose ester also were more effective AGEs 
inhibitors than AG. This is the first report on 3,5-di-O-caffeoyl-epi-quinic acid as an 
inhibitor of RLAR (rat lens aldose reductase), AGEs formation, AGEs-BSA cross-linking, and 
cataractogenesis [62].  

Ferulic acid (FA) is another cinnamic acid that occurs naturally and which is present in 
drinks and foods, e.g., rice, wheat, oats and some fruits and vegetables [58]. In 2002 
Kikuzaki et al. reported that ferulic acid possesses free radical scavenging properties toward 
hydroxyl radicals, peroxynitrite and oxidized low-density lipoprotein in vitro [74]. It has 
been also shown that ferulic acid can bind human serum albumin (HSA) to form complexes 
[75]. This interaction led to a significant reduction of the HSA α-helix structure and caused 
structural changes to the protein providing unusual protective effects against protein 
oxidation. Silván et al. (2011) reported that the addition of ferulic acid reduces the formation 
of CML and fluorescent AGEs in vitro by nearly 90% [76]. It was shown that the presence of 
ferulic acid in samples containing proteins and fructose prevents the blocking of free amino 
groups by about 15% and 30% in soy glycinin and BSA glycation model systems, 
respectively. Based on previously published results, as well as on the latest findings 
regarding ferulic acid, Silván et al. (2011) concluded that FA might prevent AGE formation 
by some of the following ways: acting as an antioxidant, binding amino groups, and 
inhibiting sugar autoxidation and early Maillard Reaction Products (MRP) degradation [76]. 
However, the exact mechanism of anti-glycation by ferulic acid demands further 
investigations. 

In 2011 Miroliaei et al. reported the presence of rosmarinic acid, a dimmer of caffeic acid, in 
Melissa officinalis L. extract. They demonstrated that treatment of BSA with this herb resulted 
in a profound prevention of structural changes caused by D-glucose keeping the protein 
molecule close to its native polar conformation. The extract has the potential to arrest 
changes in the α-conformers by concealing the glycation sites and lowering the extent of the 
solvent-accessible surface area, thereby producing barriers for cross β-structure formation. 
The behavior of the balm extract in this respect resembles that of molecular chaperones 

 
Plant-Derived Agents with Anti-Glycation Activity 229 

which block the hydrophobic surfaces of substrate proteins. Moreover, when albumin 
molecules were treated with glucose in the presence of balm extract, a lower affinity of 
glycated BSA for RAGE receptors was observed. Based on the above experimental data, 
researchers concluded that the herb extract, possessing chaperone-like activity, would afford a 
protective effect against AGE-induced toxicity by suppression of receptor signaling pathways 
(e.g. RAGE antagonists) [48]. Also, Ma et al. (2011) reported that rosmarinic acid, isolated from 
Salvia miltiorrhiza Bge, has a more potent inhibitory effect against the formation of AGEs in α-
glucosidase (IC50 0.04 µM) than the positive control (AG with IC50 of 0.11 µM) [63].  

Benzoic acid derivatives  

Three derivatives of gallic acid: ethyl gallate, pentagalloyl glucose, and protocatechuic acid 
were isolated from ethyl acetate fraction of Rhus verniciflua extracts [77]. These gallic acid 
derivatives have been shown to inhibit recombinant human aldose reductase as well as the 
accumulation of advanced glycation endproducts in BSA-glucose model system. 

In 2007 Ardestani et al. reported that the Cyperus rotundus extract (CRE) has a potent 
antioxidant activity and chelating properties. CRE inhibits high fructose-induced oxidative 
damage to protein in a dose-dependent manner by decreasing protein carbonyl (PCO) 
formation and preserving protein thiols from oxidation [59]. Recently, RP-HPLC analysis of 
C. rotundus revealed the presence of phenolic compounds such as gallic acid, p-coumaric 
acid (a typical cinnamic acid), and epicatechin (flavanol) [78]. Accordingly, the potent 
inhibitory activity of C. rotundus on AGEs formation and protein oxidation might be related 
to its polyphenolic content.  

A new gallic acid-derivative, 7-O-galloyl-D-sedoheptulose (GS), was identified in Cornus 
officinalis (2007). This polyphenolic compound showed beneficial effect on the early stage of 
the diabetic kidney disease [79]. GS reduced renal glucose, AGE formation, and oxidative 
stress in diabetic rats. Moreover, GS did not show any toxicity at 20 and 100 mg, and 
reduced Maillard reaction-induced CML via the marked inhibition of mitochondrial lipid 
peroxidation. It also effectively ameliorates the increases in serum creatinine and urinary 
protein to nearly normal levels [80].  

2. Flavonoids  

Flavonoids have the C6–C3–C6 general structural backbone in which the two C6 units (Ring 
A and Ring B) are of phenolic nature (Figure 2) 
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flavones, flavanones and flavonols. While the vast majority of the flavonoids have their 
Ring B attached to the C2 position of Ring C, in some flavonoids such as isoflavones and 
neoflavonoids, Ring B is connected at the C3 and C4 position of Ring C, respectively.  

Since beans, particularly soybean, are a major constituent of the diet in many cultures, the 
role of isoflavones has, thus, great impact on human health [70]. Flavonoids are present in 
various kinds of vegetables, tea, and red wine [81]. Numerous flavonoids are well-known 
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antioxidants, effective in trapping free radicals, and in such a way participating in 
maintaining the overall plant cell redox homeostasis [82]. The primary structure of 
flavonoids (three benzene rings with one or more hydroxyl groups) is the key factor 
determining their antioxidation capacity. The antioxidation activity may involve the ability 
of flavonoids to scavenge free radicals, chelation of transition metal ions, sparing of LDL 
associated antioxidants, and binding to macromolecules or interaction with other kinds of 
antioxidants [83].  

 
Figure 2. Flavonoid structures. Tsao R (2010). 

The antioxidant activity of flavonoids has been demonstrated in many lipid systems. 
Therefore, they are speculated to have potential in atherosclerosis prevention [81].  
The antioxidant capacity of flavonoids depends on both their structure and glycosylation 
pattern. Cuminum cyminum (CC), commonly known as Jeera, was found to contain 51.87% 
w/w flavonoids, which were proposed to be responsible for its antiglycation property. 
Researchers have shown that treatment of streptozotocin-diabetic rats with CC reduced  
the renal oxidative stress and AGEs accumulation by increasing the antioxidant defense  
and reducing the free radical induced lipid peroxidation. The antioxidant activity of 
superoxide dismutase, catalase and reduced glutathione, increased upon CC treatment. 
Further experiment revealed that the antihyperglycemic effect of CC may be due to 
protection of surviving pancreatic β cells, and increase in insulin secretion and glycogen 
storage [84]. 

Flavonoids are also abundant in honeys, and honeys rich in flavonoids, such as buckwheat 
honey, exhibited higher antioxidant activity than flavonoid-poorer honeys such as acacia 
honey [85]. Raw Millefiori honey, for example, is packed full of antioxidants [86-88]. In 
addition to the direct contribution to the radical scavenging activity, the polyphenolic 
content also influences the honey color. Conjugated systems of double bonds, such as those 
present in flavonoids, terpenes, isoprene units and long chain phenolic acids present in 
honey, constitute chromophores that absorb photons of visible light giving rise to colors 
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ranging from yellow to brown. Several reports point out the positive and highly significant 
correlation between honey color, phenolic content and antioxidant activity [85, 87, 88]. 

Chalcones, though lacking the heterocyclic Ring C, are still categorized as members of the 
flavonoid family [70]. The chalcone butein isolated from ethyl acetate fraction of Rhus 
verniciflua proved to be a potent inhibitor of Recombinant Human ALR2 (rhALR2) with an 
IC50 value of 0.7 µM. Butein also strongly inhibits the advanced glycation end products 
accumulation in vitro. It has been reported that the hydroxyl groups at the 3’-, 4’-, 5-, and 7-
positions of flavones increase their AGE inhibitory activities, whereas the methylation or 
glycosylation of the 3’- or 4’-hydroxyl group reduces this activity [89]. In agreement with 
this report, the open ring form of 3-, 4-, 2’-, and 4’-tetrahydroxylated flavone, butein, has an 
increased AGE inhibitory activity. From these results the conclusion could be drawn that the 
inhibitory effect of Rhus verniciflua, and especially of the ethyl acetate fraction on rhALR2, is 
possibly exerted by butein acting as an active component.  

In apple trees (Malus domestica), the major sub-family of flavonoids is represented by 
dihydrochalcones, which are found in large amounts (up to 5% of dry weight) in leaves and 
in immature fruits [90]. Among the known dihydrochalcones, phloridzin and its aglycone, 
phloretin, are simple forms [91] and their biosynthesis in Malus has been recently described 
[92]. Bernonville et al. (2010), demonstrated the presence of phloridzin alone or in 
combination with two additional dihydrochalcones, identified as sieboldin and trilobatin 
[60]. Phloridzin was shown to inhibit glucose intestinal absorption and renal resorption, 
resulting in normalization of blood glucose and overall diminution of glycaemia in animal 
models [93]. Based on the results of the antioxidant assays and the fact that sieboldin was 
several folds more efficient than phloridzin in inhibiting AGE formation (10-fold lower IC50 
than phloridzin and 40-fold lower IC50 (0.2 mM) than AG), a role for sieboldin in inhibiting 
the formation of intermediate glycation products is suggestive [60]. 

Isoflavones 

Isoflanones have their ring B attached to the C3 position of ring C. They are mostly found in 
the leguminous family of plants [70]. Soy products and soybeans are particularly abundant 
sources of isoflavones which have both antioxidant and phytoesterogenic activities that 
may contribute to their potential anticarcinogenic and cardioprotective effects [94-96]. High 
soybean consumption has been implicated in the longevity of the Japanese [97]. Genistein 
and daidzein are the two main isoflavones in soy along with glycetein, biochanin A and 
formononetin [98]. In 2009 Hsieh et al. reported that soy isoflavones supplementation 
significantly and dose-dependently decreased the concentration of protein carbonyls in the 
liver, kidney and brain in D-galactose treated mice. Soy isoflavones administration 
effectively attenuate oxidative damage and improve parameters related to aging and 
Alzheimer’s disease [99].  

Puerarin (daidzein-8-C-glucoside) is an isoflavone glycoside isolated from the root of 
Pueraria lobata and has various pharmacological effects, including anti-hyperglycemic and 
anti-allergic properties [100-102]. Additionally, puerarin has been reported to effectively 
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inhibit advanced glycation end products formation which is one of the typical risk factors 
for diabetic complications [103]. In 2010 Kim et al. reported that puerarin administration to 
mouse mesanglial cells increased heme oxygenase-1(HO-1) protein levels in a dose-
dependent manner [104]. This enzyme participates in conversion of heme to biliverdin, 
which is rapidly metabolized to bilirubin, a potent antioxidant [105]. Moreover, puerarin 
treatment was able to enhance the phosphorylation of protein kinase C δ-subunit which 
primarily regulates the expression of HO-1, which in turn inhibited AGE-induced 
inflammation in mouse mesanglial cells. 

Flavones, Flavonols, Flavanones and Flavanonoles 

These flavonoid subgroups are the most common and almost ubiquitous throughout the 
plant kingdom. (Figure 3) 

 
Figure 3. Flavones, Flavonols, Flavanones and Flavanonoles. Tsao R (2010). 

Flavones and their 3-hydroxy derivatives flavonols, including their glycosides, methoxides, 
and other acylated products, make this the largest subgroup among all polyphenols [70]. 
The most common flavonol aglicones, quercetin and kaemferol, alone have at least 279 and 347 
different combinations, respectively [106-108].  

Kaempferol is a well known anti-oxidant flavonol aglycone that possesses anti-
inflammatory properties resulting from its ability to diminish the formation of reactive 
species (RS) [109]. Kaempferol was detected in plant extracts of two Chrysanthemum species 
[42] and Erigeron annuus [110]. Kaempferol causes the inhibition of the inducible nitric oxide 
synthase and cyclooxygenase-2 and the down-regulation of NF-κB pathway [111]. In 2010 
Kim et al. demonstrated that the short-term feeding of aged rats with kaempferol modulated 
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both AGE accumulation and RAGE expression which are dependent on NF-κB 
transcriptional activity. Furthermore, kaempferol suppressed age-related NF-κB activation 
and its pro-inflammatory genes through the suppression of AGE-induced NADPH oxidase 
activation [112]. Quercetin is another example of flavonol aglycone found in citrus fruit, 
buckwheat and onions. Many researchers examined the ability of quercitrin to protect 
against protein damage (AGEs formation) using in vitro model systems [77, 113]. Both 
quercetin and kaempferol together with kaempferol-3-O-rutinoside were reported as the main 
polyphenols present in crude extracts of aerial parts of Cassia auriculata. Ethyl acetate 
fraction of this medicinal plant showed radical scavenging activity and inhibition of lipid 
peroxidation. The guava leaves extracts also are a very good source of phenolic compounds 
such as gallic acid, ferrulic acid, quercetin and quercetin derived glycosides. The phenolic 
compounds of guava leaf extracts significantly decreased fasting blood glucose levels in 
streptozotocin-induced diabetic rats, decreased glycation products, lipid peroxidation and 
improved the antioxidant status in a dose-dependent manner [114]. Thus, the effect of guava 
leaves on glycation may be due to the different composition of the phenolic compounds. The 
latter also showed strong inhibitory effects on the glycation of albumin, especially quercetin 
exhibited over 95% inhibitory effect at a concentration of 100µg.ml-1. The anti-glycation 
activity of the aqueous extracts of guava was higher than that of AG and green tea 
polyphenols [115]. More interestingly, flavonoids with the 3′,4′-dihydroxy group (i.e., 
quercetin and quercitrin) demonstrated the highest inhibitory activity against AGEs 
formation after incubation at 37°C for 14 days, with IC50 values much lower than that of AG 
[111]. Besides quercetin, the flavonoid glycosides isoquercitrin (quercetin-3-β-
glucopyranoside) and hyperin (quercetin-3-D-galactoside) are well-known antioxidants [116-
118]. Isoquercitrin showed outstanding antioxidant activity in yeast cells by increasing the 
activity of superoxide dismutase (SOD) [118]. It also demonstrated free radical scavenging 
properties [119]. Marzouk et al. (2006) reported that hyperin strongly inhibited the 
formation of 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radicals [117] and lipid 
peroxidation, as well as the hydroxyl radical and superoxide anion generation [120]. Also, 
hyperin inhibits lipopolysaccharide (LPS)-induced nitric oxide (NO) production [120]. It is 
worth mentioning that isoquercitrin and hyperin showed a dose-dependent inhibitory activity 
against the formation of AGEs which was stronger than that of the AG positive control. 
Thereby, hyperin demonstrated a greater effect by inhibiting AGEs formation by 92% as 
compared to isoquercitrin, which inhibited the accumulation of AGEs by 89.6%. 

In 2011 Manaharan et al. reported the presence of quercetin-3-O-β-D-galactopyranoside in 
ethanolic extracts of Peltophorum pterocarpum leaves as the major bioactive compound. 
Peltophorum pterocarpum leaf and bark extracts were shown to inhibit aldose reductase far 
better than the pure compound quercetin [121]. The plant leaf and bark extracts were found 
to be about 28-fold and 56-fold more effective than quercetin, respectively in inhibiting 
aldose reductase which points to their potential use in hyperglycemia treatment. Also, the 
HPLC profiles of the active ethyl acetate fraction from Nelumbo nucifera leaves indicated the 
presence of quercetin 3-O-b-D-glucopyranoside and quercetin 3-O-b-D-
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glucuronopyranoside. In terms of N. nucifera’s antioxidant effect, the leaf extract exhibited 
potent antioxidant capacities in the DPPH and total ROS assay. The leaf extracts also 
showed remarkable inhibitory activities on RLAR and AGE formation [35]. 

Quercetin-3-O-rutinoside (Rutin), a common dietary flavonoid is an established 
antioxidant. It is found in fruits, vegetables and plant-derived beverages such as tea and 
wine [122]. Gut microflora in the large intestine metabolize rutin to a variety of compounds 
that include quercetin and phenol derivatives such as 3,4-dihydroxyphenylacetic acid 
(DHPAA), 3,4-dihydroxytoluene (DHT), 3-hydroxyphenylacetic acid (HPAA), and 4-
hydroxy-3-methoxyphenylacetic acid (homovanillic acid, HVA) [122-124]. Rutin 
metabolites, particularly those that include vicinal hydroxyl groups in their structure such 
as 3,4-dihydroxyphenylacetic acid (DHPAA) and 3,4-dihydroxytoluene (DHT), are powerful 
inhibitors of the formation of CML and fluorescent derivatives (370-440 nm and 335-385 nm) in 
histone H1 caused by ADP-ribose. The plasma concentrations of these rutin metabolites are 
expected to effectively neutralize the reported plasma concentrations of glyoxal and 
methylglyoxal [125]. Rutin was also found to inhibit the formation of glycation products in 
collagen type I induced by glucose in vitro [126] and to be an effective inhibitor of lipoprotein 
glycation by increasing the resistance of LDL to HG/Cu (II)-mediated oxidation [127].  

In 2009 Tsuji-Naito et al. reported that apigenin (4’,5, 7-trihydroxyflavone) in C. indicum L. is a 
minor flavonoid aglycone, although apigenin in C. morifolium R. is the main component of 
the plant extract which inhibits AGEs accumulation. Large amounts of another flavone – 
luteolin (2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-4-chromenone) were found in C. indicum L [42]. 
Apigenin, luteolin, apigenin-7-O- β -D-glucuronide methyl ester and apigenin-7-O- β -D-
glucuronide were indentified in the ethyl acetate-soluble extract of flowers of Erigeron 
annuus [110]. This is the first report on apigenin-7-O-β-D-glucuronide and apigenin-7-O-β-D-
glucuronide methyl ester having significant inhibitory activity towards aldose reductase 
and AGEs formation, which makes it worth to further study their potential for treatment of 
diabetic complications. The presence of luteolin together with maysin was also reported in 
the silk of Zea mays. These flavonoids are abundant in corn silk and in vitro glycation studies 
demonstrated their role in inhibiting AGE formation with luteolin being exceptionally 
active [61].  

Hispidulin is a flavone compound from Artemisia campestris ssp. glutinosa [128], while 
vitexin (apigenin-8-C-glucoside) and isovitexin (apigenin-6-C-glucoside) are flavone C-
glucosides, which have been identified in mung bean extract. The use of A. campestris has 
been recommended in Tunisian folk medicine for their antivenom [129], anti-inflammatory, 
antirheumatic and antimicrobial activities [130]. Recent studies provide for the first time 
data on the effect of an ethyl-acetate fraction from A. capillaries on the oxidative stress and 
antioxidant enzymes in high-fat diet induced obese and type 2 diabetic mice [131]. In 2010 
Sefi et al. demonstrated that administration of an aqueous extract of A. campestris to diabetic 
rats increased significantly serum insulin levels, reduced serum glucose level by 60% (p < 
0.001) and tended to bring the glucose value to near normal after 21 days. The ability of A. 
campestris extracts to reduce the blood glucose level could be attributed to a stimulation of 
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langerhans islets, to an improvement of the peripheral sensitivity to remnant insulin, and to 
the strong antioxidant properties of the plant compounds [132].  

Vitexin and isovitexin have been identified in other plants, such as bamboo leaves [133] 
and pigeonpea leaves [134]. Their anti-glycation activity could be attributed to their free 
radical scavenging and/or metal ion trapping activities, as they failed to directly trap 
reactive carbonyl species, such as methylglyoxal [64]. 

The number of flavanones, and their 3-hydroxy derivatives (flavanonols, which are also 
referred to as dihydroflavonols) identified in the last 15 years has significantly increased. 
Some flavanones have unique substitution patterns, e.g., prenylated flavanones, 
furanoflavanones, pyranoflavanones, benzylated flavanones, giving a large number of 
substituted derivatives of this subgroup [135]. A new compound that was designated as 
4`-O-[β -D-apiosyl (1→2)] - β -D-glucopyranosyl] - 5-hydroxyl-7-O-sinapylflavanone 
was isolated from Viscum album (European Mistletoe). This compound together with 
previously identified compounds in V. album, 5,7-dimethoxy-4`-O-β -D-glucopyranoside 
flavanone, 4`,5-dimethoxy-7-hydroxy flavanone and 5,7-dimethoxy-4`-hydroxy 
flavanone, showed a potent anti-glycation activity, i.e. 72.5% (IC50 = 199.85 ± 0.067 mM) as 
well as superoxide anion scavenging capacity. The antioxidant potential of 4`,5-
dimethoxy-7-hydroxy flavanone (IC50 = 58.36 ± 2.9m M) was determined to be greater 
than that of rutin used as a standard [41]. Recently, Jang et al. (2010) isolated from the 
flowers of E. annuus a novel 2,3-dioxygenated flavanone, erigeroflavanone, which was 
also shown to possess a strong anti–AGE activity [110]. In addition, the presence of fustin 
(2-(3, 4-dihydroxyphenyl)-3,7-dihydroxy-2,3-dihydrochromen-4-one), a flavanonol 
together with quercetin, morin (flavonol), and butein was reported in an ethyl-acetate 
fraction of Rhus verniciflua. All these flavonoids, especially those with hydroxyl groups at 
the 3’-,4’-,5’-, and 7-positions have shown a significant inhibitory activity against AGE in 
in vitro experiments [77]. 

In 2007 two dihydroflavonol glycoside, engeletin and astilbin, were isolated from an ethyl 
acetate extract of the leaves of Stelechocarpus cauliflorus R.E. Fr. The inhibitory activity of 
engeletin against a recombinant human aldose reductase (IC50 value = 1.16 µM) was twice 
that of quercetin used as a positive control (2.48 µM), and 23 times greater than that of 
astilbin (26.7 µM). Engeletin was shown to inhibit the aldose reductase uncompetitively. 
On the other hand, in contrast to its inhibitory activity against AR, astilbin was more potent 
than engeletin in suppressing AGE formation. Moreover, astilbin was almost as potent as 
the positive control, quercetin, in inhibiting advanced glycation end-products accumulation. 
Interestingly, the only structural difference between engeletin and astilbin is the number of 
hydroxyl groups in the B ring. Of both compounds only astilbin has the catechol 
orientation. Both astilbin and taxifolin (2, 3-dihydro quercetin), its aglycone, have been 
demonstrated to protect against oxidative damage [136]. Therefore, the antioxidant 
flavonoids such as engeletin and astilbin are potentially useful for therapeutic prevention 
of diabetic complications resulting from AGEs accumulation [137].  
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Flavanols and procyanidins 

Flavanols or flavan-3-ols are often called catechins (Figure 4). They differ from most 
flavonoids in that they do not have a double bond between C2 and C3, and there is no C4 
carbonyl in ring C [70] 

 
Figure 4. Flavanols and procyanidins. Tsao R (2010). 

Catechin is the isomer with trans configuration and epicatechin is the one with cis 
configuration. Each of these two configurations has two steroisomers, i.e., (+)-catechin, (−)-
catechin, (+)-epicatechin and (−)-epicatechin. (+)-Catechin and (−)-epicatechin are the two 
isomers often found in food plants. Catechin and epicatechin can form polymers, which are 
often referred to as proanthocyanidins because an acid-catalyzed cleavage of the polymeric 
chains produces anthocyanidins [70]. The presence of catechins was reported in green tea, 
which is an excellent source of many polyphenol antioxidants [49]. The most important 
catechins of green tea are (-)-epicatechin (EC), (-)-epicatechin- 3-gallate (ECG), (-)-
epigallocatechin (EGC) and (-)-epigallocatechin-3-gallate (EGCG) [138]. Nearly 80% of the 
extract of green tea is a mixture of catechins namely epigallocatechin (EGC), epicatechin 
(EC), epigallocatechin-3-gallate (EGCG) and epicatechin-3-gallate (ECG). The sum of EGC 
and EGCG weighed more than 70% of the catechin mixture in the green tea extract [49]. It 
was shown that green tea treatment of diabetic rats significantly reduced the blood glucose 
level. This antihyperglycemic effect may be linked to enhanced basal and insulin-stimulated 
glucose uptake in rat adipocytes [139], inhibition of the intestinal glucose transporter [140], 
and decreased expression of genes that control gluconeogenesis [141]. Green tea 
supplementation also reduced the accumulation of AGEs in diabetic rats as indicated by 
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decreased collagen linked fluorescence [49]. In 2009 Rasheed et al. reported that EGCG 
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links in creatine kinase in a dose-dependent manner. They also exerted various protective 
effects on glucose consumption impaired by high MGO concentrations through potential 
interaction with proteins involved in insulin signaling pathways [147]. Proanthocyanidin B-
4 and two more nitrogen containing flavonoids were identified for the first time in Actinidia 
arguta [148]. The N-containing flavonoids comprise a very small class of natural products, 
which have been only rarely isolated from natural sources. The 1H- and 13C-NMR spectral 
data revealed that these newly isolated compounds are 6- and 8-(2- pyrrolidinone-5-yl)-(-)-
epicatechins, which may be produced by condensation between (-)-epicatechin and 5-
hydroxypyrrolidin-2-one under acidic conditions. Proanthocyanidin B-4 and the two novel 
compounds showed a significant activity against AGEs formation with IC50 values for 
proanthocyanidin B-4 of 10.1 µM, which is lower than that of the well known glycation 
inhibitor AG [148].  

Geraniin, an ellagitannin, is the major tannin in Geranium thunbergii. It was also identified 
as the major bioactive compound in an ethanolic Nephelium lappaceum L. rind extract [149]. 
Previous studies have shown that N. lappaceum rind extract exhibits high anti-oxidant 
activity [150]. In 2011 Palanisamy et al. reported the ability of geraniin to scavenge free 
radicals and to possess in vitro hypoglycemic activity [149]. Geraniin is also an excellent 
inhibitor of carbohydrate hydrolysing enzymes (α-glucosidase and α-amylase) – superior to 
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the positive control acarbose (carbohydrate hydrolysis inhibitor). It was far more effective in 
preventing polyol and advanced glycation endproducts formation as compared to the 
positive controls quercetin and green tea which reveals geraniin as an ideal candidate for the 
management of hyperglycemia in diabetic individuals [149].  

4. Other phenolic compounds 

A stilbene glucoside - 2,3,5,4’-tetrahydroxystilbene 2-O-β-D-glucoside (THSG) is a natural 
compound with strong antioxidative and anti-inflammatory properties, which has been 
reported as the major bioactive compound from Polygonum multiflorum Thunb., a traditional 
Chinese herbal tea [151,152]. It was shown to efficiently inhibit the formation of AGEs in a 
dose-dependent manner by trapping reactive MGO under physiological conditions (pH 7.4, 
37°C) [153]. More than 60% of MGO was trapped by THSG within 24 hours and THSG was 
much more effective than resveratrol and its methylated derivative pterostilbene (two major 
bioactive stilbenes) [153]. In 2011 Chompoo et al. isolated two previously described 
compounds from Alpinia zerumbet, namely 5,6-dehydrokawain (DK) and dihydro-5,6-
dehydrokawain (DDK) which are kawalactones. DK and DDK were present in all six 
different parts of the plant but rhizomes had higher inhibitory activity against AGEs 
formation than the other parts [154]. А previous study also provided data about the 
antioxidant acitivities of DDK present in leaves and rhizomes of A. zerumbet [155]. Among 
the compounds isolated from Alpinia zerumbet rhizomes, DK had the strongest inhibitory 
activity against BSA glycation with IC50 value of 15.9 µM. DK has been also shown to inhibit 
human platelet aggregation and to possess anti-inflamatory and cancer chemoprotective 
therapeutic properties [156].  

5. Terpenes, carotenoids and polyunsaturated fatty acids 

A terpene, 8(17),12-Labdadiene-15,16-dial (labdadiene) was isolated for the first time from 
the rhizome of Alpinia zerumbet together with 5,6-dehydrokawain (DK) and dihydro-5,6-
dehydrokawain (DDK) [154]. In contrast to DK which strongly inhibited AGEs formation in 
BSA labdadiene markedly suppressed the fructosamine adduct formation with IC50 = 51.1 
µg/mL. Labdadiene was also more efficient than DK in inhibiting glycation-induced protein 
oxidation and the formation of α-dicarbonyl compounds, at first place preventing glyoxal 
accumulation. It is possible that the aldehyde groups of labdadiene have a significant role in 
inhibiting AGEs formation. These aldehyde groups may compete with sugars for Schiff’s 
bases formation and/or limit the amount of amines available for glucose attachment. The 
fructosamine assay revealed that labdadiene has strong activity when compared to rutin 
and quercetin used as positive controls, although the inhibitory mechanism of labdadiene is 
likely to differ from that of rutin and quercetin [154].  

The ability of microalgal extracts to inhibit AGEs formation differs from that of many other 
plant species and is not promoted by phenolic compounds. There is a weak correlation 
between the antiglycative activity and the total phenolic content of several microalgae as 
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demonstrated by the very small correlation coefficient. For example, in total AGEs 
inhibition, the value of R2 was 0.035 for ethyl acetate fractions of green microalgae Chlorella 
[45]. In microalgae, a wide range of antioxidants can be produced such as carotenoids, 
polyunsaturated fatty acids and polysaccharides [157]. HPLC and gas chromatography 
(GC) analysis revealed that carotenoids, especially lutein in Chlorella and unsaturated fatty 
acids, mainly of linoleic acid, arachidonic acid and eicosapentaenoic acid in Nitzschia laevis 
contributed to the strong antiglycative capacities of these species [45]. The green microalga 
Chlorella zofingiensis accumulates primary carotenoids such as lutein and β-carotene to 
protect the cells from oxidative damage [158]. Results showed that lutein and some 
unsaturated fatty acids effectively inhibited the formation of both total AGEs and specific 
AGEs in vitro in a dose-dependent manner. For lutein, at the concentration of 0.8 mg.ml-1, 
the inhibitory efficacy was comparable to or even higher than the effect of 1 mM AG 
solution [45]. It is noteworthy that if the amount of primary carotenoids is not enough, 
secondary carotenoids (i.e. astaxanthin, canthaxanthin and adonixanthin) are generated to 
diminish the excessive oxidative stress. The green microalga Chlorella zofingiensis is known 
as a natural source of astaxanthin, a red ketocarotenoid that is a potent anti-oxidant. It acts 
as the major secondary carotenoid and over 90% of the astaxanthin is in the form of mono- 
and di-esters [158]. The antioxidant activity of astaxanthin is an order of magnitude higher 
than that of other carotenoids such as zeaxanthin, lutein, canthaxanthin and β-carotene, and 
100 times higher than the antioxidant activity of a-tocopherol [159]. It was shown that under 
heterotrophic conditions the colour of C. zofingiensis gradually changed from green to red, 
indicating the accumulation of astaxanthin within algal cells. C. zofingiensis extracts and 
especially the red one are suggested to scavenge hydroxyl radicals and/or to chelate 
transition metals. Seven major fractions were obtained from astaxanthin-rich extract of C. 
zofingiensis. HPLC results revealed that they are astaxanthin diester, astaxanthin monoester, 
adonixanthin ester, free astaxanthin, free adonixanthin, lutein and zeaxanthin, and 
neoxanthin. The astaxanthin diester was found to be the most potent antiglycative 
compound among all fractions [46]. 

Several unsaturated fatty acids showed inhibitory activity against AGEs formation. 
Although palmitoleic and oleic acid were involved in the inhibition of pentosidine 
formation, the main contributors were linoleic acid, arachidonic acid, and eicosapentaenoic 
acid [45]. 

Hydrophobic compounds which also display antioxidant and hypoglycemic activities, such 
as oleanolic and ursolic acid, were observed in non-polar extracts from medicinal herbs 
[160]. Ursolic acid and its isomer, oleanolic acid, are triterpenoid compounds found across 
the vegetal kingdom that have anti-inflammatory, anti-arthritic, cytostatic, antiproliferative, 
and hepato-protective effects in mice, as well as membrane stabilizing properties [161-163]. 
One of the major components of yerba maté (Ilex paraguariensis) is oleanolic acid (OA) [65]. It 
has been reported that oleanolic acid has hypoglycemic and hypolipidemic effects in 
diabetic rats [164]. Oleanolic acid or ursolic acid (UA) intake at 0.1 or 0.2% increased the 
content of both acids in the kidney, dose-dependently decreased plasma glucose, HbA1c, 
renal Nε-(carboxymethyl)lysine, urinary glycated albumin and urinary albumin levels. OA 
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or UA intake significantly reduced renal pentosidine and decreased AR activity. The 
triterpens have been shown also to elevate plasma insulin levels and renal creatinine 
clearance as well as to decrease renal sorbitol and fructose concentrations [55].  

Arjunolic acid (2,3,23-trihydroxyolean-12-en-28-oic acid, AA), a natural pentacyclic 
triterpenoid saponin isolated from the bark of Terminalia arjuna, is well known to display 
various biological functions, including antioxidative [165], antifungal [166], hepatoprotective 
[167], and antibacterial activities [168]. AA plays a protective role against hepatotoxicity 
induced by environmental toxins such as drugs and chemicals. AA was shown to be effective 
in preventing the formation of reactive oxygen species (ROS), reactive nitrogen species (RNS), 
HbA1c, AGEs, and oxidative stress signaling cascades. AA also has been reported to protect 
against poly (ADP-ribose) polymerase (PARP)-mediated DNA fragmentation. Treatment with 
AA both before and after diabetes, on the other hand, prevented the NO signaling pathways 
and thereby brought the affected organs back to their physiological state. AA treatment was 
effective in preventing the phosphorylation of IκBα and NF-κB p65. Aslo, treatment with AA 
could prevent the hyperglycemia-induced phosphorylation of extracellular signal-regulated 
kinase (ERK) and p38. It was observed that the antidiabetic as well as antioxidant properties of 
AA were comparable to those of insulin [56].  

6. Polysaccharides 

In recent years a lot of attention has been paid to polysaccharides because of their unique 
biological activities [169]. Yang et al. (2009) have confirmed the presence of high quantity of 
polysaccharides in longan pericarp tissues (Dimocarpus longan Lour.) Polysaccharides of 
longan fruit pericarp (PLFP) have been found to be strong radical scavengers [170]. It is 
hypothesized that there is a link between the antioxidant and anti-glycative properties of 
PLFP. On the other hand, polysaccharides are composed of monosaccharides, which can 
compete with glucose for binding free amino groups in proteins thus lowering the effective 
concentration of glycation targets in proteins. This might be another pathway in which PLFP 
inhibits the formation of advanced glycation end products [44]. Moreover, it has been found 
that the molecular weight of the polysaccharide chain and the antioxidant activity of PLFP 
can be modified by ultrasonic treatment [44].  

In 2009 Chen et al. reported on the ability of Ganoderma lucidum polysaccharides (GLP) to 
reduce lipid peroxidation and blood glucose levels in diabetic rats [171]. Administration of 
middle or high doses of GLP in diabetic mice significantly decreased blood glucose and HbA1c 
[43]. Blood cholesterol and triglyceride levels were also improved which could be ascribed to 
the reduced blood glucose levels [172]. GLP administration to diabetic rats further influenced 
the myocardial hydroxyproline as well as the soluble and insoluble myocardial collagen. After 
16-week treatment of diabetic mice with GLP, the cross-linked and non-cross-linked collagens 
tended to decrease. The AGEs formation was also significantly reduced upon GLP treatment. 
In addition, the activities of antioxidant enzymes such as SOD, GSH-Px, and CAT from 
streptozotocin-treated diabetic rats were significantly enhanced after GLP administration [43]. 
Another study showed that all polysaccharides from pumpkin (Cucurbita moschata) (PPs) 
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inhibited the formation of dicarbonyl compounds. Two of the ethanolic fractions isolated from 
pumpkin, PPIII and PPII, were proposed to be stronger inhibitors than AG. PPIII was shown to 
have 65% inhibitory effect at а concentration of 50µM. PPs also inhibited the aldose reductase 
in a dose-dependent manner [57]. Least but not last, the anti-glycative activity of PPs increased 
with a decrease in their molecular weight.  

7. Other anti-glycative compouds  

The major biochemical constituents of Withania somnifera roots are steroidal alkaloids and 
steroidal lactones from the class called withanolides [173]. To date, up to 19 withanolide 
derivatives have been isolated from Withania roots [174]. Recently, Withania and its active 
components were shown to scavenge free radicals and to inhibit lipid peroxydation [175]. 
Withania have been reported to suppress AGE linked fluorescence of rat’s tail tendon 
collagen, which was explained by its antioxidant and free radical scavenging effect [176]. 

Melanoidins are another class of antioxidants receiving attention in recent years. These 
polymeric brown compounds formed in the last stage of the Maillard reaction were 
supposed to be involved in the color and flavor development of thermally-processed foods. 
They are present in food and beverages such as coffee, beer, traditional balsamic vinegar, 
cocoa and bread [177-179]. It seems that during coffee roasting phenolic compounds are 
involved in the Maillard reaction to partially form the brown, water soluble polymers 
known as coffee melanoidins. Physiological studies indicated that some of the coffee effects 
arise not from caffeine but from melanoidins [51, 180]. The high molecular weight 
compound (HMWC) fraction of coffee was shown to inhibit BSA glycation by acting as 
radical scavenger and Fe-chelator in the post-Amadori phase of the reaction and by 
inhibiting the production of dicarbonyl reactive compounds during glucose autoxidation 
[51]. Verzelloni et al. (2011) noted that this fraction is rich in melanoidins and concluded that 
melanoidins could be mainly responsible for the anti-glycative activity of the HMWC 
fraction. Also, the presence of proteins and chlorogenic acids, incorporated in the 
melanoidins’ structure, has been reported [51].  

Interestingly, the total phenolic content and honey color are predictive markers of the 
antioxidant activity in honey [85]. The radical-scavenging activity of honey was higher in 
honeys with high phenolic content and of darker color [181]. On the other hand, the color of 
honey may also result from non-enzymatic browning (the Maillard reaction) [182]. The 
brown, carbohydrates based melanoidin polymers have been shown to possess strong 
antioxidant activity [183]. It is thought that one of the possible mechanisms by which MRPs 
may act as both antioxidants and antibacterial agents, is their metal-chelating activitiy [184].  

In 2010 Ye et al. uncovered the inhibitory effect of fermentation byproducts on AGE 
formation [185]. Japanese distilled spirit can be prepared from starchy substances, such as 
rice, barley and sweet potato. Recycled distilled residues (DRs) of rice and barley spirit as 
well as their vinegars inhibited the formation of Nε(carboxymethyl)lysine (CML), a major 
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AGE in BSA model system. The high protein levels together with free lysines and arginines 
present in DRs of rice and barley spirits raise the possibility that these proteinaceous 
ingredients inhibit AGEs formation by competing with BSA for the glycation reaction. 
However, the low protein content in DRs of sweet potato spirit, which is accompanied by 
strong anti-glycation activity, argues against the above suggestion. Distilled residues and 
their derived vinegars are extremely complex mixtures containing caffeic acid as the 
dominant phenolic constituent and hence further investigations are required to elucidate the 
anti-glycative mechanism of DRs [185].  

Vitamins and some trace elements such as zinc and selenium are also a part of the human 
antioxidant defence system which must be delivered by diet. For example, treatment with 
vitamin E prevents renal hypertrophy in streptozotocin diabetic rats [186]. Similarly, a 
combination of vitamins E and C administered for 12 weeks decreased lipid peroxidation 
and augmented the activities of antioxidant enzymes in the kidneys of stretozotocin diabetic 
rats. The treatment also reduced urinary albumin excretion, decreased kidney weight and 
reduced the thickness of the glomerular basement membrane [187]. Tocotrienol, a 
component of vitamin E that may accumulate more effectively in membranes than α-
tocopherol [188], was shown to ameliorate experimental nephropathy in STZ-diabetic rats 
[189]. Pyridoxamine (PM), one of three natural forms of vitamin B6, was also reported to 
inhibit the Maillard reaction and PM application in diabetic nephropathy has now 
progressed to a phase III clinical trials. PM inhibits post-Amadori steps of the Maillard 
reaction by sequestering catalytic metal ions and blocking the oxidative degradation of 
Amadori intermediates [190]. Besides vitamin E and PM, α-lipoic acid (ALA) also possesses 
a strong antioxidant properties [191]. In rat soleus muscle, inhibition of glycogen synthesis 
and acceleration of glucose oxidation, have been correlated with the uncoupling effect of 
this acid. Thus, ALA may regulate glucose metabolism in muscles in a way which does not 
mimic the action of insulin. It has been reported that after long-term incubation in cell 
culture, ALA behaves as an antioxidant, whereas after short-term incubation and quick 
uptake by cultured cells it may act as a pro-oxidant. By acting as an antioxidant, ALA 
reduces oxidative stress and the formation of AGEs and improves insulin sensitivity in 
skeletal muscles and liver. 

Recently, the effect of citric acid on the pathogenesis of diabetic complications has been 
reported. Citrate, a natural, dietary chelator found in citrus fruits [192], is widely used in 
food products as a preservative and to enhance tartness. Oral administration of citric acid to 
diabetic rats delayed the development of cataracts, inhibited the accumulation of AGEs such 
as Nε-(carboxyethyl) lysine (CEL) and CML in lens proteins. Citric acid also inhibited the 
development of nephropathy (albuminuria) and significantly reduced ketonemia in diabetic 
rats [193]. On the other hand, the administration of citric acid did not affect blood glucose or 
HbA1c but decreased the concentration of AGEs in lens. Since citrate did not directly inhibit 
the formation of CEL from acetol, most probably the inhibition of CEL formation by citric 
acid is secondary to the inhibition of ketogenesis. 

AGEs and carbonyl accumulation have been shown to decrease in Zn-co-incubated samples 
containing BSA and glucose [194]. Zn also inhibited glycation and β-aggregation in BSA-



 
Glycosylation 242 

AGE in BSA model system. The high protein levels together with free lysines and arginines 
present in DRs of rice and barley spirits raise the possibility that these proteinaceous 
ingredients inhibit AGEs formation by competing with BSA for the glycation reaction. 
However, the low protein content in DRs of sweet potato spirit, which is accompanied by 
strong anti-glycation activity, argues against the above suggestion. Distilled residues and 
their derived vinegars are extremely complex mixtures containing caffeic acid as the 
dominant phenolic constituent and hence further investigations are required to elucidate the 
anti-glycative mechanism of DRs [185].  

Vitamins and some trace elements such as zinc and selenium are also a part of the human 
antioxidant defence system which must be delivered by diet. For example, treatment with 
vitamin E prevents renal hypertrophy in streptozotocin diabetic rats [186]. Similarly, a 
combination of vitamins E and C administered for 12 weeks decreased lipid peroxidation 
and augmented the activities of antioxidant enzymes in the kidneys of stretozotocin diabetic 
rats. The treatment also reduced urinary albumin excretion, decreased kidney weight and 
reduced the thickness of the glomerular basement membrane [187]. Tocotrienol, a 
component of vitamin E that may accumulate more effectively in membranes than α-
tocopherol [188], was shown to ameliorate experimental nephropathy in STZ-diabetic rats 
[189]. Pyridoxamine (PM), one of three natural forms of vitamin B6, was also reported to 
inhibit the Maillard reaction and PM application in diabetic nephropathy has now 
progressed to a phase III clinical trials. PM inhibits post-Amadori steps of the Maillard 
reaction by sequestering catalytic metal ions and blocking the oxidative degradation of 
Amadori intermediates [190]. Besides vitamin E and PM, α-lipoic acid (ALA) also possesses 
a strong antioxidant properties [191]. In rat soleus muscle, inhibition of glycogen synthesis 
and acceleration of glucose oxidation, have been correlated with the uncoupling effect of 
this acid. Thus, ALA may regulate glucose metabolism in muscles in a way which does not 
mimic the action of insulin. It has been reported that after long-term incubation in cell 
culture, ALA behaves as an antioxidant, whereas after short-term incubation and quick 
uptake by cultured cells it may act as a pro-oxidant. By acting as an antioxidant, ALA 
reduces oxidative stress and the formation of AGEs and improves insulin sensitivity in 
skeletal muscles and liver. 

Recently, the effect of citric acid on the pathogenesis of diabetic complications has been 
reported. Citrate, a natural, dietary chelator found in citrus fruits [192], is widely used in 
food products as a preservative and to enhance tartness. Oral administration of citric acid to 
diabetic rats delayed the development of cataracts, inhibited the accumulation of AGEs such 
as Nε-(carboxyethyl) lysine (CEL) and CML in lens proteins. Citric acid also inhibited the 
development of nephropathy (albuminuria) and significantly reduced ketonemia in diabetic 
rats [193]. On the other hand, the administration of citric acid did not affect blood glucose or 
HbA1c but decreased the concentration of AGEs in lens. Since citrate did not directly inhibit 
the formation of CEL from acetol, most probably the inhibition of CEL formation by citric 
acid is secondary to the inhibition of ketogenesis. 

AGEs and carbonyl accumulation have been shown to decrease in Zn-co-incubated samples 
containing BSA and glucose [194]. Zn also inhibited glycation and β-aggregation in BSA-

 
Plant-Derived Agents with Anti-Glycation Activity 243 

containing samples. It has been suggested that during the glycation reaction, Zn prevented the 
β-sheet formation in albumin by promoting the native α-sheet conformation. The protection of 
thiol groups, which has been observed in Zn-containing samples, could be explained through 
one of the following three mechanisms: (1) direct binding of Zn to the thiols, (2) steric 
hindrance as a result of binding to other protein sites in close proximity to the thiol group or 
(3) a conformational change resulting from binding to another site on the protein [195].  

8. Conclusion 
Considering that AGEs are believed to act as major pathogenic propagators in many human 
diseases, and especially in diabetes and its complications, it is of great interest to identify 
anti-glycative substances and to examine their mode of action. The current review provides 
examples for the anti-glycation activity of plant-derived substances which target the 
essential stages of glycation through i) antiglycemic or hypoglycemic action, ii) inhibition of 
Amadori products formation or intervention in the post-Amadori phase of the reaction, iii) 
inhibition of the formation of AGEs precursors (oxidation products of sugars and early 
MRPs), and iv) reduction of AGEs cross-linking. This anti-glycation activity correlates with 
the phenolic content of the plant extracts although there is a wide range of others, 
nonphenolic compounds such as terpens, carotenoids, polyunsaturated fatty acids, 
polysaccharides, withanolides, and melanoidins which demonstrate a high potential to 
reduce the non-enzymatic protein glycosylation. The plant-derived anti-glycative comounds 
appear attractive candidates for the development of new generation therapeutics for 
treatment of diabetic complications and prophylaxis of aging, and point to the importance of 
an antioxidant-rich diet, as part of the overall diabetes management strategy. 
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1. Introduction 

The subject of protein N- and O-glycosylation in the yeast S.cerevisiae has already been well 
described in many excellent reviews [1-3]. However, less is known about the occurrence of 
these processes in the yeast Candida albicans, an opportunistic human pathogen.  

In the N-glycosylation reactions catalysed by the Alg enzymes, dolichyl phosphate (DolP) 
serves as a lipid acceptor of sugar residues. The Alg enzymes are present both on the 
cytosolic side of the ER: Alg7, Alg1, Alg2 and Alg11) and on its lumenal face(Alg3, Alg5, 
Alg6, Alg8-10 and Alg12 [3-6]. Cytosolic Alg enzymes, necessary for viability of yeast and 
mammalian cells in culture, produce DolPP-GlcNAc2Man5 from DolP, UDPGlcNAc and 
GDPMan. There is also circumstantial evidence that DolPP-GlcNAc2Man5 is delivered into 
the lumen of the ER by a putative flippase (Rft1p) [7]. Within the ER the DolPP-
GlcNAc2Man5 product is converted to DolPP-GlcNAc2Man9Glc3 using DolPMan and 
DolPGlc as sugar donors [3]. As it was mentioned already DolPMan is also a substrate for 
protein O-glycosylation, where it serves as a donor of the first mannose to be attached to 
hydroxyl groups of serine and threonine. The second and subsequent mannose residues are 
transferred directly from GDPMan [1, 2]. DolPMan is also involved in the synthesis of the 
sugar part of glycosylphosphatidyl inositol anchor in yeast and other eukaryotes [2]. 
Moreover, a large group of cell wall glycoproteins is attached to the glucan polymers via a 
GPI-remnant structure. 

On the other hand, there is a growing literature describing the involvement of cell wall 
carbohydrates in fungus-host interactions (for review see [8]), as well as in the maintenance 
of cell wall integrity [9]. Thus, one can predict a functional link between N-glycosylation and 
O-mannosylation of cell wall proteins, cell wall integrity and/or fungus–host interactions. 
Nonetheless, open questions remain concerning the regulatory mechanisms of early events of 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
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protein glycosylation and their impact on the synthesis of outer glycan chain in cell surface 
glycoproteins of S. cerevisiae and C. albicans. 

A model of the S. cerevisiae cell wall has been described. It contains four classes of interacting 
components: chitin, 1,3 and 1,6 glucan and mannoproteins [10,11]. This structure is 
similar to that of the C. albicans cell wall [11-13].  

2. Contribution of the mevalonate pathway to protein glycosylation and 
cell wall integrity 
Mevalonate pathway in yeasts is important not only for ergosterol biosynthesis but also for 
the production of nonsterol molecules, deriving from farnesyl diphosphate. Formation of 
cell wall proteins, i.e. the glycosyl- phosphatidylinositol (GPI) anchored (GPI-CWP) and 
proteins with internal repeats (pir-CWP,) requires, as an initial intermediate, DolP 
synthesized together with the other isoprenoid lipids in the mevalonate pathway.  

 
Figure 1. Isoprenoid (mevalonate) pathway in the yeast Saccharomyces cerevisiae. 
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Dolichol biosynthetic pathway has multiple levels of regulation. Thus, its cellular level is 
amenable to alterations affecting protein glycosylation and, in consequence, the cell wall 
structure. The pathway is shared with other isoprenoid lipids (Fig.1). The most abundant 
branch of the pathway, leading to sterol biosynthesis, is one of the main targets for anti-
fungal drugs, which exploit the differences in the pathways and the end product - ergosterol 
in fungal cells and cholesterol in animals. The mevalonate pathway diverges after the 
synthesis of farnesyl diphosphate by farnesyl diphosphate synthase (FPPS), encoded by the 
ERG20 gene.  

Products of the subsequent reactions are shown together with the names of the genes, in 
capital letters, encoding the enzymes catalyzing them. Enzyme affected by lovostatin, an 
inhibitor of isoprenoid pathway, is indicated (K. Grabinska PhD thesis, IBB 2002) 

Using a yeast based two hybrid system, we have identified the Yta7 protein interacting with 
FPPS, and showed that it was membrane-associated and localised both to the nucleus and 
the endoplasmic reticulum (ER). In order to assess the importance of the mevalonate 
pathway for cell wall synthesis and its role in cell-wall integrity (Fig 2), we investigated the 
effects of YTA7 deletion at the transcriptional level. Our data [14] show that loss of YTA7 
function leads to activation of the genes implicated in cell wall integrity pathway (CRZ1, 
FKS2, and KNR4) and highlight a possible link between dolichol metabolism and cell wall 
synthesis. 

Moreover, farnesol, which is likely to be derived from dephosphorylation of FPP, inhibits 
growth of S. cerevisiae and C. albicans. This inhibition is concomitant with a significant loss of 
intracellular diacylglycerol (DAG) [15], which is an activator of the PKC1-signaling pathway 
involved in the maintenance of cell wall integrity (described later, compare Fig.3)  

De novo synthesis of dolichol starts with the 1'-4 condensation of farnesyl diphosphate (FPP) 
with 11-15 isopentenyl pyrophosphate units to form polyprenyl diphosphate (dehydrodolichol 
diphosphate) (Fig. 2). This reaction is catalysed by cis-prenyltransferase (cis-Ptase) encoded in 
S. cerevisiae by the RER2 and SRT1 genes [16]. 

Our results indicate that FPP or its derivatives regulate the transcription of RER2 and SRT1 
genes as well as of DPM1, which encodes Dpm1p [17]. To enter the glycosylation pathways 
the RER2 and SRT1 gene products (dehydrodolichol diphosphate) need to be 
dephosphorylated, reduced and phosphorylated again by CTP-dependent dolichyl kinase, 
Sec59p [18-20]. 

Biosynthesis of isopentenyldiphosphate (IPP) from mevalonate diphosphate is catalysed by 
mevalonate pyrophosphate decarboxylase (Fig.1). Subsequently IPP is converted to 
dimethylallyl diphosphate (DMAPP) and DMAPP (C5) is condensed with farnesyl 
diphosphate, composed of 3 isoprene units (C15). This reaction is catalysed by Rer2 and 
Srt1p. Further elongation of the isoprenol chain occurs, by step wise addition of the 5-carbon 
isoprene units to reach species-specific chain length. Poliprenol diphosphate is 
dephosphorylated and reduced by alfa saturase (Dfg10p) to form dolichol. To enter 
glycosylation pathway dolichol is phosphorylated by CTP-dependent dolichol kinase. 
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n=10-14 isoprene units for Rer2p and 14-23 for Srt1p products. (Adopted from [21]) 

Figure 2. Dolichyl phosphate biosynthesis de novo in yeast.  

Our data indicate that in the rapidly dividing yeast cells “de novo” biosynthesis of dolichyl 
phosphate described above is a main source of its supply.  

However, it is thought that in non dividing cells dolichyl phosphate might be derived 
mainly from recycling after each cycle of protein glycosylation, either by transfer of the 
oligosaccharide from DolPPGlcNAc2Man9Glc3 onto acceptor protein or from the transfer 
across the ER membranes of single glucose (Glc) and mannose (Man) residues from 
DolPMan or DolPGlc [22]. 

The length of dolichol molecules is species-specific and in yeast contains 14-18 isoprene 
units [23]. Although a great deal of progress has been made in the understanding of the 
enzymatic steps responsible for polyprenyl chain length termination and conversion of 
dehydrodolichol to dolichol, some open questions still remain. In vitro, cell extracts and 
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membrane fractions from S. cerevisiae catalyse the biosynthesis of dolichol backbone i.e. 
dehydrodolichol [24] whereas in vivo yeast synthesise dolichols. On the base of the results 
obtained so far it was assumed that in S. cerevisiae polyprenyl diphosphates synthesised in 
vitro undergo immediate dephosphorylation and reduction of its alpha residue [24, 25]. A 
similar conclusion was reached for the rat liver system [26] and in general for metazoan 
eukaryotic cells [22].  

3. Cell wall alteration resulting from the defect in dolichol and dolichyl 
phosphate formation  

It has been shown that depletion of GDPMan pyrophosphorylase activity in C.albicans [27] 
leads to cell lysis, inefficient cell separation, impaired bud growth, clumping and 
flocculation, as well as increased sensitivity to a wide range of antifungal drugs. GDPMan 
pyrophosphorylase (Ca SRB1 encoded) catalyses the transfer of Man-1P to GDP and is 
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This defect was conferred by orf encoding the human SRD5A3 protein, involved in the 
reduction of dehydrodolichol diphosphate into dolicholdiphosphate. Thus, it was assumed 
that SRD5A3 is the human ortholog of the yeast DFG10 gene encoding dehydrodolichyl 
diphosphate reductase. The product of DFG10 shows 25% amino acid identity and 43% 
similarity with the human SRD5A3 protein, forming with others SRD proteins the steroid 
5a-reductase family [30]. 

Double deletion of the C.albicans orf19.7841 rendered viable Cadfg10 mutant strain. Its 
biochemical analysis revealed that the strain produces 70% of dehydro- and 30% of 
dolichols, whereas in the wild type, parental strain only dolichols are synthesized. The 
mutant strain was also oversensitive to tunicamycin, an inhibitor of N-glycosylation. 
Indeed, a defect in protein glycosylation was confirmed by assessing the degree of 
glycosylation of the marker glycoprotein hexosaminidase. Moreover, the Cadfg10 mutant 
exhibits abnormal hyphal growth and increased resistance to some antifungal agents, thus 
indicating alterations of the C.albicans cell wall (Janik et al., manuscript in preparation). 

However, based on our results, only 30% of dehydrodolihol is reduced to dolichol in 
Cadfg10 null mutant. Thus, it is possible that CaDfg10p is not the only protein involved in 
dehydrodolichol reduction. Another likely candidate is an ortholog of S.cerevisiae TSC 13, 
encoding steroid reductase, i.e. putative enoyl reductase, encoded in C.albicans by orf 
19.3293. However, the possible role of orf 19.3293 in dolichol synthesis is now under 
investigation. 

We have also studied alterations in cell wall composition and integrity in S. cerevisiae dpm1-1 
mutant impaired in DolPMan formation and in the sec59 mutant impaired in dolichol kinase 
activity. In our earlier work we were able to demonstrate that overexpression of the 
S.cerevisiae DPM1 gene, encoding DolPMan synthase in T.reesei and Aspergillus nidulans led 
to increased secretion of fully glycosylated proteins, concomitant with alteration of the cell 
wall ultrastructure (T.reesei) or with accumulation of overproduced glycoproteins in the 
periplasmic space (A.nidulans) [32, 33].  

For the S. cerevisiae dpm1-1 as well as for the sec59-1 mutants we observed an increased 
sensitivity to Calcofluor White (CFW) and an upregulated chitin level. Both mutated strains 
were also oversensitive to a variety of the external agents including antifungal drugs [34].  

We have shown that the sec59 and dpm1 mutants are affected in cell wall composition [35]. A 
search for multicopy suppressors of the mutant phenotype, resulted in the isolation of the 
RER2 gene , which as described above, is involved in the synthesis of the dolichol backbone 
and enhances protein glycosylation. In addition, the sec 59-1 phenotype could be rescued by 
overexpression of the ROT1 gene, encoding the endoplasmic reticulum Rot1 protein. The 
latter is implicated in cell wall biogenesis and acts as a chaperone for misfolded proteins [36, 
37]. Recently, we have shown also that Rot1 interacts with Ost3, one of the nine subunits of 
the oligosaccharyltransferase complex, the key enzyme of N-glycosylation. Deletion of OST3 
in the rot1-1 mutant causes a temperature sensitive phenotype as well as sensitivity towards 
compounds interfering with cell wall biogenesis, such as Calcofluor White, caffeine, Congo 
Red and hygromycin B. Oligosaccharyltransferase activity determined in vitro in membranes 
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from rot1-1ost3∆ cells was found to be decreased to 45% compared to wild-type membranes, 
and model glycoproteins of N-glycosylation, like carboxypeptidase CPY, Gas1 or DPAP B, 
displayed an underglycosylation pattern. A physical interaction between Rot1 and Ost3 was 
demonstrated by affinity chromatography. Moreover, Rot1 was also found to be involved in 
the O-mannosylation process, as glycosylation of distinct glycoproteins of this type was 
affected as well. Altogether, it can be assumed that Rot1 acts also as a chaperone required to 
ensure proper glycosylation [38]. 

As already mentioned, a defect in protein O-mannosylation in fungi results in impaired cell 
wall integrity [9]. This process is initiated at the luminal side of the ER. The key enzyme of 
O-mannosylation is protein -O-mannosyltransferase (Pmtp) catalysing direct transfer of 
Man from DolPMan into the serine/threonine OH group in acceptor protein. This is 
followed by the addition of a short linear glycan, composed of mannosyl residues, directly 
from GDPMan. Whereas O-mannosylation is initiated in the ER, further modifications of the 
glycan chain occur in the Golgi apparatus. In S. cerevisiae the Pmt proteins are encoded by 
seven PMT genes [39]. A family of PMT genes was also identified in C. albicans [40] and in 
another fungal pathogen Cryptococcus neoformans [41]. Phylogenetic analysis of Pmt proteins 
revealed that they can be grouped in three subfamilies, Pmt1p, Pmt2p and Pmt4p [42]. The 
functions of Pmt proteins were studied, and it was demonstrated that in S.cerevisiae O-
mannosylation affects protein stability, localisation and transport from the ER [43]. In 
C.albicans O-mannosylation is important for morphogenesis, adherence to host cells and 
virulence [44]. Characterization of the PMT gene family in C. neoformans revealed that Pmt 
proteins play a crucial role in maintaining cell morphology and cell wall integrity [41]. 
Similarly, in the filamentous fungus T.reesei diminished overall activity of Pmt proteins 
resulted in decreased O- as well as N-glycosylation and aberrant cell wall composition [45].  

Studies of the effect of tunicamycin revealed the effect of the dolichol dependent protein N-
glycosylation on C. albicans biofilm development. In its normal niche C.albicans forms 
biofilms that are attached to cell surfaces. In addition to the mucosal surfaces, such biofilms 
are often formed on implanted medical devices [46, 47]. Fully mature C.albicans biofilms 
consist of a complex of yeast, hyphae and pseudohyphae and exhibit increased resistance to 
antifungal drugs [48, 49]. Tunicamycin is a nucleoside antibiotic, produced by Streptomyces 
lysosuperficus that blocks the transfer of GlcNAc-1-P from UDPGlcNAc to DolP. This 
reaction, catalysed by the Alg7 protein, initiates the formation of DolPP-oligosaccharide and 
hence the whole N-glycosylation process. It has been demonstrated that physiological 
concentrations of tunicamycin display a significant inhibitory effect on biofilm development 
and maintenance, without affecting overall cell growth or morphology. Based on the above, 
conclusion was reached underlying the role of N-glycosylation in the developmental stages 
of biofilm formation [50] 

4. Cell morphology in Golgi glycosylation mutants 

A number of data indicates that a defect in glycosylation process occurring in the Golgi 
stack might affect cell morphology and virulence. 
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Initial steps of protein N- and O-glycosylation described so far occur in the ER. “Dolichol-
dependent” glycosylation ends with the formation of DolPP-oligosaccharide 
(DolPPGlcNAc2Man9Glc3) and subsequent transfer of the oligosaccharide to the beta amido 
group of asparagine within the N-glycosylation site (Asn/X/Ser). Such a glycosylated 
peptide undergoes partial trimming, which is species-specific and in yeast involves removal 
of the three Glc and one Man residues. Partially processed glycopeptide is transported to the 
Golgi stack where the saccharide part (GlcNAc2Man8) undergoes further processing and 
maturation. Whereas glycosylation reactions occurring in the ER are well conserved in the 
eukaryotic cells, N-glycan processing in the Golgi is greatly diverse. In yeast, the core 
structure of glycoproteins is hypermannosylated (up to 200 Man residues), forming a 
backbone made up of alpha 1,6 linked residues, branched by alpha 1,2- and alpha 1,6 
mannosyl residues. In addition, another mature core structure occurs in the Golgi, i.e. 
GlcNAc2Man8-13 [51]. A number of Golgi mannosyltransferases is involved in the synthesis 
of the sugar backbone and branching. It offers a vast majority of modifications of the sugar 
structure. The OCH1 gene encodes an alpha 1,6 mannosyltransferase initiating addition of the 
outer sugar chain (www.yeastgenome.org). Deletion or depletion of OCH1 causes lethality or 
slow-growth. The och1 mutants cannot form high mannose oligosaccharides (~50+ Man 
residues) so they have decreased levels of cell wall mannoproteins, causing weakness and 
defects in bud formation and hypersensitivity to agents that attack the cell wall (calcofluor 
white, hygromycin B and SDS). Weakening of cell walls in hypotonic solution can be 
partially suppressed by the addition of osmotic stabilizers such as salt or sorbitol.  

Mannan branching involves Mnn1p, one of five S. cerevisiae proteins of the MNN1 family. It is 
alpha-1,3-mannosyltransferase, an integral membrane glycoprotein of the Golgi complex, 
required for addition of alpha1,3-mannose linkages to N- and O-linked oligosaccharides,. Mnn1 
mutant exhibits decreased sensitivity to hygromycin B [52]. It has been demonstrated that a 
double deletion of the OCH1 and MNN1 genes renders a strain which is unable to grow at non- 
permissive temperature and is defective in cell cytokinesis. On the other hand, no clear effect on 
the cell integrity was observed [53]. However, the role of Mnn5 protein (an iron regulated 
alpyha-1,2 mannosyltransferase) from C.albicans in cell wall integrity maintenance was 
demonstrated [54]. A mnn5 delta mutant contains a reduced amount of cell wall mannan and 
hypersensitivity to the cell wall damaging agents. Disruption of the C. albicans OCH1 homologue 
resulted in a temperature-sensitive growth defect and cellular aggregation. Outer chain 
elongation of N-glycans was absent in the null mutant, demonstrated by the lack of the alpha 1,6-
linked polymannose backbone and the underglycosylation of N-acetylglucosaminidase. 
Moreover, the null mutant was hypersensitive to a range of cell wall perturbing agents. These 
mutants had near normal growth rates in vitro but exhibited decreased virulence in a murine 
model of systemic infection. Based on this the importance of N-glycan outer chain epitopes to 
the host-fungal interaction and virulence was assumed [55, 56].  

5. Evidence for the role of glycan in cell defence mechanisms 
The fungal cell wall is a highly dynamic structure, essential for the shape and stability of the 
cell. Thus in yeast and fungi cell wall integrity is tightly controlled by the activation of the 
protein kinase C –dependent MAP-kinase pathway [57] (Fig. 3). 
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Figure 3. Cell wall integrity pathway (CWIP) in Saccharomyces cerevisiae  

The sensors of the cell wall damage located in the plasma membrane (Mid2p, Wsc1-3p) pass 
the signal thorough the Rom1p to Rho1p, which in turn activates the Pkc1p- dependent 
cascade of MAP kinases (Bck1p, Mkk1/2p) Mpk1 kinase activates its main targets Swi4/6p 
and Rlm1p, transcription factors that activate expression of the cell wall genes (adopted 
from [57]).  

Efficiency of this process depends, among others, on the glycosylation status of the receptor 
proteins located in the plasma membrane [58]. It has been demonstrated that the plasma 
membrane protein Mid2, a putative mechanosensor, responds to cell wall stresses and 
changes in the cell morphology induced by pheromone treatment. The response is related to 
the glycosylation status of the Mid2 protein, which is highly O-glycosylated and contains 
two potential glycosylation sites, one of them at Asn-35, carrying N-linked sugars. It was 
demonstrated that O-glycosylation is responsible for the stability of the protein, whereas the 
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presence of the N-linked sugar chain is a prerequisite for its function as a sensor of external 
stimuli. 

Our data [35] indicate that impairement of dolichol kinase (Sec59p) activity is concomitant 
with a defect in plasma membrane/cell wall Gas1p glycosylation and the activation of the 
CWIP. These results were further confirmed by the analysis of the cell wall composition of 
the sec59-1 mutant as compared to the parental wild type. The cell wall of the mutant strain 
contains a significantly increased amount of chitin and beta-1,6 glucan (2.7 and 1.7 fold, 
respectively). Simultaneously we observed an activation of the CWIP in sec59-1, as 
compared to the wild type cells. All these differences were abolished by overexpression of 
the suppressor RER2 gene, leading to increased synthesis of the oligosaccharide carrier 
(DolP) and protein glycosylation. 

An activation of the cell defence mechanisms was also observed in C.albicans OCH1 mutants, 
affected in outer sugar chain elongation (compare above).  

Together, based on the knowledge acquired so far, it can be assumed that the glycosylation 
pathway in yeast and fungi offers many levels of regulation which might influence the final 
quality and quantity of cell wall glycoproteins and consequently cell surface 
immunogeneity and the fungal-host interaction. This includes also the processes occurring 
in the ER i.e. dolichol biosynthesis and glycosylation steps involving dolichol.  
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1. Introduction 

Glycosylation is an important and highly regulated mechanism of secondary protein 
processing within cells. It plays a critical role in determining protein structure, function and 
stability. Structurally, glycosylation is known to affect the three dimensional configuration 
of proteins. This is of particular importance when considering protein-protein interactions 
such as those that occur between protein ligands and their cognate receptors or in the 
creation of other large macromolecular complexes. Many secreted proteins, such as 
hormones or cytokines, are glycosylated and this has been shown to impact in determining 
their activity when bound to receptors. Changes in these complexes result in alterations in 
how they recruit, interact and activate signaling proteins (e.g. G proteins). Additionally, 
signaling proteins are also glycosylated and this has distinct effects on their function. 
Ultimately, these effects help determine which signaling pathways are activated within the 
cell (Figure 1). Thus, glycosylation plays a key role in determining the cellular response to 
exogenous factors. This chapter will provide an overview of how glycosylation of ligands, 
their receptors, and signaling proteins affects signal transduction in mammalian cells by 
discussing specific examples of how receptor signaling is regulated by glycosylation.  

2. Role of glycosylation in protein function 

Although carbohydrates added to proteins are known to be highly flexible and mobile 
within the constraints of the glycoprotein, they are known to provide a key stabilizing force 
for proteins within their microenvironments. Of particular importance is the role that 
carbohydrates play in achieving the proper three dimensional conformation of 
glycoproteins(1, 2). As the carbohydrates are added to the nascent protein within the 
endoplasmic reticulum, carbohydrates (monosaccharides) are added to the protein on 
specific amino acid residues. Glycosylation has been reported on 8 different amino acids 
with the most common residue for carbohydrate addition being asparagine (N-

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
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glycosylation). This process can aid in the final protein product folding correctly into its 
three dimensional, biologically active conformation. However, this is not the case for all 
glycoproteins although it has been noted for a significant number (2). Interestingly the 
mechanism of adding these sugar residues is complex and not fully understood but is 
known to require several enzymes and is physiologically regulated. This suggests that 
glycosylation, as well as other secondary protein processing, is vital to the biological 
function of these proteins.  

 
Figure 1. Regulation of receptor-ligand signaling by glycosylation. Glycosylation occurs at every level 
of the receptor signaling mechanism and therefore can impact the biological responses induced by 
receptor-ligand binding. Glycosylation (black lines) can occur on the ligand itself, the receptor, as well 
as on key signaling enzymes and effector proteins (hexagon,triangle). All of which play an improtant 
role in driving the biological responses in the cell. 

In addition to its effects on driving correct folding of glycoproteins, glycosylation also has 
other effects on the physicochemical properties of these proteins. These effects help to 
determine the glycoprotein’s overall energy and this can affect many of the biological 
functions that the protein performs (for a more detailed review see (3)). For example, 
glycosylation is well known to play a role in modulating thermostability of proteins as well 
as the overall charge. Of particular interest to the development of new therapies is the role 
that glycosylation plays in affecting protein-protein interactions. Intermolecular association 
that occur between protein ligands and their cognate receptors or between activated 
receptors and their intracellular signaling machinery have been shown to be modulated by 
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the presence of glycosylation (4). Many examples exist that suggest that glycosylation of 
either a receptor or its ligand aids in determining the resulting biological responses. The 
primary mechanism for these effects lies in the ability of carbohydrates to modulate the 
overall energy state of the protein (2, 3). 

In terms of thermostability, studies of various glycoproteins have focused on the 
thermodynamics of select placement or displacement of glycosylation on proteins (2). 
These studies have revealed that addition of even a single monosaccharide to a protein 
can significantly impact the fluctuation of that protein between folded and unfolded states 
(3). Through detailed NMR evaluation and use of statistical tools it has been found that 
certain commonalities exist for the placement of carbohydrates on protein and predict a 
functional role for these sites in stabilization of protein structures. One such study has 
found that glycosylation can occur on almost any part of a protein’s structure but that 
bends or turns in the structure are preferred. Similarly, it has been found that 
glycosylation of proteins has a greater impact at less structured regions of a protein highly 
suggest that glycosylation plays a key role in protein stabilization (2, 3). In addition to 
aiding the stablization of proteins in a microenvironment, glycosylation has also been 
found to play a key role in stabilizing glycoproteins in the macroenvironment through 
alteration in half-life. There are numerous reports that the presence of polysaccharides 
added as secondary protein processing prolongs the half-life of these proteins including 
antibodies, hormones and cytokines (5). 

3. Role of glycosylation in receptor function 

3.1. Viral coat proteins 

One of the best studied glycoproteins is the HIV viral coat protein, GP120. The description 
of the role of viral glycoproteins in host-virus interactions have been studied extensively 
and reviewed in detail elsewhere (5). However, this important interaction deserves mention. 
The GP120 protein is integral to the initiation of contact between the HIV virus particle and 
its host cell by mediating the adhesion of the viral particle to the host cell surface. It is a 
heavily glycosylated protein owing nearly half of its mass to the presence 27 glycosylated 
residues (5). This protein acts as part of a co-receptor complex with the host cell CD4 
protein. Association between CD4 and GP120 leads to conformational changes in these 
proteins that ultimately lead to membrane fusion between the host cell and the virus 
particle. The presence of this glycosylation acts as a natural barrier to defending immune 
cells and antibodies such that it is difficult for the natural immune system to recognize and 
target the HIV virus for elimination.  

3.2. Interleukins 

Interleukins are secreted glycoproteins of the immune system  that communicate both 
positive and negative regulatory signals to the various cellular and components that make 
up the innate and acquired immune responses. Interleukins and other cytokines exert 
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their actions on their target cells through interactions with specific receptors. Most 
cytokines like interleukins are found in their mature state as glycosylated proteins. In the 
case of these important glycoprotein modulators, both N-linked and O-linked 
glycosylation has been described (6). The role of glycosylation in affecting cytokine 
function has been of interest from both the protein ligand and the receptor perspectives. 
Due to the large number of different cytokines, for the purposes of this chapter we will 
focus on Interleukin 5 (IL5).  

IL5 is an important immune cytokine that is released from T-cells and induces activated B-
cells into antibody producing cells. In addition, IL5 also acts as a differentiating factor for 
eosinophils. From a clinical perspective, the role of IL5 is important for immune diseases 
that involve hyperproliferation and invasion of eosinophils, such as in asthma (7). IL5 works 
as a homodimer that binds specifically to its membrane-bound receptor (IL5R). In the case of 
IL5, chemical digestion of either the N-linked or O-linked sugar residues on recombinant 
hIL5 had profound effects on the biological activity of the cytokine in terms of its ability to 
stimulate release of IgM from BCL1 cells (8). Removal of the N-linked glycosylation on IL5 
improved potency of the cytokine by approximately 3 fold. Interestingly, removal of the O-
linked sugars led to an approximate 10 fold  improvement in potency of IL5 which was 
equivalent to fully deglycosylated IL5 (8). In this same study, the authors also demonstrate 
that the N-linked glycosylation but not the O-linked glycosylation significantly improved 
the thermostability of IL5 in vitro. These data suggest that both N-linked and O-linked 
glycosylation play important roles in the biological activity of IL5.  

The IL5R is composed of two subunits, the IL5R and βc subunits. Mechanistic studies have 
revealed that IL5 induces biological activity through a two step process in which IL5 binds 
to the IL5 subunit leading to interaction with the preformed βc subunit (9, 10). The βc then 
induces the signaling cascade within the target cell through activation of a kinase cascade by 
way of associated JAK kinases. The IL5 subunit is highly glycosylated having 4 N-
glycosylation sites (Asn15, Asn111, Asn196 and Asn224) in the extracellular region (11, 12). 
Complete removal of the glycosylation of IL5 leads to a loss of ligand binding. More 
detailed studies of the contributions of the N-glycosylation sites on IL5 revealed that Asn196 
is required for ligand binding (9). Loss of the other three sites by mutation had no effect on 
IL5 affinity and biological activity (B-cell proliferation assay). Interestingly, mutation of 
Asn196 led to a complete loss of binding and biological activity, suggesting that glycosylation 
of that residue is absolutely required for IL5 recognition (9). 

IL5R βc subunit is also glycosylated. This protein interacts with a number of cytokine 
receptors including  IL5, interleukin 3  (IL3 ) and granulocyte-macrophage colony- 
stimulating factor  (GM-CSF ). Therefore, the βc protein is a common signal transducing 
partner to many cytokine receptors. The βc protein contains an N-linked glycosylation  site 
at Asn328. Conflicting reports have been published suggesting that glycosylation of Asn328 is 
either required for signaling activity of the βc subunit or not required. However, a recent 
publication by Murphy et al, suggests strongly that glycosylation at Asn328 does not play a 
role in either ligand binding or receptor activation. 
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publication by Murphy et al, suggests strongly that glycosylation at Asn328 does not play a 
role in either ligand binding or receptor activation. 
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3.3. Glycoprotein hormone family 

The reproductive hormones called gonadotropins (luteininzing hormone (LH) and follicle-
stimulating hormone (FSH)) are important to proper regulation of reproduction. These 
proteins are found in the circulation as alpha subunit and beta subunit heterodimers that 
contain multiple glycosylation sites on both subunits (13, 14). Along with the thyroid-
stimulating hormone (TSH), they comprise the glycoprotein hormone family. Interestingly, 
the degree of glycosylation added to these hormones varies depending upon the 
physiological state and therefore, they are found in the plasma as a series of isoforms that 
vary in glycosylation complexity. 

Historically, it has been accepted that glycosylation complexity has an impact on the overall 
acidity of each isoform with more complex variants (higher degree of terminal sialylation 
and sulfation) possessing more acidic isoelectric points (pI) (15, 16) with less terminally 
sialylated /sulfonated isoforms more basic in pI. Chromoatofocusing has been used as a way 
of purifying these differently glycosylated isoforms. Recently though, Bousfield has 
generated data demonstrating that chromatofocusing does not separate isoforms on the 
basis of glycan structure suggesting that the isoelectric point of gonadotropins is not 
completely determined by the glycosylation structure (17). Nevertheless, the physiological 
significance of these glycosylated variants is suggested by data demonstrating that the 
degree of glycosylation that occurs within the anterior pituitary synthetic cells is regulated 
by exogenous factors including ovarian steroids (18, 19). Tight regulation of this secondary 
protein processing of glycoprotein hormones suggests an important physiological role for 
the presence of glycosylated variants of TSH, LH and FSH. Numerous reports have detailed 
the effects of partial or complete deglycosylation on action of these hormones (14, 20, 21). 
The data in this area are varying with some noting no effects on binding (14, 22-24) and 
others noting increased binding affinity (21, 25). However, recent work in this area using 
more sophisticated separation techniques strongly suggest that hormone glycosylation does 
play a significant role in receptor binding (25). There is a significant effect on signaling. 
Indeed, using a baculovirus expression system to create partially glycosylated isoforms of 
FSH has shown that glycosylation can change the pharmacological properties of the 
hormone via alterations in interaction of the FSH receptor with the G protein signaling 
machinery (13, 24). In addition, numerous reports have found a distinct difference in the 
observed bioactivity of basic isoforms of glycoprotein hormones as compared to acidic 
isoforms (13, 14). 

The glycoprotein hormone receptors are G protein-coupled receptors (GPCR) (26). These 
receptors are characterized by long amino-terminal extracellular domains (>300 aa) that are 
required for binding of ligand, seven lipophilic, membrane-spanning domains and relatively 
short, cytoplasmic carboxy-terminal tails (27, 28). The extracellular domains of the 
glycoprotein hormones are characterized by numerous leucine rich repeats (LRR) that have 
been shown to be important to binding of the receptors to their respective ligands (27). 
Similar to their hormone ligands, glycoprotein hormone receptors also contain sugar 
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residues on their extracellular domains. Studies of the contribution of this glycosylation via 
mutation of the Asp residues acting as glycosylation sites has found that the glycosylation is 
responsible for proper folding of the receptor during protein synthesis (29, 30). This is more 
so for TSHR and FSHR than for LH/hCGR (31). Overall, the glycosylation state of the 
receptor does not seem to have an  effect on ligand binding affinity or activation of signal 
transduction pathways (32). 

4. Glycosylation of signaling proteins  

4.1. Adenylate cyclase 

In addition, to determining ligand-receptor interactions in some systems, glycosylation 
can also play a role in regulating intracellular signaling proteins. Adenylate cyclase is a 
key enzyme that produces the second messenger cAMP from ATP. It is best described for 
its ability to be stimulated or inhibited by activation of  heterotrimeric GTP binding 
proteins (G-proteins) following G-protein-coupled receptor (GPCR) binding to agonist. 
There are nine recognized adenylate cyclase isoforms and three general classes of 
membrane bound adenylate cyclases: the calcium activated family (AC1, AC3 and AC8) , 
the calcium-inhibited family (AC5 and AC6) and the G-protein activated family (AC2, 
AC4 and AC7) (33). All nine adenylate cyclases are regulated by Gs and magnesium. The 
calcium activated family members respond to calcium in a calmodulin-dependent manner 
(33). The calcium-inhibited adenylate cyclases are inhibited by calcium at less than 
micromolar concentrations. The G-protein activated family responds to activation by G βγ 
subunits following GPCR agonist binding (33). In addition, splice variants of some forms 
of adenylate cyclases have been noted (34). Generally speaking, adenylate cyclases tend to 
be clustered together within cell membranes with other signaling components such as 
receptors and G-proteins in lipid rich domains such as those formed by the scaffolding 
protein caveolin-1 (35). 

Several types of post-translational modifications to adenylate cyclases have been found to 
affect their activity; including nitrosylation, phosphorylation and glycosylation (36). In 
terms of glycosylation, regulation of several adenylate cyclase family members has been 
reported. N-linked glycosylation has been observed on the extracellular domains of some 
adenylate cyclases and for this reason there had been some controversy concerning the 
functional role it played in enzyme activity. This was mainly due to the fact that adenylate 
cyclase interacts with its protein partners within domains found on the cytoplasmic side of 
the enzyme. However, deglycosylation using metabolic inhibitors or site-directed mutants 
have revealed a critical role for glycosylation in adenylate cyclase activity.  

Glycosylation of Type 8 adenylate cyclase (AC8) has been found on two of its three 
isoforms (34). These glycosylation sites are found the extracellular surface of two of these 
isoforms (AC8-A and AC8-C) but not on the AC8-B isoform. This is presumably due the 
excision of a portion of the extracellular domain between transmembrane spans 9 and 10 
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in this isoform that contains the N-linked glycosylation site. Recent studies of the role of 
these glycosylation sites in AC8 have shown that they are critical to localization of the 
enzyme to the lipid rich rafts in membranes (37). Thus, potentially determining function 
of AC8 in cells where it is expressed. This would imply a differential localization and 
functional role for AC8-B. 

Glycosylation of AC6 is required for response to several stimulators of AC activity since 
mutagenesis or glycosylation inhibitors affect AC6 response to forskolin and G-proteins (38). 
The other member of the calcium-inhibited ACs, AC5, has two putative glycosylation sites 
but it is still unclear as to whether these sites are glycosylated (36). 

The other member of the adenylate cyclase family of enzymes is adenylate cyclase 9 (AC9). 
This particular adenylate cyclase is the most divergent in terms of sequence from the other 
known ACs. AC9 activity is regulated by G-proteins and by protein kinase C. Gs stimulates 
activation of AC9, while Gi and PKC have been shown to negatively regulate AC9. AC9 is 
glycosylated on two sites; removal of the N-linked glycosylation on these sites by site 
directed mutagenesis did not affect the stimulation of AC9 by forskolin (39). However, 
removal of the glycosylation sites on AC9 did affect Gs -mediated stimulation of AC9 in 
HEK cells (39). 

Taken together, these data reveal an integral role for glycosylation in determining and 
modulating adenylate cyclase localization, protein-protein interactions and function. 

4.2. Insulin receptor signaling 

The insulin receptor is a hetero-tetrameric receptor tyrosine kinase that is well known for its 
regulation of glucose metabolism. The insulin receptor contains numerous glycosylation 
sites that include both O- and N-linked glycosylation. The glycosylation of the insulin 
receptor is metabolically regulated since glucose deprivation has been shown to 
preferentially affect O-linked but not N-linked glycosylation of the receptor. Since insulin is 
a master metabolic regulator, this suggests that glycosylation plays a significant 
physiological/pathophysiological role in insulin action (40). Indeed, mutational analysis of 
the potential O-glycosylation sites on the insulin receptor has revealed significant effects on 
functioning of the receptor. This may be due to the fact that these sites tend to be near 
phosphorylation sites on the receptor important to regulation of the receptor activity (41). 
Removal of glycosylation on the receptor does not affect receptor binding but partial loss of 
glycosylation leads to a constitutively active kinase activity of the receptor. In pancreatic β-
cells, an increase in O-linked glycosylation results in an increased β-cell apoptosis (42). 
Downstream of the insulin receptor, an increase in O-linked glycosylation leads to 
decreased phosphorylation of key insulin signaling molecules, insulin receptor substrate 1 
(IRS1) and 2 (IRS2), Akt and FOXO1a (42). These data demonstrate that glycosylation is a 
key regulator of insulin receptor function. Taken together with the observation that the 
glycemic state of the cell can modulate the pattern of glycosylation of the receptor (40, 43), 
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these data suggest that insulin receptor activity is dynamically regulated within insulin 
target cells and is sensitive to the metabolic state of the cell. 

In addition to the insulin receptor, insulin signaling molecules have been found to be 
regulated by glycosylation. Specifically, IRS-1 and β-catenin, two important downstream 
effectors of insulin receptor activation, are known to be glycosylated. Furthermore, it is 
thought that shunting of glucose metabolism through the hexosamine biosynthetic pathway 
leads to a general increase in O-linked glycosylation of nuclear and cytoplasmic proteins 
through increased substrate for O-linked N-acetylglucosamine transferase (41). Increased 
glycosylation of IRS and β-catenin and insulin receptor have been linked with decreased 
phosphorylation and activity of these key metabolic enzymes. The end result of this process 
is loss of cellular insulin sensitivity (41). 

5. Glycosylation in receptor pharmacology 

5.1. Gonadotropins 

It is now well documented that most GPCRs have the capability of signaling via multiple 
pathways in a given cell type. For many years, this hypothesis was poorly understood and 
was thought to be an artifact of recombinant cell systems. With the recent development of 
allosteric agonists, antagonists and modulators to GPCRs, more light has been shed on this 
concept; e.g., direct targeting of specific signaling pathways has been demonstrated for 
various ligands (4, 44). This phenomenon has most recently been termed, biased signaling. 
Simply put, the concept of biased signaling describes the ability of ligands to direct specific 
and distinct biological responses via activation of select signaling pathways in a ligand-
specific manner (4). There are many receptors that are known to associate with multiple 
naturally occurring ligands. The gonadotropins, LH and FSH are excellent examples of this 
phenomenon. Since varying glycosylation of gonadotropin isoforms is known to alter their 
physicochemical properties, one can consider gonadotropin isoforms as different ligands 
with potentially subtle, but unique association with their cognate receptors (4, 24). In 
addition, interaction of these diverse ligands with the receptor would result in multiple 
ligand-receptor conformations, which in turn lead to the observed activation of differing 
biological signaling pathways for LH, hCG and FSH (13, 45, 46). Thus, it has been suggested 
that gonadotropin isforms are naturally occurring biased agonists for their receptors (4, 24).  

The molecular basis for biased agonism lies in the stabilization of conformation(s) of the 
receptor which increases the affinity of the biased agonist-receptor complex for  a distinct 
and specific signaling pathway over another (44). Since GPCRs primarily utilize G proteins 
as signal transducers, biased agonism would imply ligand-dependent preference of the 
ligand-receptor complex for a specific G-protein over another. Since GPCR signaling is not 
exclusive via G-proteins, biased agonism is not restricted to G-protein signaling, and recent 
descriptions of biased ligand-mediated activation of non-G-protein-dependent signaling of 
GPCRs have appeared, such as is the case with β-arrestin signaling.  
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Figure 2. Glycosylated variants of gonadotropins are biased agonists at their receptors. Gonadotropins 
are secreted into the blood as isoforms that vary in the degree of complexity of glycosylation. Variations in 
glycosylation has been shown to be important to plasma half-life and receptor binding. It is now 
appreciated that these isoforms also impact the biological activity of the gonadotropins (4). In the case of 
FSH (depicted), glycosylated variants stabilize different conformations of the receptor-ligand complex. 
This leads to different affinities of the receptor-ligand complex for association with G proteins. Highly 
complex, terminally sialylated FSH induces activation of Gs signaling pathways. Less complex 
glycosylation associated with terminal mannose leads to activation of both Gs and Gi signaling pathways. 
Deglycosylated FSH activates the Gi signaling pathway. Since the FSHR is also know to affect other 
signaling pathways, such as Gq, these isoforms may also differentially activate Gq signaling as well. 

For many years, FSH has been used as a model to understand the role of glycosylation in 
determining glycoprotein hormone function. Several years ago, we noted that differently 
glycosylated variants of hFSH could induce activation of both the Gs and Gi signaling 
pathways (24, 47). The phenomenon appeared as a bell-shaped concentration-response 
curve in in vitro assay systems for less glycosylated insect cell expressed hFSH (BV-hFSH). 
Pertussis toxin was found to block the down-turn in the dose-response relationship, 
indicating that the descending phase of the curve for the BV-hFSH was due to activation of 
Gi at higher concentrations of the hormone. These pharmacological relationships had been 
described previously for other receptors such as the catacholamines and adenosine receptors 
(48, 49). In the case of the insect cell expressed hFSH (BV-hFSH), glycosylation was 
terminated at short branched mannose residues, and the protein displayed a more basic 
migration pattern in chromatofocusing (Arey, unpublished data). Subsequent experiments 
using an ADP-ribosylation assay, along with immunoprecipitation and Western blotting 
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of specific G-proteins, revealed that these pharmacological responses were definitively 
associated with activation of specific G-proteins (50). Taken together with in vivo effects of 
the different FSH preparations (4), these data demonstrate that the activities observed in 
signaling are directly translated into organ growth responses and illustrate the ability of 
the biased ligand (e.g., BV-hFSH) to elicit a different response pattern than that of the 
native ligand (phFSH) (Figure 2). Interestingly, similar glycosylation-dependent signal 
biasing has been noted for other secreted glycoproteins [e.g. IL22 and BMP6, (51, 52)] 
including LH/hCG (53, 54). Ligand glycosylation has also been suggested to be required 
for LH/hCG receptor dimerization (53, 55). In the case of BMP6, detailed mutagenesis 
around key asparagine residues has revealed the importance of glycosylation in 
interactions with its receptor (52). In the case of IL22, a single fucose residue on Asn54 
was shown to be required for full efficacy of the cytokine at its receptor. It is worth 
mentioning that the binding kinetics of the receptor were altered by more complex 
glycosylation at this site (51). Similar but more dramatic effects of glycosylation on 
binding kinetics have also been noted for erythropoeitin (56). These examples lay the 
foundation for the concept that a variety of related natural ligands talk to the receptor by 
inducing specific receptor conformations and that glycosylation plays a role in aiding in 
this stabilization, thus transducing specific signals that are unique to a given 
physiological state. Similar activities were ultimately discovered for other GPCRs (57). 
Therefore, from a mechanistic viewpoint, there is strong support for the notion that 
alteration of the glycosylation pattern on glycoprotein hormones leads to biased ligands 
that direct activation of one signaling pathway over another. The data support the notion 
that more basic isoforms of the gonadotropins bind with a higher affinity but are “less” 
bioactive. Therefore, different glycosylated variants may interact with the receptor in 
subtle, but unique ways to result in different signaling and biological responses . Overall, 
the data indicate that receptor signaling has evolved to convey complex regulatory signals 
in response to varying ligands which are dynamically adjusted to accommodate to 
external/internal influences and ultimately maintain homeostasis. 
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1. Introduction 

The modification of serine or threonine residues of nuclear and cytoplasmic proteins by the 
monosaccharide, β-D-Nacetylglucosamine was discovered in the early 1980s by Torres and 
Hart [1]. However, relative development in this field has remained sluggish for nearly two 
decades, mainly due to the lack of tools and techniques for the identification and 
quantification of O-GlcNAc modification in proteins. 

O-GlcNAc is a unique type of intracellular glycan attachment. Protein glycosylation 
traditionally refers to the covalent attachment of complex oligosaccharides to proteins in 
intraluminal compartments or cellular membranes, or in proteins that are destined for 
secretion. In contrast, O-GlcNAcylation is abundant in cytoplasmic and nuclear proteins, 
which are modified with a single β-N-acetylglucosamine monosaccharide moiety through 
an O-β-glycosydic attachment to serine and/or threonine side chains of the polypeptide 
backbone [2]. 

Because O-GlcNAc modification in protein occurs at serine/threonine residues, the potential 
for interplay between serine/threonine phosphorylation and O-GlcNAc modification has 
been realized very early on. However, unlike phosphorylation, which is regulated by 
hundreds of kinases and phosphatases, O-GlcNAc cycling has only two mediators: the 
enzymes O-GlcNAc transferase (OGT), and O-GlcNAc amidase (OGA) [2]. The addition and 
removal of O-GlcNAc is mediated by the concerted action of these two enzymes. Uridine 
diphosphate N-acetylglucosamine (UDP-GlcNAc) is the sugar donor for the O-GlcNAc 
modification, for glycophosphatidylinositol lipids synthesis, N-glycosylation, and other 
cellular processes. 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



 
Glycosylation 288 

2. Synthesis of UDP-GlcNAc from glucose via the hexosamine 
biosynthetic pathway 

The synthesis of UDP-GlcNAc from glucose occurs via the hexosamine biosynthetic 
pathway [3], as depicted in Figure 1. When glucose enters a cell, it becomes phosphorylated 
by hexokinase, and can be redirected from the main glycolytic/glycogen pathways to 
secondary pathways. About 2- 5% of intracellular glucose enters the hexosamine 
biosynthetic pathway (HBP); thus, the amount of protein GlcNAcylation is considered to be 
sensitive to the nutrient (i.e., glucose and/or glutamine). Glutamine/fructose 
aminotransferase (GFAT) commits glucose to this pathway, and represents the access to the 
HBP. This pathway links glycolytic metabolism with the amino acid metabolism via the 
requirement of glutamine to produce glucosamine-6-phosphate. The HBP pathway 
culminates with the formation of UDP-GlcNAc, the high-energy donor substrate for the O-
GlcNAc transferase. As can be observed in Figure 1, the biosynthesis of UDP-GlcNAc is 
affected and regulated by nearly every metabolic pathway in the cell, and because OGT-
catalyzed O-GlcNAcylation is sensitive to insulin, to nutrients, and to cellular stress, it has 
been proposed that O-GlcNAcylation serves primarily to modulate cellular signaling and 
transcription regulatory pathways in response to nutrients and stress [3- 6]. 

 
Figure 1. The synthesis of  Uridine diphospho--N-acetylglucosamine (UDP-GlcNAc) from glucose 
(Hexosamine biosynthetic pathway [HBP]) and the O-GlcNAcylation cycle. Glucose is metabolized 
through the HBP to form the high-energy intermediate UDP-GlcNAc, which serves as the three-sugar 
donor for O-linked N-acetylglucosaminyl transferase (OGT). This enzyme catalyzes the transfer of 
GlcNAc from UDP-GlcNAc to the OH of serine or threonine residues of a protein substrate through β-
glycosydic attachment. O-GlcNAcase hydrolyzes the glycosydic linkage to generate free GlcNAc and 
naked protein. The enzymes and the biosynthetic pathways involved in the process are depicted. 
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3. Enzymes that regulate O-GlcNAcylation cycle 

The enzymes that catalyze the addition and removal of O-GlcNAc have been cloned and 
characterized. Similar to phosphorylation, O-linked -N-acetylglucosamine (O-GlcNAc) 
modification of nuclear and cytosolic proteins is an abundant, dynamic, and inducible 
posttranslational modification. However, in mammals, only one enzyme attends to the 
transference of O-GlcNAc: the Uridine diphospho-N-acetylglucosamine polypeptide β-N-
acetylglucosaminyltransferase (OGT). This enzyme is regulated by binding partners as well 
as by posttranslational modification and alternative splicing. OGT interacts with several 
proteins that appear to target it to different locations inside the cell [4]. OGT is conserved 
from Caenorhabditis elegans to humans and it has been demonstrated that it is required for 
life because knock-out of the gene encoding OGT is lethal in embryonic mammalian stem 
cells [4]. The removal of O-GlcNAc is catalyzed by a neutral β-N-acetylglucosaminidase (O-
GlcNAcase). The main characteristics of the enzymes involved in the O-GlcNAcylation cycle 
are the following: 

3.1. OGT 

The gene encoding OGT has been cloned from several organisms and is well conserved. 
There is 99% identity between rat and human OGT, and 61% identity between rat and 
Caenorhabditis elegans OGT. In mammalian cells, OGT is encoded by a single copy X-linked 
gene, while in plants, there are two homologs: spy, and secret agent [7-9].  

OGT is expressed in all tissues studied, although it appears to be particularly rich in 
pancreas, brain, and thymus. OGT is a unique glycosyltransferase because it is a soluble 
protein rather than a type II membrane protein and has little or no homology to other 
glycosyltransferases. OGT contains two domains, an N-terminal Tetratricopeptide repeat 
(TPR) domain, and a C-terminal catalytic domain [7-9]. These domains are separated by a 
bipartite Nuclear localization sequence (NLS), thus, the enzyme is located predominantly 
within the nucleus. In mammalian cells, splicing of OGT mRNA leads to alternative 
transcripts, of which two are well characterized: mitochondrial OGT (mOGT), and 
nucleocytoplasmic OGT (ncOGT). mOGT has nine TPR repeats and an alternative N-
terminus, which contains a mitochondrial targeting sequence.  

ncOGT is the most widely studied of the known splice variants. It is a 1,037-amino-acid 
protein (110 kDa) and was thought to exist predominantly either as a homotrimer 
comprised of identical 110-kDa subunits or as a heterotrimer comprised of two identical 110-
kDa subunits coupled with a 78-kDa subunit. ncOGT was originally isolated from rat liver 
cytosol, has a pH optimum near 6 (active pH range, 6–7.5), and, unlike many 
glycosyltransferases, it is not dependent on divalent cations [7]. 

3.2. O-GlcNAcase 

O-GlcNAcase is a soluble, cytosolic β-N-acetylglucosaminidase expressed in all tissues 
examined and predominantly in brain. O-GlcNAcase is well conserved in mammals, with 
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97.8% identity between the human and the mouse gene and with 29% identity between the 
human and the C. elegans gene [10]. In contrast to lysosomal hexosaminidases (A and B), O-
GlcNAcase is specific for β-N-acetylglucosamine, is not inhibited by N-acetylgalactosamine, 
and has a neutral optimum pH of 5.5–7 (lysosomal hexosaminidases have pH ∼3.5–5.5). O-
GlcNAcase co-purifies with a complex of proteins, is probably regulated by its interactions 
with other proteins, and is phosphorylated, suggesting an additional mechanism for its 
regulation [10]. O-GlcNAcase is efficiently inhibited by O-(2-acetamido-2-deoxy-D-
glucopyranosylidene) amino-N-phenylcarbamate (PUGNAc; Ki 54 nm). It is a 917-amino-
acid protein, with at least two functional domains: an N-terminal hexosaminidase domain, 
and a C-terminal histone acetyltransferase (HAT) domain [11]. It has been shown that the C-
terminal domain of O-GlcNAcase acetylates both free-core histones and nucleosomal 
histone proteins. Consistent with these data, OGT is known to associate with histone 
deacetylase complexes and to promote transcriptional silencing and dynamic modification 
of transcriptional complexes by O-GlcNAc and histone [11]. 

4. O-GlcNAc-phosphorylation interplay  

Glycomic analyses have shown that O-GlcNAcylation has extensive cross-talk with 
phosphorylation, where it serves as a nutrient/stress sensor to modulate signaling, 
transcription, and cytoskeletal functions. Nearly all O-GlcNAc-modified proteins are also 
phosphorylated, supporting the notion that interplay exists between the two modifications 
[3]. Indeed, it has been reported that O-GlcNAcylation and phosphorylation both occur in 
serine and threonine residues in many instances, and that the two modifications can 
compete for occupancy at the same site or at adjacent residues [12]. Therefore, it has been 
proposed that a Yin-Yang relationship does exist at the global level as well as at specific sites 
in several proteins. YinOYang prediction residues refer to S/T residues that can be either 
phosphorylated or modified by O-GlcNAc (http://www.cbs.dtu.dk/services/YinOYang/).  A 
recently developed Website contains the most up-to-date list of published O-GlcNAc 
modification sites and an algorithm to predict whether a site might be O-GlcNAcylated 
(http://cbsb.lombardi.georgetown.edu/hulab/OGAP.html) [3]. However, subsequent studies 
have identified increasing numbers of O-GlcNAc modification sites that are adjacent or even 
distal to phosphorylation sites. In addition, pharmacologically inhibiting dephosphorylation 
does not decrease O-GlcNAcylation in all proteins, and inhibition of OGA or overexpression 
of OGT can produce increases in phosphorylation [13]. Thus, these data suggest a complex 
interplay between the two modifications. Therefore, although regulatory roles of O-GlcNAc 
interplay with phosphorylation occur, the binary Yin-Yang model is extremely simplistic 
and it is noteworthy that different types of interplay between these two posttranslational 
modifications can take place [12, 13]. 

Our understanding of the regulatory mechanisms involved in O-GlcNAc modification and 
its interplay with serine/threonine phosphorylation in proteins remains elusive. This is 
probably due to the fact that O-GlcNAcylation remained undetected until the early 1980s by 
commonly used analytical protein methods, including gel electrophoresis and the majority 
of forms of High-pressure liquid chromatography (HPLC) [3]. For example, addition of the 
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sugar does not generally affect migration of a polypeptide in gel electrophoresis, or upon 
isoelectric focusing, or even in high-resolution, two-dimensional gels. In addition, the sugar 
modification is rapidly hydrolyzed by cellular hexosaminidases upon cellular damage or 
during protein isolation if countermeasures are not employed [3]. A major breakthrough in 
the detection and site mapping of O-GlcNAc occurred first with the development of Fourier 
transform mass spectrometers capable of Electron capture dissociation (ECD), and 
subsequently with the development of ion-trap mass spectrometers, which could perform 
Electron transfer dissociation-Mass spectrometry (ETD-MS). These recent successes in O-
GlcNAc modification-site mapping in proteins have revealed two important clues: first, 
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kinases, glycolytic enzymes, the majority of cytoskeleton regulatory proteins, and the 
cytoskeleton proteins themselves are also modified [3]. In most cells, OGT is found mainly 
within the nucleus, and O-GlcNAcase is found mainly within the cytosol. In the following 
section, we will describe how O-GlcNAcylation affects cellular signaling, using as examples 
the following four proteins involved in carcinogenesis: 

5.1. O-GlcNAc modification of protein kinase C (PKC) 

PKC comprises a family of 10 lipid-dependent serine/threonine kinases that play key roles in 
proliferation and cell cycle progression, differentiation, tumorigenesis, apoptosis, 
cytoskeletal remodeling, ion-channel modulation, and secretion. Activation of PKC 
isozymes is dependent on tyrosine-kinase receptors and G-protein-coupled receptors. Based 
on differences in sequence homology and in biochemical properties, PKC isozymes have 
been classified into three subfamilies: the conventional PKC isozymes (cPKC) α, βI, βII, and 
γ, which are dependent on diacylglycerol (DAG) and Ca2+ for their activity and which 
respond to phorbol esters; the novel PKC (nPKC) δ, ε, η, and θ, which are insensitive to Ca2+ 
but DAG-dependent, and the atypical PKC (aPKC) ι/λ and ζ, which neither require Ca2+ nor 
respond to DAG or phorbol esters [20]. 

It has been reported that increased flux through hexosamine biosynthetic pathway affects 
the activity and translocation of certain PKC isoforms [21]. We reported for the first time 
that conventional, novel, and atypical PKC isozymes are all posttranslationally modified by 
O-GlcNAc [20]. Activation of PKC is generally correlated with its serine-theonine 
phosphorylation and translocation to cell membranes, but it has been also shown that other 
posttranslational modifications (PTM), such as tyrosine phosphorylation or tyrosine 
nitration, may modulate PKC activity [22, 23] 

We have investigated the posttranslational modifications induced on PKC isozymes as 
result of their activation upon exposure of cells to a direct PKC activator (the phorbol ester 
Tetradecanoyl phorbol acetate [TPA]), or to an extracellular ligand known to activate PKC-
dependent pathways [20]. Using freshly isolated rat hepatocytes, we studied the effect of 
epinephrine on PKC isoforms via activation of α1-adrenergic receptors in comparison with 
acute TPA treatment. The cells were incubated for 5 min in the absence (vehicle) or presence 
of 1 μM TPA or 10 μM epinephrine plus 10 μM propranolol (β-adrenergic antagonist). PKC 
isozymes were immunoprecipitated from cell extracts, and the posttranslational 
modifications produced on them were analyzed by Western blotting utilizing antibodies 
that recognizes O-linked GlcNAc in proteins (Affinity Bioreagents, Inc). 

We found that posttranslational modifications other than Ser/Thr phosphorylation, such as 
tyrosine nitration and tyrosine phosphorylation, are commonly present in all PKC isozymes 
and that they change rapidly and dynamically in response to extracellular stimuli [20]. Our 
data demonstrated for the first time that all PKC isozymes are also dynamically modified by 
O-linked β-N-acetylglucosamine (O-GlcNAc); the presence of this modification was 
confirmed in part by Fourier transformation-Ion cyclotron resonance (FT-ICR) mass 
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spectrometry analysis, and interestingly, the O-GlcNAc modified Ser or Thr were mapped at 
similar positions in several PKC isozymes.  

General analysis of the collected data showed several interesting things [20]. First, it was 
noteworthy that O-GlcNAc modification appeared at similar positions in all PKC isoforms, 
such as the middle part of the molecule. Second, despite the percentage of sequence identity 
varied between PKC isoforms, the O-GlcNAc-modification was found in different peptides 
with similar sequences shared by several isozymes, and third, in many instances, the 
probably modified residue found agreed with the predicted O-GlcNAc potential sites 
(http://www. cbs.dtu.dk/services/YinOYang/), with YinOYang predictions (S/T residues that 
can be either phosphorylated or modified by O-GlcNAc), and in the case of PKCε, matched 
exactly with T710 located at ‘turn motif’, which is known to be an autophosphorylation 
‘priming site’. In other instances, the modified residue found did not exactly match the 
predicted ones, but were mapped near the phosphorylation ‘priming sites’: T517 in PKC 
epsilon, located immediately prior to the beginning of ‘activation loop’, T689 and S690, 
present at the end of the ‘hydrophobic motif’ of PKCγ, or S670, present at ‘turn motif’ in 
PKCθ, immediately prior to the S676 ‘priming site’. Therefore, these findings suggest that O-
GlcNAcylation and phosphorylation may modulate each other. 

The biochemical meaning of these posttranslational modifications for PKC alpha and PKCδ 
activity was investigated [20]. The results obtained suggested that while Ser/Thr 
phosphorylation at C terminus and tyrosine phosphorylation status appear to regulate the 
activation states of both PKCα and PKCδ isozymes, only PKCα activity appears to be 
regulated as well, in this case, in a negative manner, by tyrosine nitration and O-GlcNAc 
posttranslational modifications. Thus, our data indicated that phosphorylation status, both 
in Ser/Thr and in Tyr residues, may regulate the activity of all PKC isozymes, but the 
biochemical consequences of tyrosine nitration and O-GlcNAc modifications may be 
different for each PKC isozyme.  

5.2. O-GlcNAc modification of c-Myc 

c-Myc (v-myc myelocytomatosis viral oncogene homolog), a helix-loop-helix leucine zipper 
transcription factor, contributes to the development of several malignancies. In a normal 
resting cell, c-Myc levels are very low. However, upon mitogenic stimulation, c-myc 
expression levels are highly increased, as well as upon canonical Wnt signaling stimulation.  

C-myc heterodimerizes with Max to regulate transcription of proliferation and cell 
differentiation genes [24]. Cell proliferation requires the coordinated activity of cytosolic 
and mitochondrial metabolic pathways to provide ATP and building blocks for DNA, RNA, 
and protein synthesis. Many metabolic pathway genes are targets of the c-myc oncogene 
and cell-cycle regulator. Morris F et al [25] demonstrated that Myc expression also increased 
global O-linked N-acetylglucosamine protein modification, and inhibition of hexosamine 
biosynthesis selectively reduced growth of Myc-expressing cells, suggesting its importance 
in Myc-induced proliferation. 
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c-Myc can be phosphorylated by casein kinase II [26] and by Mitogen-activated protein 
kinase (MAP kinase) [24]. It also has been reported that can be modified by O-GlcNAc [28, 
29]. Phosphorylation at Thr-58 and/or Ser-62 in the N-terminal transcription 
activation/malignant transformation domain (TAD) of c-Myc may modulate transactivation 
and co-transformation by c-Myc [29].  

The O-GlcNAc modification of c-Myc has been identified both in mammalian (rabbit 
reticulocyte lysate and Chinese hamster ovary [CHO]) cell line and in insect cell systems 
[19]. This modification of c-Myc was shown by three different methods as follows: (i) 
demonstration of lectin- binding to in vitro translated protein using a protein-protein 
interaction mobility-shift assay; (ii) glycosidase or glycosyltransferase treatment of in vitro 
translated protein analyzed by lectin-affinity chromatography, and (iii) direct 
characterization of the sugar moieties on purified recombinant protein overexpressed in 
either insect cells or CHO cells [29]. O-GlcNAc-modified sites within c-Myc were originally 
found to be located near the transcriptional activation domain [28]. A later study identified 
Thr-58, an in vivo phosphorylation site in the transactivation domain, as the major site of O-
GlcNAc modification [29]. This suggests a mutually exclusive modification of c-Myc by 
either phosphorylation or O-GlcNAc modification. The transactivation domain of c-Myc 
associates with the tumor suppressor Retinoblastoma protein Rb and the Rb-related protein 
p107 in vitro [19, 30]. Thus, the presence of O-GlcNAc modification on c-Myc may result in 
altered interaction with Rb and Rb-related protein p107, thereby interfering with 
transactivation by c-Myc. Interestingly, Thr-58 is located within a mutational hot spot in 
lymphomas, suggesting that this region is associated with increased tumorigenicity [19]. 

5.3. O-GlcNAc modification of β-catenin 

The Wnt pathway plays an important role in development and in regulation of adult stem-
cell systems. Deregulation of Wnt signaling causes developmental defects and cancer. 
Canonical Wnt signaling operates through regulating the phosphorylation and degradation 
of the transcription co-activator -catenin [31]. Without stimulation by Wnt, -catenin is 
assembled into the so-called “destruction complex” in which Adenomatous polyposis coli 
(APC) plays a central role, and includes Axin, Glycogen synthase kinase 3 (GSK3), and 
Casein kinase 1 (CK1). This complex directs a series of phosphorylation events on -catenin 
that targets it for ubiquitination and subsequent proteolysis via the proteasome. Stimulation 
by Wnt leads to inhibition of -catenin breakdown, allowing -catenin to accumulate, enter 
the nucleus, and activate a Wnt target gene program [31, 32]. 

The phosphorylation of β-catenin is key in the regulation of its intracellular levels, hence in 
its transcriptional activity. Nuclear -catenin is the hallmark of activated canonical Wnt 
signaling. Thus, nuclear import/export of -catenin represents a crucial step in regulating 
signaling competent -catenin levels and serves as an attractive target for pharmacological 
interventions in cancer and other diseases associated with altered Wnt signaling. However, 
the mechanisms that regulate the nuclear localization of -catenin remain unclear. -catenin 
contains no recognizable NLS; thus, it has been proposed that it is imported by a piggy-back 
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mechanism. However, it has been demonstrated that -catenin nuclear import can occur in 
the absence of transport factors, such as importins or the Ran GTPase [33]. Moreover, -
catenin was found to compete with importin- for docking to components of the nuclear 
pore complex. Indeed, the central arm repeats are required for -catenin import, and these 
are structurally related with the importin- HEAT (Huntington, Elongation factor 3, 
PR65/A, TOR) repeats that bind the nuclear pore complex [34]. With respect to the -catenin 
nuclear export, although the precise mechanism is not completely understood, several 
distinct -catenin nuclear export pathways have been reported to date. 

Sayet et al [35] demonstrated that O-GlcNAcylation of β-catenin negatively regulates its 
levels in the nucleus. TCF reporter plasmid (TOPflash) reporter assays and mRNA 
expression of β-catenin's target genes indicated that O-GlcNAcylation of β-catenin results in 
a decrease in its transcriptional activity. The authors showed also that this novel 
modification of β-catenin regulates its nuclear localization and transcriptional function. 
Their results indicated that O-GlcNAcylation of β-catenin is inversely related to its nuclear 
localization and transcriptional function. This finding highlights O-GlcNAcylation as a new 
level of regulation of β-catenin transcriptional function.  

5.4. O-GlcNAc modification of p53 

The tumor suppressor protein p53 is a cell cycle regulator, and mutations in p53 cause 
cancer. This protein is considered the major ‘gatekeeper’ of genomic stability. Under 
conditions of cellular stress, environmental damage or genetic catastrophe, p53 expression 
and stability increase, followed by the induction of genes that promote cell-cycle arrest, 
apoptosis, and autophagy [13].  

Owing to the pivotal role of p53 in maintaining genomic integrity, p53 is tightly regulated 
by proteolytic degradation. Normally, p53 levels are low due to continuous degradation by 
ubiquitin-dependent proteolysis. In unstressed cells, p53 interacts with Mdm2, which acts as 
an ubiquitin ligase, leading to degradation of p53 by the proteasome [36, 37]. The stability of 
p53 is also affected by phosphorylation. The amino-terminal domain of the tumor 
suppressor contains the transactivation domain and several known phosphorylation sites. 
Phosphorylation at Ser18 and Ser23 promotes p53 stability and tumor suppression, and 
phosphorylation of p53 at Thr155 (which resides in the DNA-binding domain) promotes p53 
degradation by the COP9 signalosome [38]. 

The mechanism by which O-GlcNAc modification enhances p53 stability has been recently 
established by the identification of the O-GlcNAc residue within p53 employing mass 
spectrometry (MS). Activation of p53 by stress involves the O-GlcNAc modification of Ser-
149, and modification of this site interferes with phosphorylation at Thr-155 by means of the 
COP9-associated kinases. Lowering phosphorylation at Thr-155 weakens the interaction of 
p53 with Mdm2 and decreases p53 ubiquitination/proteolysis, resulting in higher stability of 
the p53 protein [39]. However, mutating Ser-149 to Ala does not significantly decrease O-
GlcNAc modification of p53 [39], suggesting that in addition to Ser-149, there are other 
residues within p53 that become O-GlcNAc-modified. 
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6. O-GlcNAcylation and cancer 

Altered O-linked GlcNAc modification has been linked with several human diseases, 
including cardiovascular disease, neurodegenerative disorders, diabetes mellitus, and 
cancer [13]. Given the extensive cross-talk between O-GlcNAcylation and phosphorylation 
and the known roles of phosphorylation in mechanisms underlying cancer, it is not 
surprising that O-GlcNAcylation is also involved in the etiology of cancer. 

The unique metabolism of tumors was described many years ago by Otto Warburg, who 
identified tumor cells with increased glycolysis and decreased mitochondrial activity [40]. 
Warburg found that normal tissues used mitochondrial oxidation to account for 90% of ATP 
production, with glycolysis accounting for 10%. However, tumors used less of the highly 
efficient oxidative phosphorylation, producing < 50% of ATP from oxidation and >50% from 
glycolysis. This shift was thought to occur even though there was sufficient oxygen to 
support mitochondrial function and is called ‘‘aerobic glycolysis’’ [40]. 

Aerobic glycolysis is just one component of the metabolic transformation. In order to engage 
in replicative division, a cell must duplicate its genome, proteins and lipids and assemble 
the components into daughter cells; in short, it must become a factory for macromolecular 
biosynthesis. Thus, enhanced biosynthetic capacity is a key feature of the metabolic 
transformation of tumor cells. Synthesis of nucleotides and fatty acids and consumption of 
glucose and glutamine are widespread among tumors and tumor cell lines. It appears likely 
that these activities, particularly the use of glutamine as a source of both reductive power 
and anaplerosis, are general characteristics of tumor cell growth and proliferation [41]. 
Glutamine contributes essentially to every core metabolic task of proliferating tumor cells: it 
participates in bioenergetics, supports cell defenses against oxidative stress, and 
complements glucose metabolism in the production of macromolecules [41]. Interest in 
glutamine metabolism has been further heightened by recent findings that c-myc  controls 
glutamine uptake and degradation, and that glutamine itself exerts influence over a number 
of signaling pathways that contribute to tumor growth [13, 41]. Because HBP flux and UDP-
GlcNAc availability are directly affected by many different nutrients, such as glucose, fatty 
acids, and amino acids, it is possible that in cancer cells, the HBP, together with O-GlcNAc 
modification, serves as a glucose/nutrient sensor that links metabolism to the activation of 
many oncogenic signaling pathways within the cell. 

Western blot methods showed decreased O-GlcNAc levels in some tumor samples 
compared with controls. However, other studies suggested that O-GlcNAc levels increase in 
some cancers. There are potential sources of confusion from these studies. Crucial 
tumorigenic roles of specific O-GlcNAcylated proteins might be masked on analyzing only 
global cellular O-GlcNAcylation. In addition, cellular levels of O-GlcNAc, OGT, and OGA 
have a tight relationship with multiple cellular activities. Despite conflicting data in primary 
tumor samples, increased O-GlcNAcylation does appear to be a general characteristic of 
cancer cells. Histological sections from breast, lung, and colon tumors demonstrated 
increased O-GlcNAcylation compared with matched adjacent tissue [42]. In the case of the 
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lung and colon tissue, both OGT and OGA expression appeared to increase. Similarly, in 
patients with chronic lymphocytic leukemia, the O-GlcNAcylation of proteins was increased 
when compared with normal lymphocytes [43]. Furthermore, breast cancer cells in which 
OGT was knocked down and that were transplanted into nude mice formed fewer tumors 
compared with controls [13]. 

Chemotherapeutics targeting OGT or OGA inhibition could potentially alter tumor function 
or could render tumors more susceptible to other chemotherapeutic agents; however, which 
adverse affects OGT or OGA inhibition might have on normal cells is unknown. 

7. Conclusions 

Many cytoplasmic and nuclear proteins are dynamically modified by O-linked β-N-
acetylglucosamine (O-GlcNAc). However, the precise function that it carries out on each 
protein remains unknown. Interestingly, O-GlcNAc shares many common traits with O-
phosphate. They are both dynamic modifications processed by specific enzymes that modify 
serine/threonine residues and that rapidly respond to extracellular stimuli. Posttranslational 
modifications are essential devices to generate the tremendous diversity, complexity, and 
heterogeneity of gene products. Determination of the in vivo roles that they play is one of 
the main challenges in proteomics and signal transduction research. 
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1. Introduction 

Epithelia consist of highly differentiated cells that form tight layers lining the inner cavities 
and the outer surface of the body. In classical cell biology, carbohydrate groups are attached 
to proteins (called glycoproteins or proteoglycans, depending on the carbohydrate 
structure) and lipids (glycolipids) - facing towards the exterior from the outer lipid leaflet of 
the cell membrane. These carbohydrate structures were previously thought to constitute a 
protective water-binding glycocalix, but were also known early on to be attachment sites for 
viruses, parasites, bacteria and bacterial toxins. Today, the glycan moieties of glycoproteins 
and proteoglycans are known to participate in protein sorting, transport and signaling 
processes in eukaryotic cells. Such processes are more complex in the epithelial cell, which 
possesses two distinct plasma membrane areas; the apical membrane domain, directed 
towards the inner cavities of the body, and the basolateral membrane domain facing the 
bloodstream. These two opposite membrane domains are segregated and differ in protein 
and lipid composition, and to maintain this polarity, vectorial transport of newly 
synthesized protein and lipid molecules is required. Proteins destined for the plasma 
membrane must traverse the secretory pathway. Such proteins emerge from ribosomes that 
dock onto endoplasmic reticulum (ER) membranes, due to recognition of a signal sequence 
in the protein itself. During co-translational import into the ER lumen, the starting point of 
the secretory pathway, the majority of translocated proteins receive carbohydrate 
modifications of the N-glycan type on asparagine residues, when a mannose-rich branched 
glycan structure with three terminal glucose residues is transferred en bloc from the lipid 
carrier dolichol to a proper modification site by an oligosaccharyl transferase. Such N-glycan 
structures are utilized as recognition units on glycoproteins by the protein folding quality 
control system which either allows further transport along the secretory pathway or diverts 
misfolded proteins to proteasomal degradation in the cytoplasm (1).  

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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Properly folded proteins exit the ER in membrane carriers that are transported to the 
intermediate compartment (IC), and from there further to the Golgi apparatus. While N-
glycans are modified to become more complex structures by enzymes in the Golgi 
apparatus, are other classes of glycans attached to alternative glycosylation sites in available 
protein cores. O-glycosylation on serine and threonine residues, starting with N-acetyl-
galactosamine often results in mucin-type branched glycans, while glycosaminoglycan 
modification of serines with a neighboring glycine results in proteoglycans. Proteins and 
proteoglycans exiting from the trans side of the Golgi apparatus – the trans-Golgi network - 
are either transported in vesicles moving directly to the cell surface or to an endosomal 
compartment, from where the cell surface can be reached via indirect routes. Besides being 
the main organelle for carbohydrate synthesis and modification, the Golgi apparatus has 
been regarded as the main sorting center for polarized delivery of proteins in epithelial cells. 
In the trans-Golgi network, molecules are sorted and packaged into vesicles destined either 
for the apical or the basolateral cell surface domain. Although the trans-Golgi network has 
been established as a main protein sorting center (2), both pre- and post-Golgi polarized 
sorting has been reported for epithelial cells (3).  

Molecular mechanisms governing polarized protein sorting in epithelial cells have been 
studied for to decades. Adapter proteins, tethering factors and fusion mediators have been 
assigned to different organelles and transport steps. Some proteins are shown to be required 
for particular routes although the molecular role played, is uncertain. Sorting signals have 
been localized to cytoplasmatic protein tails, transmembrane regions, specific globular 
protein domains, as well as post-translational modifications like lipid anchors and 
carbohydrate structures. The definition of a protein sorting signal, is that this molecular 
feature works after transfer to a previously non-sorted or oppositely sorted protein. In 
studies of glycans as sorting mediators, this requires manipulation and transfer of glycan 
modification sites. Such studies have indicated that both N- and O-glycans can mediate 
apical sorting, as well as long unbranched glycosaminoglycan chains of the chondroitin 
sulfate type. In this chapter we emphasize how different post-translationally added 
carbohydrate structures participate in polarized sorting of proteins. Although there are 
many examples that glycan structures and glycosylation sites in proteins are central to 
protein sorting, the underlying molecular mechanisms and their intracellular sites of action 
have not been thoroughly described.  

2. Polarized epithelial cells 

Single layers of epithelial cells coat the inner cavities of the body, like the intestinal tract, 
lungs, and kidney tubules. Attachment to the underlying tissues is mediated by proteins in 
the basal membrane domain that bind firmly to extracellular matrix components, while an 
apical region of the plasma membrane, with microvillus protrusions faces the lumenal 
environment. The apical membrane domain of the cell surface is segregated from the lateral 
and basal regions, together termed the basolateral domain, by tight junctions, protein 
complexes consisting of transmembrane anchored adhesion proteins, like claudins and 
occuldins. The tight junctions fulfill several functions. Together with other junctional 
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comlexes, they connect the individual cells in an epithelial layer by closing the gap between 
all neighboring cells in the monolayer. At the same time, the tight junctions introduce a 
restriction to lateral movement of proteins and lipids from the apical domain of the plasma 
membrane to the basolateral domain, and vice versa (4).  In addition, tight junctions 
contribute to the fence function of epithelia, by restricting the intercellular route for passage 
of macromolecules. The tightness of epithelia is variable with the physiological functions of 
the tissue in question, some epithelia allow passage of small proteins, while some even 
restrict the passage of water molecules, like the epithelium of the distal kidney tubules 
where reabsorption of water molecules takes place (Figure 1).  

 
Figure 1. Polarized kidney epithelial cells. A single kidney epithelium monolayer consists of polarized 
cells with two surface domains segregated by tight junctions. The apical domain facing the kidney 
tubule lumen, and the basolateral domain attached to the extracellular matrix (ECM), facing the 
bloodstream. 

The apical membrane domain takes on specialized tissue functions, while the basolateral 
domain fulfills more general functions, like uptake of nutrients from the blood, building 
blocks like amino acids, lipids, and monosaccharides for synthesis of macromolecules. The 
functional differences of the two cell surface domains requires some differences in protein 
and lipid composition of these two opposite membrane areas, which again requires sorting 
mechanisms that direct newly synthesized proteins and lipids to the proper plasma 
membrane region. Receptors and transporters for binding of ligands like lipoproteins and 
growth factors and sugars, amino acids, sulfate and phosphate must be sorted basolaterally, 
together with attachment proteins, while several proteins involved in ion secretion to the 
body cavities must be sorted apically. A number of epithelia are immunologically active 
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tissues that engage in uptake and transcytosis of immunologically active molecules, like 
immunoglobulins. Thus, it is of the outmost importance that the corresponding receptors 
are correctly sorted and transported. 

2.1. General aspects of cell polarity 

Most proteins destined for the cell surface in animal cells are modified with carbohydrate 
structures during their passage through the secretory pathway. Such carbohydrate 
structures are functionally important to the individual protein at the final cellular 
destination, but may also play a role in guiding the protein to its correct site of action. Thus, 
glycan modifications can contribute to the generation and maintenance of proper cellular 
organization in several ways, by positioning the protein correctly, and by fine-tuning the 
activity. Cell polarity is not restricted only to epithelial cells. Endothelial cells also possess 
tight junctions and apical and basolateral membrane domains similar to those observed in 
epithelia, and even in neurons there are restrictions to lateral protein mobility in the plasma 
membrane (5). In the hepatocyte, the apical membrane is divided into several separate 
domains that form bile canaliculi together with corresponding domains of neighboring 
hepatocytes. In these cells, the basolateral surface domain is continuous and constitutes the 
non-canalicular (sinusoidal) regions of the plasma membrane, covering approximately 85 % 
of the total cell surface area. Studies of protein sorting in hippocampal neurons have 
indicated that the apical membrane of epithelial cells and the hippocampal axons share 
some characteristics with respect to protein sorting (6, 7), suggesting also that dendritic and 
basolateral transport mechanisms share common features. 

Much of our knowledge on polarized sorting and transport of proteins has been derived 
from studies with epithelial cell lines, such as Madin-Darby canine kidney (MDCK) cells 
and the colon cancer cell line CaCo-2. These, and other epithelial cell lines, have been 
cultured on filters with an appropriate pore size and allowed to form confluent monolayers 
with a measurable electrical resistance. MDCK cells can grow on almost any type of support, 
since these cells produce their own matrix components needed for subsequent attachment 
and differentiation. The relative tightness of epithelial monolayers may in many instances be 
determined from trans-epithelial resistance values that are easily measured when the 
epithelium has achieved a sufficient tightness. The ease by which kidney epithelial cells are 
grown on filters, and the tightness of the monolayers formed, grants differential 
experimental access to the apical and basolateral membrane domains and their 
corresponding medium reservoirs. This allows for both biochemical studies and various 
modes of microscopy. Apical and basolateral medium samples can be collected without 
mixing, and the apical and basolateral membrane domains are differentially accessible to 
biotinylation reagents, antibodies and reagents for chemical modification. Biochemical 
studies of polarity are not carried out with similar ease for neuronal cells and hepatocytes. 
Although hepatocytes sometimes are classified as epithelial cells, the apical membrane 
normally forms perpendicularly to the growth substratum in culture. Thus, polarity studies 
with hepatocytes are more rare than for other epithelial cell types. While some conclusions 
from studies carried out with the MDCK cell line might have transition value to hepatocytes 
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and neurons, there are also evident differences. In MDCK cells, proteins destined for the 
apical membrane are mostly delivered directly to this membrane domain, without transient 
basolateral appearance. In hepatocytes, however, most newly synthesized apical proteins 
are first transported to the basolateral membrane domain, followed by endocytosis and 
transcytosis across to the apical, bile canalicular membrane (8). Many polarized cell types 
possess both direct and indirect transport routes for newly synthesized proteins to the cell 
surface, observed both in epithelial cell lines like CaCo-2 (9) and in neurons (10).  

3. The secretory pathway 

Access to the secretory pathway is normally granted to polypeptides that emerge from 
ribosomes with an N-terminal signal sequence that is recognized by the signal recognition 
particle (SRP) in the cytoplasm followed by docking onto the ER membrane. However, 
signals elsewhere in a protein may also mediate uptake into the ER lumen, sometimes 
giving rise to a different protein topology. After ER entry, and during further transport 
through the secretory pathway, a large number of different types of post-translational 
modifications may occur. Proteolytic removal of the N-terminal signal sequence is a 
frequent event, while proteolysis at the C-terminus occurs more seldom, when a single 
trans-membrane domain is cleaved to transfer the remaining protein onto a 
glycosylphosphatidyl inositol (GPI) lipid anchor. It has been estimated that approximately 
250 proteins are prone to transfer onto GPI-anchors (11). The oxidative environment in the 
ER lumen promotes the stability of disulfide bridges, which are enzymatically formed by 
protein disulfide isomerase. An important aspect of protein assembly is the formation of 
multimeric proteins from single polypeptide subunits. Excess subunits often expose their 
more hydrophobic interaction surfaces and are thus recognized in the same way as 
misfolded proteins. A functional relationship between different classes of post-translational 
events, like formation of oligomers and glycosylation has been reported to influence apical 
sorting of some proteins (12-14), and will be discussed later. 

The altogether most common modification of proteins is addition of N-glycans in the ER. A 
pre-assembled glycan moiety, rich in mannoses and with terminal glucose units is built onto 
the isoprene lipid dolichol and transferred to an appropriate asparagine-X-serine/threonine 
site by an oligosaccharyl transferase, as the polypeptide moves through the Sec 61 
translocon into the ER lumen. Glycans added in this manner are used as handles for protein 
folding investigations carried out by chaperones, and the status of their terminal sugar 
residues also indicates when and where to depart from the ER (1, 15). The N-glycans 
acquired and subjected to initial trimming in the ER can function as mediators of forward 
transport in the early secretory pathway for several proteins. L-type lectins, like ERGIC-53, 
VIP-36 and VIP-like lectins bind immature N-glycan groups in a Ca2+ dependent manner 
(16) and mediate efficient transport of glycoproteins towards the intermediate compartment 
(IC) and cis-Golgi region in this way (17).  In the Golgi apparatus, N-glycans are trimmed 
further by removal of more mannose units, before addition of novel sugar units takes place. 
A variable number of antennae receive N-acetyl-glucosamine, galactose, and sialic acid units, 
or only some of these sugars. The glycans may also receive fucose units and more rare 
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modifications, variable from tissue to tissue. N-glycans may appear at the cell surface as 
hybrid structures, where some antennae have maintained a mannose-rich branch, while 
others have been rebuilt to a more complex variant. Some glycoproteins arrive at the plasma 
membrane with only high-mannose branches in their N-glycans. In some cases, at least, this 
correlates to a Golgi-independent transport route to the cell surface (18), but a good correlation 
between N-glycan structures at the cell surface and the transport route followed to get there 
has not been established. From a standard high-mannose N-linked glycan structure in the ER, 
an almost unlimited number of carbohydrate structures may be generated after departure 
from the ER, during the subsequent passage through the Golgi apparatus. In fact, the glycan 
modification of a particular protein depends among other factors on the tissue where 
expression takes place and the developmental stage of the organism. 

The Golgi apparatus is localized in a central, perinuclear position in vertebrate cells, where 
stacks of membrane-limited cisternae are joined together in a membrane ribbon. In other 
animals, like Drosophila melanogaster (19), and in plant cells, Golgi stacks are spread in the 
cytoplasm without ribbon-forming interconnections. Still, general mechanisms of protein 
exit from the ER and transport towards and through the Golgi apparatus are very similar. 
Glycan modification of proteins and lipids, and their further transport through the secretory 
pathway share similar principles across the plant and animal worlds, although the glycans 
acquired are structurally different. Significant attention has been given to the trans-most 
cisterna or region of the Golgi apparatus, the trans-Golgi network, as an important site for 
segregation of newly synthesized proteins on their way to apical and basolateral membrane 
domains of polarized epithelial cells (2). Early studies of epithelial polarity were performed 
with the MDCK cell line (20-23), where viral proteins, like influenza hemeagglutinin (HA) 
and the vesicular stomatitis virus (VSV) G protein, were used as markers for apical and 
basolateral protein delivery, respectively.  Initially, experiments were carried out with 
double infection of epithelial cells by viruses with opposite budding polarity. The polarized 
epithelial cells could be studied in a subsequent time window until the intracellular 
transport machinery had been shut down (20, 21). By electron microscopy, both influenza 
HA and VSV G protein were observed in the trans-Golgi network of the same cell, 
contributing, together with biochemical assays, to the conclusion that apical and basolateral 
proteins travel together through the Golgi apparatus and are only sorted and segregated 
upon exit from the trans-Golgi network (2). Later, as molecular biology techniques 
developed, epithelial cells were transfected to express the viral envelope proteins, including 
manipulated variants that could shed light on where in the proteins sorting information is 
localized (24-26). The early studies of polarized sorting of viral proteins did not indicate a 
role for glycans as apical sorting information, but rather implicated that sorting was 
mediated by the transmembrane and cytoplasmic regions of apically transported proteins 
like (27, 28, 25). A similar sorting outcome as that reported for epithelial MDCK cells was 
reported for hippocampal neurons, where influenza HA localized mainly to the axon, while 
the VSV G protein localized to the dendrites (6). The GPI-linked protein Thy-1 confirmed the 
expectation of being sorted exclusively to the axon (29), in line with the view that the axon 
resembles the apical surface of the epithelium, since a large number of GPI-linked proteins 
were observed to localize predominantly apically in MDCK cells (30). 
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4. Sorting sites in polarized cells 

The trans-Golgi network is, as previously noted, not equally important as a sorting site of 
the secretory pathway in all polarized cell types, since hepatocytes deliver most apical 
proteins via the basolateral surface domain (9). Eventually, endosomes have been found to 
be transit compartments between the trans-Golgi network and the cell surface both in the 
secretory (31-33) and transcytotic pathways (34-37), also in epithelial MDCK cells. Thus, 
both direct and indirect routes towards the cell surface generally exist for apical and 
basolateral cargo transport, and numerous types of carriers have been implicated in post-
Golgi transport (38, 39). Clearly, the trans-Golgi network is observed as an important sorting 
site for apical and basolateral cargo molecules, based on studies of fluorescently labeled 
model proteins in living cells (40). However, the observation of tubulo–saccular membrane 
structures emanating from the trans-Golgi network, carrying incompletely segregated apical 
and basolateral proteins, supports the existence of additional post-Golgi sorting stations (41, 
42). The choice of model proteins for apical and basolateral cargo transport routes, evidently 
influences the observations made. 

More recently, a number of studies have suggested that protein sorting in the secretory 
pathway is not exclusively a late-and post-Golgi affair. For instance, the trans-most Golgi 
cisterna is not the only one in a Golgi stack that displays clathrin coats, indicating the 
possibility of departure from the Golgi apparatus earlier than the trans-Golgi network. These 
coats may drive the formation of vesicles that are targeted for the endosomal/ lysosomal 
pathway, but also for the basolateral membrane (43, 44). Other coat types have been 
observed even at the rim of the cisternae preceding the clathrin-coated cisternae (45). Such 
coats were shown to engage in transport towards the plasma membrane. Thus, several 
cisternae could constitute the exit interface of Golgi membranes (46). In mammalian cells, the 
intermediate compartment (IC), consisting of vacuolar and tubular membrane domains and 
functionally positioned between the ER and the Golgi apparatus, is also stably localized in a 
perinuclear position at the cell center, close to the Golgi cisternae. Although the trans region 
of the Golgi apparatus has been regarded as the primary sorting area for proteins and lipids 
in the secretory pathway, the IC has been suggested as a protein and lipid sorting station 
operating prior to entry into the Golgi apparatus (47-49). In fact, lateral segregation of 
proteins in the secretory pathway can occur already in the ER (50-53, 3, 18).  

Where in the secretory pathway sorting takes place is an interesting question in relation to 
the role played by glycans, since the input into and output from the Golgi apparatus of 
glycoproteins, proteoglycans (PGs) and glycolipids is very different with respect to glycan 
structures. As far as we know today, the glycan structures of glycoproteins entering the 
Golgi apparatus are identical or very similar, while the action of Golgi glycosidases, 
glycosyltransferases, epimerases and sulfotransferases generate the astonishing diversity 
observed for glycan structures, even on individual proteins. This is important to consider 
when discussing possible targeting information in N-glycan structures, since the terminal 
sugars of N-glycans are likely to be too diverse to serve as general recognition units, while 
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the high-mannose structures existing early in the secretory pathway have proven to serve as 
secretory cargo ligands for protein lectins like ERGIC-53 and VIP-36 (54, 55). 

In addition to N-linked glycosylation, another important protein glycosylation mechanism 
exists that is initiated with the addition of an N-acetyl-galactosamine (GalNAc) unit to a 
serine or threonine in an acceptor protein core early in the Golgi apparatus, or just before 
entry into the cis-Golgi lumen. Further extension by the action of several 
glycosyltransferases results in a branched O-glycan, sometimes sulfated.. Some O-
glycosylated secretory proteins are classified as mucins. These are heavily glycosylated and 
are mainly secreted apically from different epithelial tissues to constitute the mucus layer 
lining the body cavities. Mucins have attracted much attention because their glycan 
structures are variable from tissue to tissue and change during transformation of normal 
epithelial cells into cancer cells (56, 57). 

The third of the major glycosylation mechanism in metazoans is the polymerization of long, 
linear glycosaminoglycan (GAG) chains onto protein acceptor cores, resulting in 
proteoglycans (PGs). The major classes of GAG chains that decorate PGs are chondroitin 
sulfate (CS)/dermatan sulfate (DS) and heparan sulfate (HS)/heparin. These polymers are all 
connected to a protein core via a linker tetrasaccharide consisting of xylose-galactose-
galactose-glucuronic acid, extending from –serine-glycine-sites in the polypeptide, with the 
xylose attached to the serine.  While the initiation of the linker region might take place 
before entry into the Golgi apparatus, GAG chains are shown to be enzymatically 
polymerized in the Golgi apparatus itself and subsequently modified to a variable extent by 
epimerization and sulfation. Keratan sulfate PGs are less abundant and extend from N- or 
O-linked glycans. In addition, hyaluronic acid is classified as a GAG, but is not attached to a 
protein core (58). Some PGs are defined as hybrids, since the protein core may carry more 
than one type of GAG. In addition GAGs may co-exist together with N-glycans and O-
glycans on the same PG protein core. 

5. Glycans and protein sorting  

Early speculations on protein sorting in epithelial cells suggested that apical protein 
transport would most likely require sorting signals, since the apical surface is the specialized 
domain of epithelial plasma membranes. Basolateral transport could then occur by default, 
since this surface domain bears resemblance to non-polarized cells in which anterograde 
sorting was not discussed (59). Since a number of GPI-linked proteins had been detected at 
the apical surface of epithelial MDCK cells (30) such lipid anchors were proposed to possess 
apical sorting information. The subsequent discovery of basolateral sorting signals in the 
cytoplasmic domain of several transmembrane protein receptors (60-66) indicated that 
polarized basolateral transport also requires sorting. Later it was discovered that basolateral 
targeting does not have a monopoly on cytoplasmic protein domain sorting signals (67-69). 
The situation for GPI-linked proteins was later shown to be quite complex. The GPI-anchor 
alone is not sufficient to direct a protein to the apical surface. There is usually an additional 
or a sole requirement for N-glycans (12, 70) or also for additional oligomerization (71).   
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5.1. N-glycans and apical sorting 

N-glycans were introduced as apical sorting signals in the 1990-ies. When polarized MDCK 
cells were transfected to express human erythropoietin, the glycoprotein that possesses 
three sites for N-glycosylation, was secreted from the apical membrane. Mutagenesis studies 
demonstrated, however, that only one of the N-glycosylation sites was critically important 
for apical sorting (72). In another study, the non-glycosylated protein rat growth hormone 
(rGH) was expressed in polarized MDCK cells and the secretion pattern was compared to 
that of rGH variants with one or two N-glycosylation sites. Addition of glycosylation sites 
stimulated apical secretion compared to the random secretion pattern observed for 
unglycosylated rGH (73). Such examples of apical targeting mediated by N-glycan groups 
lead to a search for sorting lectins that could mediate apical sorting at the required site in the 
Golgi apparatus, the trans-Golgi network. A promising candidate was VIP36, a protein lectin 
which was extracted in the detergent insoluble fraction, proposed to contain lipid raft 
associated proteins that are destined for the apical membrane (74). Later studies revealed 
that VIP36 in fact is localized more to the early secretory pathway (75), fitting with the 
observed binding affinity for high-mannose glycans (54).  Still, manipulation of the 
expression level of VIP36 affected the apical sorting stringency of gp80 (or clusterin), the 
major endogenous glycoprotein secreted from MDCK cells. An early indication of the 
importance of N-glycans for apical secretion came from a study of this protein, which was 
secreted randomly from polarized MDCK cells in the presence of the glycosylation inhibitor 
tunicamycin (76). Enhanced expression of VIP36 in MDCK cells directed gp80 more strictly 
towards the apical medium (77). The fact that VIP36 and other lectins in the secretory 
pathway recognize high-mannose glycan structures (54, 16), indicates that their site of action 
is early in the pathway, or that their substrates are proteins that maintain a high mannose 
structure throughout the pathway (78). Thus, the role of VIP36 and related lectins in 
polarized sorting in epithelial cells requires more research to become fully understood.  

Cholesterol and glycosphingolipid-rich lipid “rafts” have been proposed to function as 
sorting platforms in the TGN for vectorial delivery of proteins and lipids to the apical 
membrane of epithelial cells. The lipid raft concept describes regions of a membrane that are 
stable in time due to a higher content of cholesterol and more saturated fatty acids than 
surrounding membrane areas, with more freely moving lipids (79, 80). Since direct 
experimental contact with intracellular membranes is difficult, much of the evidence has 
been generated by indirect methods. Cholesterol depletion from cells by synthesis inhibition 
and extraction from cellular membranes has been shown to reduce apical transport 
efficiency of influenza HA and gp80 (81). A criterion for a particular protein to be regarded 
as raft associated has been an observable insolubility to treatment with cold detergent. In 
agreement with this view has cholesterol depletion been shown to both reduce apical 
transport efficiency and detergent insolubility (81).  A reduction in apical transport is, 
however, not necessarily specifically interfering with apical sorting mechanisms, but could 
mediate a general reduction of apical transport capacity, since cholesterol depletion also 
reduces apical secretion of non-sorted proteins (82).  A class of proteins proposed to require 
lipid rafts to reach the apical surface, is constituted by GPI-linked proteins (83, 84). 
However, a GPI anchor as such is not sufficient to drive the protein exclusively in the apical 



 
Glycosylation 310 

direction. This has been shown in many cases to require the presence of N-glycans (12, 71, 
70) and also oligomerization of the apically sorted protein (71, 13). An additional level of 
complexity was added, when it also was shown that the structure of the GPI-anchor itself 
influences whether the GPI-linked protein is transported apically or basolaterally (85, 86). 
Some GPI-linked proteins are transported basolaterally, presumably because their GPI-
anchors do not favour oligomerization (85). The GPI-linked PG glypican carries both 
heparan sulfate (HS) chains and N-glycans, and is mainly transported basolaterally (87). 
However, when the sites for HS attachment are removed, glypican is mainly transported 
apically. Since the GPI-anchor and the N-glycans are the same in both cases, this would 
indicate that the presence of HS chains reduces the ability of glypican to oligomerize. 
Alltogether, the complexity of this field underlines one important fact: it is easier to study 
secretory proteins than proteins with membrane attachment. 

Apically targeted proteins that are not associated with lipid rafts, meaning they are not 
associated with detergent-resistant microdomains, do not seem to require oligomerization to 
reach the apical surface (13). Still some clustering mechanism can be required. A group of 
small lectins with one or two carbohydrate binding domains are called galectins. Although 
galectins are synthesized in the cytoplasm and are devoid of known signals for membrane 
translocation, several members of this family of proteins have been shown to be of the 
outmost importance for epithelial cell differentiation and glycoprotein sorting mechanisms 
(88-92). The galectins are to a variable extent able to cross intracellular membranes or the 
plasma membrane to gain access to the lumen of intracellular compartments like 
endosomes, or to the outside of the cell, where (in both cases) the glycans of glycoproteins 
and glycolipids are localized. The translocation process has been shown to require glycan 
counter-receptors at the opposite side of the plasma membrane in the case of galectin-1 
translocation (93). This might also be a requirement for other galectins and underscores that 
galectin translocation could be a highly regulated process, because the proper counter-
receptors might be required. Galectin-3 has been shown to promote apical sorting of 
glycoproteins that are not raft-associated. Depletion of galectin-3 from MDCK cells resulted 
in missorting of non-raft glycoproteins, but did not affect the apical sorting of raft-lipid 
associated proteins (88). The effect on sorting seems to be that apical transport requires 
galectin-3 mediated glycoprotein clustering to be efficient (94). In polarized epithelial HT-29 
cells, galectin-4 recruits N-linked glycoproteins to detergent resistant membrane fractions 
and further to the apical membrane (89). Knock-down of galectin-4 did not inhibit Golgi exit 
of glycoproteins, but reduced their surface appearance. These, and other indications point to 
endosomes as the site of the galectin-mediated glycoprotein clustering required for efficient 
apical transport. Galectin-9 has affinity for a class of glycosphingolipids at the apical surface 
of epithelial MDCK cells and is essential to the organisation of the apical membrane (90). 
Whether galectin-9 also contributes to apical transport of these glycolipids is not yet known. 

5.2. O-glycans 

O-glycans are branched and diverse, tissue-specific glycan structures initiated by the 
addition of an N-acetyl-galactosamine unit to a serine or threonine residue in an acceptor 
protein core (95). Although some bioinformatic tools have been developed for the purpose, 
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these sites are not easily predicted from analysis of the amino acid sequence. As described 
for N-linked glycans, O-linked sugars may also direct apical sorting in polarized MDCK 
cells, as demonstrated for the neurotrophin receptors, where the stalk region rich in O-
glycans was required for apical transport (96). O-glycans are also important for apical 
sorting of the human intestinal sucrase-isomaltase in MDCK cells (97). The sorting domain 
could induce apical sorting after transfer to rat growth hormone (rGH) in MDCK cells (98).  
In some cases, both N-linked and O-linked sugars play essential roles in apical targeting of a 
protein, as shown for bovine enteropeptidase (99, 100). The heavily glycosylated 
transmembrane mucin glycoprotein MUC1 is efficiently delivered to the apical membrane of 
epithelial MDCK cells in a glycan-dependent manner (101). The apical targeting was not 
affected by galectin-3 knockdown, but was blocked when O-glycan synthesis was inhibited. 
Thus, the mechanistic basis for apical sorting of MUC1 is in all likelihood a glycan 
recognition event, but this remains to be characterized. 

5.3. Glycosaminoglycans (GAGs) – The glycans decorating proteoglycans (PGs) 

Proteoglycans are expressed in vertebrate cells, in Drosophila melanogaster (102-105), in C. 
elegans (106, 107) and in simple organisms as the starlet sea anemone Nematostella vectensis 
(108). Synthesis, sorting and transport of proteoglycans can therefore be studied in a number 
of different model organisms. When arriving at the cell surface, proteoglycans can 
participate in binding and uptake of signalling molecules, such as fibroblast growth factors. 
Proteoglycans at the cell surface may be endocytosed and pass via endosomes to lysosomes 
(109), but have also been observed in the nucleus (110-112), co-localising with growth 
factors.  The route taken from endosomes to the nucleus is essentially unknown. In rat 
hepatocytes, heparan sulfate proteoglycans are transported from the trans-Golgi network to 
the cell surface in vesicles different from those that transports serum albumin, 
apolipoprotein E and fibrinogen (113, 114). Frequently, proteoglycans are sorted to the 
regulated secretory pathway, being released together with other contents of storage 
granules upon a proper stimulus (115-117)The negatively charged proteoglycans may bind 
small, positively charged molecules, such as histamine (118-120) and proteases (121, 122).  

The definition of a proteoglycan is a protein core that is modified with one or several 
glycosaminoglycan (GAG) chains in the Golgi apparatus. Three different classes of protein-
linked GAG chains are classified as heparan sulfate (HS)/heparin, chondroitin sulfate 
(CS)/dermatan sulfate (DS) or keratan sulfate (KS). The classification is based on the sugar 
units that constitute the repeating disaccharides in each type of the long, linear GAG chains 
(58). The most widespread GAGs are those of the CS/DS type and the HS/heparin type. 

The synthesis of these GAG chains is initiated by the stepwise enzymatic addition of one 
xylose, two galactoses and a glucuronic acid, which makes up the linker region of the GAG 
chain. The fifth sugar added decides whether a GAG chain enters the HS/heparin pathway 
or the CS/DS track. The xylose is thought to be added to a serine with a neighboring glycine 
residue already in the ER by xylosyl transferase I or II (123, 124). The two galactoses are 
subsequently added by galactosyl transferase I and II, which are enzymes localized to the 



 
Glycosylation 312 

cis-Golgi region (125). The addition of glucuronic acid takes place in the medial/trans Golgi 
(126). A protein core that carries several GAG chain binding sites can be modified with both 
CS and HS chains and would then be called a hybrid proteoglycan (127, 128).  
The polymerization is catalyzed by enzyme complexes adding disaccharides of hexosamine 
and hexuronic acid nature. In the case of CS and DS, the hexosamine is N-acetyl-
galactosamine, while in the case of HS and heparin it is N-acetyl-glucosamine. The 
hexuronic acid added is in all cases glucuronic acid, but this may subsequently be 
epimerized to iduronic acid in DS, HS and heparin by specific epimerases. All these classes 
of GAG chains are modified by sulfotransferases in various positions on the disaccharides 
and to a variable extent (58). All in all, although linear structures, the GAG chains may 
contain a variety of negatively charged domains that have affinity for proteins with clusters 
of positively charged amino acids. 

Epithelial cells transport proteoglycan components of the extracellular matrix (ECM) and 
receptor proteins that attach the basolateral membrane domain of the epithelium to the ECM 
by vectorial basolateral routes. Basolateral localization of syndecan-1 in MDCK cells 
requires a signal positioned in the 12 most distal amino acids of its cytoplasmic tail (129), 
while basolateral secretion of the major basement membrane heparan sulfate (HS) PG occurs 
by a pH-dependent sorting mechanism (130). The fact that different types of proteoglycans 
are secreted apically and basolaterally indicates that these molecules are actively sorted. 
While HSPGs are mainly secreted basolaterally from MDCK cells, CSPGs are mainly 
secreted apically (131). The observation that endogenously synthesized CSPGs of high 
molecular mass and individual hexyl-β-D xylosides that have acquired CS chains, are 
mainly secreted apically in MDCK cells, indicated that CS chains may contain essential 
apical sorting determinants (132). Still, the interpretation of the CS data is not 
straightforward, since the presence of a CS chain in amyloid precursor-like protein 2 did not 
alter the predominant basolateral secretion observed for the CS-deficient variant (133). 
Addition of a CS chain did also not alter the basolateral sorting pattern of the H1 subunit of 
the asialoglycoprotein receptor, when it was expressed in MDCK cells (134). Since the H1 
subunit is a trans-membrane protein, the lack of effect of the CS chain could be explained by 
the fact that glycan signals often are recessive to signals in the protein core, as observed for 
transmembrane receptors like the polymeric IgA receptor (135) and the low density 
lipoprotein receptor (64). HS chains, on the other hand, could possess basolateral sorting 
information. The GPI-linked HSPG glypican was detected mainly at the basolateral surface 
of both CaCo-2 and MDCK cells (87). A variant of glypican lacking sites for HS attachment 
was transported predominantly to the apical surface in MDCK cells, presumably directed 
there by the GPI membrane anchor and/or the N-linked glycan groups. However, the latter 
question was not addressed by removal of the N-glycans. HS chains could either promote 
basolateral sorting of glypican, or simply interfere with the recognition of the apical sorting 
information present in the molecule, which comes into play when the HS chains have been 
removed. As discussed above, the effect of the HS chains could merely be blocking of 
oligomerization. 
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A number of studies have been carried out in polarized MDCK cells with the small CSPG 
serglycin as a model protein. Serglycin was expressed with green fluorescent protein fused to 
the C-terminus. The expressed serglycin-GFP fusion proteoglycan obtained mainly CS chains 
and was mainly secreted into the apical medium (Figure 2) of epithelial MDCK cells (53).  

 
Figure 2.  Polarized secretion of serglycin-GFP. A fusion protein of serglycin and GFP was expressed 
in polarized, filter-grown MDCK cells. Secretion of serglycin-GFP to the apical and basolateral medium 
was quantified from Western blots and expressed as % distribution in the apical and basolateral 
medium. 

However, the minor fraction secreted into the basolateral medium was several times more 
intensely sulfated and showed a different sensitivity to the sulfation inhibitor chlorate (136). 
A sulfation intensity difference was also observed for the linker region sugars, indicating 
that the apical and basolateral serglycin-GFP molecules were segregated at an early stage of 
the secretory pathway, where the linker region is formed. A fraction of the serglycin 
constructs studied had the ability to bypass the Golgi apparatus and appear at the cell 
surface as a variant without GAG chains (137). Also this variant was secreted predominatly 
apically, indicating that a sorting event had already occurred prior to Golgi entry. This is in 
line with the observation that apical and basolateral glycoproteins in MDCK cells possess 
differential detergent extractability already in their high-mannose form (52), and raises the 
question whether glycans are signals directing a protein into the right pathway or merely a 
product of the pathway followed, due to a signal present in the immature protein or 
proteoglycan. The difference in sulfation intensity observed for apically and basolaterally 
secreted serglycin-GFP was essentially abolished upon neutralization of the secretory 
pathway with the macrolide Bafilomycin A1. The effects of neutralization were by far most 
prominent in the apical route (138).  The differences in sulfation intensity in the apical and 
basolateral secrtory route were observed also for endogenous proteins and could be 
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overcome by transfection leading to over-expression of the PAPS-transporter (139). This 
indicates that the difference observed in the sulfation intensity in the apical and basolateral 
secretory routes was due to a reduced concentration of nucleotide sulfate (PAPS) in the 
apical route, a difference that was subsequently counteracted by expression of more PAPS 
transporter. In a recent study, the GAG binding domain of serglycin, which has the ability to 
carry several GAG chains, was transferred to the non-glycosylated model protein rat growth 
hormone (rGH). The GAG domain still gave rise to CS chains in the new protein context, 
and redirected the randomly secreted protein rGH more towards the apical surface (Figure 
3) of MDCK cells (140). This is the first published example of transplantable sorting 
information in a GAG binding site with chondroitin sulfate chains. An interesting aspect of 
this study was that, although the secretion polarity of the serglycin GAG domain was 
maintained in the new protein environment provided by rGH, the sulfation intensity was no 
longer different in the apical and basolateral secretory pathways, indicating that different 
routes have been followed, or different enzymatic regimes have been recruited for GAG 
synthesis (140). 

 
Figure 3. Polarized secretion of rat growth hormone (rGH) variants. Secretion from transfected 
polarized MDCK cells of a fusion protein of rGH with GFP was compared to that of an rGH-GFP fusion 
protein with the glycosaminoglycan (GAG) domain of serglycin inserted between rGH and GFP (rGH-
GAG). Secretion of rGH and rGH-GAG to the apical and basolateral medium was quantified from 
Western blots and expressed as % distribution in the apical and basolateral medium. 
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6. Glycans are not the whole story 

Although there evidently are many examples of glycan-mediated sorting to the apical 
surface of epithelia, there are many examples of apical sorting not requiring glycans. In 
fact, quite a few proteins are transported apically in a glycan-independent manner (141), 
like CD3-epsilon which has no N-glycan modification (142-146).  It is evident that both 
proteins with (99) and without (142) N-linked sugars are transported to the apical surface, 
while some proteins carrying N-glycans are transported basolaterally (147). This could 
depend on variability in the structure of the N-glycans on different proteins, on the 
surrounding context in the protein (72), or the glycans could be recessive to other sorting 
signals in the molecule. The lectins localized to the early secretory pathway has affinity 
for high-mannose ligands, while the galectins generally has the better affinity for 
galactose containing glycans, found in both glycoproteins and glycolipids. While terminal 
processing of N-glycan structures seemed important for endolyn, gp114 and DPPIV (100, 
148), there was little missorting of glycoproteins in a mutant MDCK cell line deficient in 
UDP-galactose delivery to the Golgi apparatus (149). A detailed investigation of the 
structure of the N-glycans attached to a dually glycosylated variant of rGH revealed only 
minor differences in these glycan structures after apical and basolateral transport and 
secretion, indicating that, although the glycosylated variant was mainly secreted apically, 
there were no observable differences that could mediate sorting based on terminal glycan 
structure (150). 

Reduction in the sulfation level of GAG chains and attempts to generate shorter GAG 
chains have not resulted in alterations in the transport polarity of PGs. As long as the 
sorting machineries have not been outlined, the role of CS chains as apical sorting 
mediators and HS chains as basolateral sorting mediators remains incompletely 
understood. 

Two classes of lectins have been implicated as mediators of apical sorting of N-glycanated 
proteins in polarized epithelial cells, the high mannose binding lectin VIP36, and possibly 
some related lectins, and the galectin family. While the former are mostly localized to the 
early secretory pathway, the latter family members are found in the lumen of endosomes. 
Thus, any suggestion for a glycan based sorting mechanism in the trans-Golgi network, a 
major sorting site in the epithelial MDCK cell line, lacks a description at the molecular level. 
How and when glycans influence the sorting and transport of their host glycoproteins and 
proteoglycans is therefore open to future investigations.  
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1. Introduction 

In this chapter, we focus on the effects of glycosylation in the cell biology of an amyloid, 
specifically in melanocytic cells. The actual operational definition of amyloid is that amyloid 
fibers display the cross-β fiber diffraction pattern, which is the basis of fiber formation, that 
leads to aggregation of misfolded proteins [1]. Under this concept, classical disease-
associated amyloids such as amyloid β-peptide (Ab) with Alzheimer’s disease join other 
non-disease associated or functional amyloids such as PMEL/Pmel17/gp100/silver (herein 
referred to as PMEL), which is involved in the deposition of melanin [2-4]. Early reports 
suggested that two domains inside PMEL are contributors to fibril formation [5]. Today, 
unequivocal evidence recognizes that the so called repeat (RPT) domain is the only region 
capable to form amyloid fibrils in vivo and in vitro [6-8]. Unlike disease-associated amyloids, 
functional amyloids are the product of coordinated and regular cellular processes that 
ensure that amyloidogenesis does not result in cell damage or death [2;9]. Several reports 
have indicated the role of post-translational modifications, specifically glycosylation, in the 
protein aggregation that leads either to neurodegeneration [10;11] or physiological amyloid 
deposition [12]. In Alzheimer’s disease, a cytosolic phosphoprotein called Tau, is 
abnormally phosphorylated [13]. The reason for this was attributed to an overall decrease in 
O-GlcNAcylation, a novel type of O-glycosylation by which the monosaccharide β-N-
acetylglucosamine (GlcNAc) attaches to serine /threonine residues via an O-linked 
glycosidic bond. O-glycosylated tau protein aggregates which leads to the formation of 
neurofibrillary tangles leading to toxicity and neuron death [13;14]. The aberrant deposition 
of proteins as cellular inclusions or plaques in the form of amyloid fibrils is a characteristic 
hallmark of all amyloid diseases (or amyloidosis) and of the so-called conformational 
diseases. Additionally, the β-amyloid precursor protein (βAPP) has also been found to be 
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modified in its cytoplasmic domain by both phosphorylation and glycosylation [15]. Large 
glycosylated secreted (βAPP) derivates are present in human cerebrospinal fluid, in brain, 
and in conditioned cell culture medium. 

Despite the vast number of reports and clinical studies conducted to date, 
neurodegeneration and amyloid formation are still one of the least understood processes, 
which is mostly due to the complex nature of molecular interactions as well as the 
challenging properties of naturally aggregating systems. In particular, the low solubility of 
the proteins involved, their tendency to aggregate and their difficult synthesis/isolation in 
vivo. In this chapter, we detail the influence of glycosylation in the formation of functional 
amyloid, specifically for PMEL. The study of this type of amyloid raises the question on why 
these amyloids are non-toxic and whether there are lessons to be learned related with the 
cellular management of these amyloids that could be used to understand and possibly alter 
the detrimental effects of disease-associated amyloids.  

2. Melanosomes and the functional amyloid PMEL  
The ability to form pigment or melanin requires that the melanocyte handle the biochemical 
steps it takes in a safe and controlled environment. In many organisms, melanocytes build a 
specialized organelle called the melanosome. Melanosomes are membrane-bound organelles, 
specialized in the production and distribution of melanin pigment, that are conserved in 
structure from primitive organisms to mammals. However, the nature of this organelle has 
recently been studied in detail using novel techniques for isolation and global proteome 
analysis [16-18]. Those studies shed light on the complex nature of this organelle. As shown in 
Figure 1, melanosomes mature from undifferentiated vesicles (stage I) to elongated vesicles 
containing internal fibrils (stage II). In the presence of specific enzymes such as tyrosinase, 
melanin is synthesized and deposited on the internal fibrils (stage III) of melanosome until they 
become uniformly dense (stage IV) in pigmented cells. Previously, we detailed that this 
maturation process involves the acquisition of several specific proteins that we will call the 
maturation package that stabilizes the organelle for the subsequent maturation steps. As any 
structure, melanosomes build an internal matrix to store melanin in an orderly and efficient 
manner. The internal fibrils identified in stage II melanosomes have been unequivocally 
identified as amyloid aggregates [5;7]. Amyloid fibers derive from a class I transmembrane 
glycoprotein called PMEL that undergoes a series of post-translational modifications that 
involve processing by pro-protein convertases (PC) [5;19;19;20] and glycosylation [12;21] (Figure 
2). These steps are highly regulated and follow an exact succession of processing steps which 
prevents the formation of amyloids during assembly or intracellular trafficking of PMEL. 

Despite evidence that PMEL is a good substrate for PC in melanoma cells, Leonhard and 
coworkers confirmed that PC does not trigger immediate amyloid formation [19]. Our 
evidence suggests that glycosylation is responsible for such protection [12]. Glycosylation of 
proteins involves the addition of N- and/or O-linked oligosaccharide chains to acceptor 
asparagine residues or serine/threonine residues, respectively. N-linked core glycosylation 
begins in the ER, while O-linked glycosylation is a post-translational event which starts in 
the cis-Golgi [22]. PMEL has 5 potential N-glycosylation sites distributed at the N-terminal 
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(3), RPT (1) and C-terminal (1) domains [12;23]; while O-glycosylation sites have been 
predicted at the repeat sequences of proline, serine, and threonine in the RPT domain [24]. 

 
Figure 1. Melanosome maturation at molecular and morphological levels. The scheme details the 
process of melanosome maturation including variations at the molecular level (drawings) and 
morphological level (images). Note that every stage is characterized by a group of melanosome-specific 
and non-specific proteins. Electron microscopy images show the transformation of this organelle from 
an amorphous, non-pigmented and non-differentiated organelle (stage I) to a well-defined, 
differentiated and pigmented organelle (stage IV). Scheme adapted from [16]. 

 
Figure 2. Scheme of PMEL domains and modification sites. PMEL has only one conserved domain 
called polycystic Kidney disease (PKD) that is located near the center of the protein. During processing, 
the signal domain (SD) is removed early and then PMEL is cleaved (CS) by PC. The N-terminal (NTD) 
and C-terminal (CTD) domains undergo N-glycosylation, while the repeat domain (RPT) undergoes O-
glycosylation. Numbers above the structures indicate the predicted aminoacid position for the N-glycan 
sites; while numbers below the protein graph indicate the aminoacids where each domain 
approximately starts and ends. Scheme adapted from [12].  
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a. N-Glycosylation in PMEL 

The β-glycosylamine linkage of GlcNAc to Asn represents the most widely distributed 
carbohydrate-peptide bond and is the site of attachment for a large variety of complex and 
poly-mannose oligosaccharides in proteins with demonstrated biological importance (See 
[25;26]). A summary of this process is presented in Figure 3.  

 

 
 

Figure 3. N-glycosylation processing in mammalian cells. The scheme details the place and different 
enzymes involved in the post-translational modification of glycoproteins with N-linked 
oligosaccharides. It also includes the different enzymes or steps targeted by different glucosidase 
inhibitors such as castanospermine (CT), deoxynojirimycin (DNJ), deoxymannojirimycin (DMJ), and 
kifunesine (KIF). Note that a series of sialyltransferases (not shown) are in charge of the addition of 
sialic acid at the end of the glycan chains late in the process. Peptide sequence is represented as an 
orange line. Scheme has been modified and adapted from [27].  

In the ER, N-glycosylation starts with the attachment of a core unit of 14 monosaccharide 
residues (Glc3Man9GlcNAc2), which is then processed by the removal of the 3 glucose 
residues attached to the terminal mannose D1 on the α 1-3 arm of the oligosaccharide by α-
glucosidases I and II [27]. In the Golgi, N-glycan processing starts when Man6GlcNAc2 is 
trimmed to Man5GlcNAc2 by Golgi mannosidase I (Figure 3). The extent of N-glycan 
processing towards triantenary and tetraantenary structures is limited by glycosidase 
availability and their accessibility to the processing sites. Noticeably, the enzyme endo-α-D-
mannosidase provides an alternate route for de-glucosylation during a glucosidase blockade 
[27]. To determine the role of N-glycosylation in the processing and the trafficking of PMEL, 
we used several inhibitors that block the modification reactions either in the ER or Golgi 
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followed by metabolic labeling with [35S] Met/Cys in MNT-1 melanoma cells. We first 
targeted ER glucosidases with either Castanospermine (CT), a competitive inhibitor of α- 
and β-glucosidases, or N-butyl-deoxynojirimycin (NBDNJ), an inhibitor of both 
glucosidases with preference towards glucosidase II[28]. These inhibitors prevent the 
processing of complex glycoproteins and cause the production of immature N-linked 
glycoproteins with Glc3Man7-9GlcNAc2 structure. As detected by αPEP13h (an antibody 
targeting the C-terminal domain of PMEL), treatment with either CT or NBDNJ did not 
affect processing or stability of PMEL. Similar results have been obtained for tyrosinase, a 
key melanin producing enzyme, although it was inactive [28;29]. To confirm the effect of 
this intervention, cells were treated with Endo-H, which removes high mannose/hybrid N-
glycans. Endo H treatment revealed that all forms of PMEL contained immature N-glycans 
sensitive to Endo H (Figure 4A). These results indicate that PMEL, similar to tyrosinase 
[27;30], is not a substrate for Golgi endo-α-mannosidase which is capable of by passing ER 
glucosidases that remove end glucose residues and proceed with the glycosylation process 
in the Golgi. Confocal microscopy analysis revealed that PMEL (red) reaches intracellular 
targets but does not localize to the plasma membrane (Figure 4B). Thus, these results 
suggest that N-glycans may have a limited impact on PMEL processing but may play a role 
in its trafficking to the plasma membrane, possibly for secretion.  

To further verify our results, we blocked the synthesis of complex type N-glycans using a 
fairly potent and specific inhibitors of mannosidase I and α-mannosidase, called 
deoxymannojirimycin (DMJ) and Mannostatin A (ManA), respectively. These inhibitors have 
been extensively studied and have proven to be useful for studying the processing pathway 
and for comparing processing enzymes (For review see [28]). Pre-treatment of melanoma cells 
was followed by metabolic labeling with [35S] Met/Cys for at 3 hrs at 37°C . Consistently these 
inhibitors affected the formation of the mature form of PMEL without affecting cleavage of the 
C-terminal domain. As expected, digestion with Endo H revealed that the resulting “mature” 
PMEL contains non-complex glycans and as such that band was sensitive to this enzyme and 
suggest that this glycoprotein is getting additional modifications independent of N-
glycosylation. These results further suggest that the mature PMEL could be distinguished by 
SDS-PAGE despite it has non-complex modified N-glycans (Figure 5, A and B). We then 
assessed whether PMEL intracellular localization was altered after these conditions in the 
same melanoma cells. To explore this possibility, cells were cultured in the presence of CT and 
ManA for 3 hrs previous to fixation. Confocal microscopy analysis revealed that PMEL (red) 
had a limited distribution in the cytoplasm, mostly perinuclear, compared to HMB-45 (green) 
which is already processed and localized in stage II melanosomes (Figure 5C). Superimposed 
confocal images with DIC showed that treatment did not compromised cell morphology or 
adhesion. Noticeably, PMEL staining was absent nearby the plasma membrane further 
supporting that N-glycosylation plays a role in the distribution of PMEL at the plasma 
membrane. Toxicity and viability assays were performed using different combinations of 
inhibitors and incubation times to determine optical treatment conditions in culture for 
pigmented and non-pigmented melanoma cells (data not shown). 
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Figure 4. Inhibition of N-Glycan maturation does not alter PMEL processing. A. MNT-1 melanoma 
cells were treated for 3hrs with 5 μg/ml of CT, which is known to produce minimal toxicity as reported 
by Takahashi et al.[31], were [35S]-labeled for 30 minutes and chased for the indicated times. Collected 
samples were left undigested or digested with Endo H where noted for 3h at 37 C, after which samples 
were immunoprecipitated with the αPEP13h antibody, which recognize the C-terminal domain of 
PMEL. Immunoprecipitated bands were visualized by autoradiography. Faint bands are indicated with 
either an open arrow (<) or an asterix (*). B. MNT-1 cells were cultured in the presence of 5 mM of 
NBDNJ for 3 hrs prior to fixation with 4% p-formaldehyde. Cells were dual stained either with 
αPEP13h or αPEP25h (red), anti-PMEL antibodies, and vti1b, a Golgi marker (green). Images are 
representative of the staining pattern after three repeated experiments in melanoma cells. Note the 
granular distribution patterns of PMEL. Images are merged with DIC to visualize the unstained parts of 
the melanoma cells. Colocalization of the red and green signals is shown in yellow. Nuclear 
counterstaining was done with DAPI (blue). 
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NBDNJ for 3 hrs prior to fixation with 4% p-formaldehyde. Cells were dual stained either with 
αPEP13h or αPEP25h (red), anti-PMEL antibodies, and vti1b, a Golgi marker (green). Images are 
representative of the staining pattern after three repeated experiments in melanoma cells. Note the 
granular distribution patterns of PMEL. Images are merged with DIC to visualize the unstained parts of 
the melanoma cells. Colocalization of the red and green signals is shown in yellow. Nuclear 
counterstaining was done with DAPI (blue). 
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Figure 5. Complete inhibition of N-Glycan maturation alters the intracellular localization of PMEL. 
A and B. MNT-1 melanoma cells were treated for 3hrs with 5 μg/ml of DMJ or overnight with 50 μg/ml 
of mannostatin A (ManA). Samples were [35S]-labeled for 30 minutes and were chased for the indicated 
times. Collected samples were left undigested or were digested  with Endo H where noted for 3h at 37 
°C, after which samples were immunoprecipitated with the αPEP13h antibody. Immunoprecipitated 
bands were visualized by autoradiography. C. MNT-1 cells were cultured in the presence of both CT 
and ManA for 3 hrs previous to fixation with 4% p-formaldehyde. Cells were dual stained either with 
αPEP13h or αPEP25h (red) and HMB-45 (green). Images are representative of the staining pattern after 
three repeated experiments in melanoma cells. Note limited granular distribution patterns of PMEL 
antibodies, while HMB-45 reactivity seems to be conserved. Images are merged with DIC to visualize 
the unstained parts of the melanoma cells. Colocalization of the red and green signals is shown in 
yellow. Nuclear counterstaining was done with DAPI (blue). 
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To establish a specific role for individual N-glycan sites in PMEL, Hoashi et al., performed 
mutational analysis using several PMEL mutants at the predicted N-glycosylation sites [23]. In 
that study, it was determined that 2 out of 4 N-glycosylation sites were not fully glycosylated 
in Hela cells, which were derived from an adenocarcinoma of the cervix. Consistent with our 
data, the authors concluded that this does not affect PMEL processing but pointed that the 
mutation of the site at S570A altered secretion of PMEL. It is worthwhile to note that a 
glycoform of PMEL is known to be secreted to the extracellular space and in the medium of 
cells in culture [23;32]. However, there is no evidence of amyloid accumulation either in skin 
samples or in skin keratinocytes when co-cultured with normal human melanocytes (JVC, 
unpublished data). One possible reason for this is that PMEL amyloid formation is sensitive to 
pH [7]. Thus, the neutral pH in the extracellular compartment most likely undermines PMEL 
amyloid fiber ability or if any amyloid is formed it is dissolved; while the intra organelle acidic 
pH (5.0) will favor amyloid formation. Interestingly, the secretion of amyloid generating 
proteins has been reported previously for other functional (hormones) and disease-associated 
amyloids [9]. In the case of secreted PMEL, the effects of this activity are still unknown both in 
the context of human skin physiology and melanoma disease progression. Taken all together, 
we conclude that the N-glycosylation of PMEL might influence trafficking to and from the 
plasma membrane while playing a limited role in the protein shedding process and direct 
trafficking to melanosomes in melanocytic cells.  

b. O-glycosylation in PMEL maturation  

Prediction of O-glycosylation sites is not standardized but is known in several proteins as 
linkages in which the sugar is attached to an aminoacid containing a hydroxyl group. 
However, every aminoacid with a hydroxyl functional group (i.e. Serine (Ser), Threonine 
(Thr), Tyrosine (tyr), Hydroxyproline, and Hydroxylysine) has been implicated in that 
process (See details in [25;26]). As summarized in Figure 6, O-glycan structures are 
generated following the action of polypeptide N-acetylgalactosaminyltransferase (GalNAcT) 
enzyme and include 4 common subtypes based on differential monosaccharide linkage 
reactions to the unsubstituted GalNAc (GalNAcα-Ser/Thr). All O-glycans may be modified 
by one of several enzymes to generate different core structures known as core 1, core 2, core 
3, etc. The core 1 O-glycan is generated by the core 1 β3 galactosyltransferase (Gal-T), which 
adds galactose to generate Galβ1-3GalNAcα1-Ser/Thr. This is a key precursor for all core 1 
and 2 mucin-type O-glycans in vertebrates and invertebrates. The biosynthesis of O-glycans 
can be modified and terminated with the addition of sialic acid residues relatively early in 
biosynthesis. For example, certain sialyltransferase enzymes are capable of acting on 
GalNAcα-Ser/Thr, or early O-glycan core subtypes after Core-1-GalT action. These sialic 
acid additions give rise to a series of O-glycan structures that generally restrict further 
biosynthetic steps and have been commonly referred to as tumor-associated (T) antigens. 

In PMEL, the RPT domain has 10 imperfect repeats rich in proline, serine, threonine and 
glutamic acid aminoacids [5;33]. Recognition of this domain in amyloid fibers inside stage  
II melanosomes by the HMB-45 antibody, which recognizes an unknown sialic acid  
structure, suggests that glycan structures in the RPT domain are modified with sialic acid.  
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Figure 6. O-glycosylation process in mammalian cells. The scheme details the different enzymes 
involved in the post-translational modification of glycoproteins with O-linked oligosaccharides. It 
includes the step targeted by the inhibitor benzyl-N-acetyl-α-D-galactosaminide (BG). Note that the 
conformation of O-glycan chains varies in cancer cells compared to normal cells due an early addition 
of sialic acid. Adapted from [37]. 

Previously, we have confirmed that PMEL is modified with sialylated core-1 type O-
glycans in MNT-1 melanoma cells [12]. To assess the role of O-glycosylation in  
PMEL function, we used the sugar analog benzyl-N-acetyl-α-D-galactosaminide (BG), 
known to inhibit O-glycosidation [34-37]. MNT-1 melanoma cells were cultured overnight 
in the presence of 1 to 4nM BG. Immunoblotting analysis revealed that maturation of 
PMEL (upper band) was completely inhibited in a dose dependent manner reaching a 
maximum inhibition at 4 nM (Figure 7A). As expected, HMB-45 staining decreased 
substantially at the doses of 2 nM and 4 nM of BG (Figure XB). Because HMB-45 reactivity 
depends on sialic acid, we then infer that O-glycan structures in PMEL were  
modified with sialic acid. To further confirm this and assess the impact on PMEL stability, 
MNT-1 cells were metabolically labeled with [35S] met/cys and chased at the indicated 
times. As shown in Figure 7B, the mature form of PMEL (white arrow) was inhibited as 
early as 45 min and the stability of PMEL at 90 min. The observed shift in electrophoretic 
mobility following synthesis reflects mainly the loss of negatively charged sialic acid 
residues to O-linked sugars, with the maturation of N-linked chains to hybrid or complex 
forms contributing only slightly to the change in molecular weight. Noticeably, the 
observation of the cleaved 26 kDa band at all time points further suggest that PMEL 
processing by PC is also independent of O-glycan modification. At this point, there is 
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enough evidence to conclude that protein cleavage is independent of post-translational 
glycosylation.  

 

 
 

Figure 7. O-glycosylation is important for proper PMEL maturation. A. MNT-1 melanoma cells were 
cultured in the absence or in the presence of 4 nM BG overnight. Cells were then harvested and cell lysates 
were analyzed using SDS-PAGE. Detection of PMEL was done with αPEP13h or HMB-45 as indicated. 
Actin was used as a loading control. B. After treatment with BG overnight, samples were [35S]-labeled for 
30 min and then chased for the indicated times. Collected samples were immunoprecipitated with the 
αPEP13h antibody. Immunoprecipitated bands were visualized by autoradiography. Arrows next to 
PMEL bands represent: mature PMEL (white), cleaved (grey), intermediate (black).  

c. Sialylation in PMEL 

The negatively charged residues of sialic acid exert a particular influence on the  
3 dimensional structure of the protein backbone. Sialic acid can be added to complex N- and 
O- linked glycans preferentially in α2,3 and α2,6 linkages to a penultimate galactose residue 
[38;39]. The transfer of these residues is catalyzed by several enzymes known  
as sialyltransferases (ST). To examine the impact of sialic acid addition to N- and O-glycan 
chains in PMEL, we transfected full length PMEL into wild-type and mutant Chinese 
hamster ovary (CHO) cells that exhibit a specific glycosylation defect. These  
cells provide an excellent tool to study the role of individual sugar residues in protein 
processing. Thus, the outcome of the glycoproteins could be predicted and it is summarized 
in Figure 8. 

To test whether sialic acid addition affects the PMEL amyloid formation ability, we 
transfected full length PMEL into wild type- and mutant- (Lec1, Lec2 and Lec8) CHO cells. 
The Lec1 mutant is a leuco-phytohemagglutinin resistant cell line unable to synthesize 
complex and hybrid N-glycans due to the lack of N-acetylglucosaminyltransferase I 
(GnTI) activity [40]. The Lec2 mutant has a deletion mutation in the CMP-sialic acid 
transporter resulting in N- and O-glycans with a greater than 90% decrease in sialic acid 
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content [41]. The Lec8 mutant has a deletion mutation in the UDP-galactose transporter 
resulting in a truncated protein with a greatly reduced ability to translocate UDP-
galactose (UDP-Gal) inside the Golgi [42]. Thus, Lec8 cells generate non-galactosylated 
and non-sialylated N- and O-glycans. Immunoblotting analysis showed PMEL was 
successfully expressed in these cell lines. Noticeably, PMEL was correctly processed in all 
mutant cells showing a band pattern that was no different than those in melanoma cells, 
except for minor differences in the molecular weight of the mature PMEL (white arrow) 
which reflects the different glycosylation background of the host cells (Figure 9). We 
noted that the mature PMEL (white arrow) band intensity is stronger in wild-type CHO 
cells than that observed in melanoma cells and in melanocytes. On the contrary, this same 
band in the absence of sialic acid modification is undefined despite correct modification 
with core 1-O-glycans in Lec2 cells.  

 
 
 
 
 

 
 
 

 
 
Figure 8. Scheme detailing the specific mutation and the affected step in glycosylation processing. 
Summary of the outcomes for N- and O-glycans expected from the different CHO cell mutants (Lec1, 
Lec2 and Lec8) Adapted and modified from [41]. 
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Figure 9. PMEL expression in CHO cells results in different glycoforms. A V5-His 6 tag full length 
PMEL was transiently transfected into the indicated cells lines. At 48 hr post-transfection, cells were 
harvested and lysates were analyzed by immunoblotting. PMEL was detected using the αPEP13h 
antibody. Lysates from normal human melanocytes from black donors (NHMB) and from MNT-1 
melanoma cells were used as controls for the PMEL band pattern. Arrows next to PMEL bands 
represent: mature PMEL (white), cleaved (grey), intermediate (black).  

These results suggest that the band shifts in the mature PMEL band mainly reflect either the 
addition or loss of sialic acid residues. Previous reports have focused on the band size and 
location to infer about the maturation state of PMEL [20;23]. However, our results clearly 
indicate that PMEL shares a similar band pattern in all transfected cell lines despite the 
different N- and O-glycan composition. In other words these band patterns represent 
glycoforms of PMEL. Glycoform is a term that indicates differences in the composition of 
the glycan chains derived from an identical backbone protein [25;26;43]. This phenomenon 
is also known as microheterogeneity. From the practical point of view, microheterogeneity 
explains the anomalous behavior of glycoproteins in various forms of chromatography 
(such as the diffuse bands observed on SDS-PAGE gels) and makes the complete structural 
analysis of most ‘glycoproteins a difficult task. From a functional point of view, the meaning 
of this heterogeneity remains unclear. It is possible that this is a type of "diversity generator" 
intended either to diversify endogenous recognition functions and/or to evade detection 
after malignant transformation. Interestingly, we reported that the amyloid formation 
abilities of PMEL were altered in vivo at different levels depending on the glycosylation 
defect [12]. Thus, lack of sialic acid resulted in the accumulation of thick amyloid fibers (Lec 
2 cells), while the lack of the end terminal galactose modified with sialic acid at core-1-O-
glycans resulted in complete loss of amyloid fibrils at target organelles (Lec 8 cells). Thus, 
these results indicate that mature PMEL is mainly formed by O-glycan derived-structures 
and the loss of this modification decreased PMEL stability in melanoma cells. 

There have been several reports indicating that changes in sialylation patterns correlate with 
changes in cell motility and invasiveness [44-47]. In melanoma, it has been shown that 
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adhesion molecules such as N-cadherin and integrins undergo altered glycosylation and 
sialic acid modification [48-51]. Thus, we hypothesize that melanoma cells may exhibit 
altered sialyltransferase (ST) activities compared to either melanocytes or other cell lines 
that affects the glycosylation pattern of most proteins, including PMEL. Analysis of 
sialyltransferase activity in MNT-1 melanoma cells compared to normal human melanocytes 
(NHM) using different glycoproteins as acceptor substrates confirmed differences between 
these cell lines. As shown in Figure 10, both cell lines exhibited sialyltransferase activity 
towards asialofetuin, which bear unsialylated N-glycans and unsialylated core 1 O-glycans, 
although MNT-1 cells were less active than NHM. In contrast, very high levels of 
sialyltransferase activities were detected using fully sialylated fetuin as acceptor (Figure 
10A), showing that these cells can substitute sialic acid on already sialylated carbohydrates 
an ability known as oligo- or poly-sialylation [52]. Thus, NHM is 5 times more active than 
MNT-1 and 25 times more active than the breast cancer cell line T47-D, used as a control, in 
the addition of sialic acid to glycan chains. Using real-time PCR, we confirmed that the 
mRNA levels for α2,3-sialyltransferase (ST3 GalNacI) and α2,6-sialyltransferase (ST6 
GalNac II) were higher in melanocytes, which correlated with the increased ST activity 
detected in these cells. Furthermore, we reported that melanocytes preferentially add sialic 
acid to O-glycans while melanoma cells do it without specific preference, although in a less 
active fashion [12]. Thus, our results prove that there are cell-specific differences related to 
addition of sialic acid to the ends of both N- and O-glycans. 
 

 
Figure 10. Melanocytes exhibit increased ability to transfer sialic acid to glycans. A. Sialyltransferase 
activity against the acceptor substrates asialofetuin or fetuin measured in lysates of normal human 
melanocytes from black donors (NHMB) or MNT-1 melanoma cells; values are expressed as total 
counts/min of 14C against μg of protein. B. Real-time PCR mRNA expression of ST3 GalNac I and ST6 
GalNac II enzymes in NHMB and the human cancer cell lines, MNT1 (melanoma) and T47D (breast). 
Values are expressed in transcript units related to actin. PCR primer sequences have been reported in 
Valencia et al., [12].  
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Lectins are sugar-binding proteins (not to be confused with glycoproteins, which are 
proteins containing sugar chains or residues) that are highly specific for their sugar moieties. 
They play a role in biological recognition phenomena involving cells and proteins. Lectins 
have a multimeric structure, which is responsible for the ability to agglutinate cells or form 
precipitates glycoconjugated in a manner similar to antigen-antibody interactions. During the 
past few years, lectins that discriminate between various types of sialylated sequences have 
been reported [53]. The lectin from elderberry (Sambucus nigra) bark (SNA I) has been shown 
to bind with high affinity to glycoconjugates containing the terminal sequence sialic acid α2,6-
galactose/N-acetylgalactosamine. Similarly, the leukoagglutinin from Maackia amurensis 
(MAL) binds with high affinity to sialic acid α2,3 galactose β1,4 N-acetylglucosamine but not 
to 2,6-linked isomers and, therefore, is a most interesting complementary probe to the SNA 
[53]. To more specifically determine the most frequent sialic addition related with PMEL, we 
performed a detail cytochemical analysis of the distribution of α2,6- and α2,3- linked sialic acid 
residues using MAL and SNA I in MNT-1 melanoma cells (Figure 12). Confocal microscopy 
dual immunofluorescence revealed that PMEL (red), as detected by αPEP13h or HMB-45 
antibodies, colocalized more frequently with MAL (green) in the cytoplasm of melanoma cells 
(Figure 12,A-C). Specifically, the staining pattern of HMB-45 antibody colocalized almost 
exclusively with MAL (Figure 12, D-F) suggesting that the α2,3 addition is more likely 
recognized by this antibody. These result also suggest that α2,3 is the most frequent 
modification in the glycan chains of PMEL. On the other hand, SNA staining was limited to 
the plasma membrane where it colocalized with PMEL (Figure 12, G-I) suggesting that plasma 
membrane forms of PMEL, including the secreted PMEL glycoform, are more likely to be 
modified with α2,6 instead of α2,3 terminal sialic acids ends.  

In melanoma cells, immunopurified forms of PMEL show that N-glycosylation sites located 
at the N- and C-terminal domains were modified with sialic acid [12]. Detection of 
unsialylated N-glycan chains is an indication of the predominantly hybrid nature of the 
structures in PMEL. This type of variability opens the possibility that at least two 
glycoforms of PMEL are produced in one cell type or in cell lines from the same lineage. To 
effectively prove that PMEL glycan chains are differentially managed in a cell-specific 
manner, lysates from different melanoma cell lines and NHM were digested with a 
combination of the following enzymes: α2,3,6,8,9 neuroaminidase, β1,4 galactosidase, β-N-
acetylglucosaminidase known to remove complex and hybrid structures (Figure 13). As 
detected by the anti-PMEL antibody αPEP13h, enzyme digestion rendered new bands that 
migrated different between cell lines, specially between melanoma cells and melanocytes. 
Thus, all cells exhibited bands of around 85 kDa and 20 kDa after the combined enzyme 
digestion (red arrows). These new bands are composed by non-complex unsialylated N- and 
O-glycans. Interestingly, the band patterns of pigmented cells (NHM, MNT-1 and UACC-
257) were somewhat different than those in non-pigmented cells (SK-Mel-28 and M14). The 
only consistency was the minor molecular shift of the cleaved band at 26 kDa suggesting 
that post-translational modification of this domain in PMEL was similarly modified 
independent of the cell type. These results confirm that the majority of N-glycans on this 
band are hybrid not complex type.  
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independent of the cell type. These results confirm that the majority of N-glycans on this 
band are hybrid not complex type.  
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Figure 11. Immunohistochemical distribution of α2,3 and α2,6 sialic acid additions in MNT-1 
melanoma cells. MNT-1 cells were grown in Lab TeK II chamber slides with cover at a density of 1 X104 
cells per chamber. After 48hrs, cells were fixed with 4% p-formaldehyde and dual stained either with 
αPEP13h or HMB-45 (red) and the lectins MAL or SNA (green). Images are representative of the 
staining pattern after three repeated experiments in melanoma cells. Note the granular distribution 
patterns of PMEL antibodies and MAL that differ from the predominantly plasma membrane 
distribution of the lectin SNA. Colocalization of the red and green signals is shown in yellow. Nuclear 
counterstaining was done with DAPI (blue).  
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Figure 12. PMEL is differently glycosylated in human melanoma cells compared to melanocytes. 
Lysates from indicated cell lines were digested in the presence or absence of the enzymes noted and 
were analyzed by SDS-PAGE. Samples were separated on a 4-20% Tris glycine gels for 2 hr. Arrows 
next to PMEL bands represent: mature PMEL (white), cleaved (grey), intermediate (black), digested 
bands (red). 

d. Glycosylation enzymes in melanosomes 

Previously, we made possible global melanosome proteome characterization by using 
LC/MS to analyze both non-pigmented (pre-melanosomes) and pigmented melanosomes in 
solution digest after removal of melanin by immobilized metal affinity chromatograpy 
(IMAC) [16;17]. Briefly, we took advantage of the heavy metal ion sequestering property of 
melanin by loading the resulting peptides onto an IMAC column activated with an excessive 
volume of FeCl3, assembled back-to-back with a reverse-phase (RP) precolumn. The 
melanin was retained on the IMAC column due to the high affinity of Fe (III) for the o-diOH 
groups of melanin, while the peptides passed through and were subsequently caught on the 
C18 RP-precolumn. This assembly allowed the efficient and concurrent removal of melanin 
and the loading of the sample onto the column in a single step prior to the LC/MS analysis. 
Thus, proteomic analysis of melanosomes required an effective approach for purifying and 
solubilizing them, and removing the melanin.   

Arrival of PMEL to melanosomes initiates a well coordinated sequence of events to 
incorporate and shred the protein into smaller pieces to expose the RPT domain and start 
the formation of amyloid fibers. Several reports agree that this process is initiated by a series 
of PC [19;54]. After that process, we hypothesized that the sialylated O-glycans covering the 
RPT domain of PMEL must be removed before amyloid formation. This is what we propose 
as the protective role these glycans exert in the amyloid processing. To perform such task, 
melanosomes will have to be equipped with enzymes specialized in the removal of 
carbohydrate modifications, such as sialyltransferases or hexosaminidases. To evaluate 
whether or not this is possible, we analyzed our proteome database for the presence of 
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enzymes involved in the modification of glycan chains. As shown in Table 1, there were 
several enzymes involved in either the transfer of sialic acid (like α2,6 ST), removal of fucose 
(another terminal modification of N- and O-glycan products), or removal of carbohydrates 
such as glucose (α-glucosidase II, glucosidase I), mannose (mannosidase) and galactose 
(GalNAc-T2). Many of these enzymes have been identified to localize throughout the Golgi 
cisternae like GalNac-T2 or T3. Note that most of these enzymes were identified in early 
maturation stages of melanosomes (stage I and II), not the fully mature late stage, of the 
pigmented MNT-1 and non-pigmented SK-Mel-28 cells. Interestingly, there is evidence that 
the localization of these enzymes is highly variable not only with respect to their normal 
localization inside the Golgi stack [55;56], but also in ectopic Golgi sites including the 
plasma membrane (see review [57]).  
 

Protein 
AC 

Protein
ID 

Group Protein Name 

Q9H553 ALG2 
MNT1_stage2 
MNT1_stage2 

Alpha-1, 3-mannosyltransferase ALG2 (EC 2.4.1.-) 
(GDP- Man:Man(1)GlcNAc(2)-PP-dolichol 
mannosyltransferase 

Q9BTY2 FUCO2 MNT1_stage1 
alpha-L-fucosidase precursor (EC 3.2.1.51) (Alpha-L-
fucosidase 2) (Alpha-L-fucoside fucohydrolase 2) 

Q96L58 B3GT6 Skmel28_stage1 

Beta-1, 3-galactosyltransferase 6 (EC 2.4.1.134) (beta 
3GalT6) (Galactosylxylosylprotein 3-beta-
galactosyltransferase) (Galactosyltransferase II) 
(GAG GalTII) 

Q92685 ALG3 
Skmel28_stage1; 
Skmel28_stage2; 
uniqueSkmel28 

Dolichyl-P-Man:Man(5)GlcNAc(2)-PP-dolichyl 
mannosyltransferase (EC 2.4.1.-) (Dol-P-Man-
dependent alpha(1-3)-mannosyltransferase) 

Q16739 CEGT 

MNT1_stage 1 
and 2; 
Skmel28_stage1; 
Skmel28_stage2; 
common_earlysta
ge 

Ceramide glucosyltransferase (EC 2.4.1.80) 
(Glucosylceramide synthase) (GCS) (UDP-
glucose:N-acylsphingosine D-glucosyltransferase) 
(UDP- glucose ceramide glucosyltransferase) 
(GLCT-1) 

Q14697  GANAB

MNT1_stage1,2, 
and 4; Skmel28_ 
stage1; 
Skmel28_stage2; 
common_early_ 
stage 

Neutral alpha-glucosidase AB precursor (EC 
3.2.1.84) (Glucosidase II subunit alpha) 

Q14435 GALT3 Skmel28_stage1 

Polypeptide N-acetylgalactosaminyltransferase 3 
(EC 2.4.1.41) (Protein-UDP 
acetylgalactosaminyltransferase 3) (UDP- 
GalNAc:polypeptide N-
acetylgalactosaminyltransferase 3) (Polypeptide 
GalNAc transferase 3) (GalNAc-T3) (pp-GaNTase 3) 



 
Glycosylation 344 

Protein 
AC 

Protein
ID 

Group Protein Name 

Q13724  GCS1 
MNT1_stage1; 
Skmel28_stage2 

Mannosyl-oligosaccharide glucosidase (EC 
3.2.1.106) (Processing A- glucosidase I) 

Q10471  GALT2 Skmel28_stage1 

Polypeptide N-acetylgalactosaminyltransferase 2 
(EC 2.4.1.41) (Protein-UDP 
acetylgalactosaminyltransferase 2) (UDP- 
GalNAc:polypeptide N-
acetylgalactosaminyltransferase 2) (Polypeptide 
GalNAc transferase 2) (GalNAc-T2) (pp-GaNTase 2) 

P34059  GA6S 
NG; 
Skmel28_stage1 

N-acetylgalactosamine-6-sulfatase precursor (EC 
3.1.6.4) (N- acetylgalactosamine-6-sulfate sulfatase) 
(Galactose-6-sulfate sulfatase) (GalNAc6S sulfatase) 
(Chondroitinsulfatase) (Chondroitinase) 

P15907  SIAT1 Skmel28_stage1 

CMP-N-acetylneuraminate-beta-galactosamide-
alpha-2,6-sialyltransferase (EC 2.4.99.1) (Beta-
galactoside alpha-2,6-sialyltransferase) (Alpha 2,6-
ST) (Sialyltransferase 1) (ST6Gal I) 

P15586  GL6S 
MNT1_stage 1,2,4; 
commonMNT1; 
unique MNT1 

N-acetylglucosamine-6-sulfatase precursor (EC 
3.1.6.14) (G6S) (Glucosamine-6-sulfatase) 

P07686  HEXB 

MNT1_stage4; 
NG; 
Skmel28_stage1; 
Skmel28_stage2;  

Beta-hexosaminidase beta chain precursor (EC 
3.2.1.52) (N-acetyl-beta- glucosaminidase) (Beta-N-
acetylhexosaminidase) (Hexosaminidase B) 
(Cervical cancer proto-oncogene 7) (HCC-7) 

P06865  HEXA 
MNT1_stage1; 
Skmel28_stage1;  

Beta-hexosaminidase alpha chain precursor (EC 
3.2.1.52) (N-acetyl- beta-glucosaminidase) 
(Hexosaminidase A) 

O94766  B3GA3 Skmel28_stage1 

Galactosylgalactosylxylosylprotein 3-beta-
glucuronosyltransferase 3 (EC 2.4.1.135) (Beta-1,3-
glucuronyltransferase 3) (Glucuronosyltransferase-I) 
(GlcAT-I) (UDP-GlcUA:Gal beta-1,3-Gal-R 
glucuronyltransferase) (GlcUAT-I) 

O60701 UGDH 
Skmel28_stage1 
Skmel28_stage1 

UDP-glucose 6-dehydrogenase (EC 1.1.1.22) (UDP-
Glc dehydrogenase) (UDP-GlcDH) (UDPGDH) 

O00754  MA2B1 
MNT1_stage1; 
MNT1_stage4; 
Skmel28_stage1;  

Lysosomal alpha-mannosidase precursor (EC 
3.2.1.24) (Mannosidase, alpha B) (Lysosomal acid 
alpha-mannosidase) (Laman) (Mannosidase alpha 
class 2B member 1 

Source: Full database access could be found at http://pir.georgetown.edu/iproxpress/melanosome/suppl_data/.  
For details of the database features please refer to [16;17]  

Table 1. List of glycosylation enzymes identified in the proteome of melanosomes 
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Despite these initial data, we should consider that the identification of these enzymes in 
melanosomes might be due to contamination of the purified melanosome sample. A crucial 
issue in proteomic analysis of subcellular proteomes is the ability to distinguish between 
true components and contaminants coming from other cell compartments, especially when 
working with low abundance proteins. Interestingly, except for known melanosome 
proteins that give the organelle its unique structure and functions, a majority of proteins 
detected in the melanosome proteome are not organelle-specific. Some, such as ribosomal 
protein complexes, are obvious minor contaminants that were co-purified during sucrose 
gradient fractionation. Even though extra precaution was taken, sensitive mass 
spectrometers can always detect trace amounts of peptides that originate either from 
resident low abundance proteins or from low-level contaminants. By searching our data 
against known human mitochondrial proteins annotated in UniProtKB, we estimate that the 
melanosome fractions at various stages are of high purity (94 % at early stage, and 98-99% at 
late stage). On the other hand, many proteins identified in our study demonstrate that 
melanosomes are highly dynamic. They may be viewed as a microcosm of organelles, 
representing a dynamic balance of proteins as well as small molecules being transported in 
and out. Many of the “nonspecific” proteins might be associated with melanosomes only for 
a short period of time, or they may be proteins that reside in other subcellular 
compartments. In that sense, we considered the possibility that true permanent “resident” 
molecules for organelles may not exist. Because of the uniqueness of melanosomes our 
study has become the gold-standard for future analysis. Taken all together, it is feasible that 
certain enzymes relocate to early melanosomes and become involved in the removal of 
glycan chains from PMEL to start the amyloid formation process. Further studies will be 
necessary to convincingly answer this question.    

3. Conclusions and future directions  

We suggest that the dynamics of amyloid formation could be managed or restored by jointly 
manipulating protein synthesis, N- and O-glycosylation, and Golgi remodeling. In the case 
of PMEL, we believe that the main role of glycosidation is to avoid the early start of the 
amyloid formation process in non-suitable intra or extra cellular locations. Thus, the sialic 
acid modified core-1-Oglycans in the RTP domain protect this domain from early protein 
shredding. The influence of glycosylation can be attributed to both the steric demand of the 
sugar moiety and hydrogen bonding, respectively. First, the incorporation of a single or a 
series of sugars will increase the serine side-chain volume dramatically, which results in a 
tight packing interaction which disrupts protein self-assembly into fibrils and prevents the 
exposure of this domain. The reported finding that the N-glycan site at aminoacid 321, 
located in the RPT domain of PMEL, is minimally modified indirectly supports this notion 
[12;33]. However, carbohydrate hydroxyl groups can still be involved in hydrogen bonding 
and sugar competition for intermolecular hydrogen bonds and could have an effect on the 
overall integrity of the structure. To avoid this situation, sialic acids are added at the non-
reducing ends of glycans, conferring strong negative charges on the protein. We predicted 
that sialic acid when added to N-glycans makes then hydrophilic and leads to exposure of 
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hydrophobic protein domains, as occurs during cleavage of PMEL, favoring the formation 
of polymers through hydrophobic interactions. In contrast, sialic acid added to O-glycans 
make them hydrophobic and protects them from early cleavage and degradation, a function 
that has been reported previously in other cells [12;33;58;58]. Thus, the extent and type of O-
glycans modified with sialic acid in the RPT domain of PMEL play key roles to determine 
the proper PMEL glycoform destined to form fibrils [59], or to be targeted to the plasma 
membrane [60; 61] 

In light of the presented evidence, it is critical to understand that cancer cells present altered 
glycosylation patterns compared to their normal counterparts and that it will impact all 
glycoproteins. This is the case in murine melanoma cells, the interaction of cell surface 
lectins (such as calreticulin [62]) that bind proteins modified with mannose type glycans are 
necessary to initiate the increases of murine melanoma [63]. Similarly, the expression of 
high-mannose type glycans increases the development of hepatic metastasis in B16 
melanoma cells [64] or that high-mannose type glycans are also involved in the functionality 
and cell surface expression of the “mature” human transferrin receptor [65;66]. Furthermore, 
differences in the patterns of expression of sialyltransferases, such as ST3 Gal I, between 
normal and malignant cells had already been associated with a cancer-specific regulation of 
glyco-epitopes [67]. Therefore, it is not unusual that “mature” proteins contain unmodified 
mannose-rich/ hybrid type N-glycans and that such conformation plays an active role in 
cellular processes. On the contrary, these findings reveal a new factor to consider in the 
processing of cancer-specific proteins, especially in Melanomas. Future research should be 
aimed to understand in depth and consider these alternatives. 
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1. Introduction 

N-linked glycosylation is of paramount importance for the biopharmaceutical sector given 
that approximately 40% of all approved therapeutic proteins and eight of the top ten selling 
biologics of 2010 contain N-linked oligosaccharides [1, 2]. With specific cell productivities in 
biotechnological processes estimated to reach their theoretical maximum in the near future, 
and despite anticipated further increases in culture density, the scope for improvement of 
biotherapeutics is limited in terms of production volume [3]. As a result there is an increased 
focus on biotherapeutic efficacy in the development and production stages. Modification of 
the glycoform is a target for drug design as it can enhance efficacy, mode of action and half-
life significantly [4]. Simultaneously, N-linked glycosylation plays a key role in the safety of 
biotherapeutics. Certain N-linked oligosaccharides bound to therapeutic proteins have been 
found to trigger undesired effects in patients [5-7] thus deeming them a safety concern 
during process development [8].These elements make N-linked glycosylation a key target 
for quality control both from the therapeutic efficacy and safety standpoints. A well-defined 
product may have consistent protein backbones but still a glycoform distribution of more 
than a hundred detectable isoforms [9]. Narrowing and targeting the glycan profile is 
expected to improve efficacy and safety significantly. An example of the variety of reported 
glycoforms found on the crystallisable fragment (Fc) of monoclonal antibodies (mAbs) is 
presented in panel D of Figure 1. It is worth noting that single monosaccharides (e.g. core 
Fucose) on the complex glycans present on the crystallisable fragment (Fc) of monoclonal 
antibodies (mAbs) may alter the therapeutic efficacy of these products.  

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Classification of N-linked oligosaccharides. Panels A, B and C present a high-mannose, a 
hybrid and a complex tetra-antennary oligosaccharide, respectively. Highlighted by a box is the 
Man3GlcNAc2 core structure present in all N-linked glycans [10]. Panel D shows the most common 
glycans observed on the Fc of mAbs [11-13]. 

1.1. Effect of glycomic profile on therapeutic efficacy  

1.1.1. Interferon-β  

In 2001, when the human genome was fully sequenced, it was found that it contains fewer 
genes than expected. However, this might be compensated by the diversity found at the 
level of protein architecture, structure, transcription patterns, and posttranslational 
modifications of which glycosylation is the most complex [14]. Glycan moieties have a very 
diverse number of roles in biological systems, making them relevant for biotherapeutics. 
Starting with the co-translational attachment of glycan structures, it was suggested by 
Petrescu et al. that glycan structures act as nucleation sites for remote aromatic parts in an 
amino acid sequence in order to begin the folding process [15]. Although glycans play an 
important role in local as well as global folding of proteins it has to be pointed out that they 
are often not essential to maintain structure [16-18], as is the case for Interferon-β (IFN-β), 
for example. This naturally occurring glycoprotein is produced in the human body in 
response to viral infections or other biological threats [19]. Human IFN-β contains a 
conserved Asn-80 glycan attachment site and as a biotherapeutic, is marketed for the 
treatment of multiple sclerosis. 
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There are currently four IFN-β products marketed under the names of AVONEX®, Rebif®, 
Betaseron® and Extavia®. Crucially, the licensed drugs AVONEX and Rebif® are produced 
in Chinese hamster ovary (CHO)  cells and are therefore fully glycosylated products while 
Betaseron® and Extavia® are produced in Escherichia coli resulting in an aglycosylated 
pharmaceutical [20]. AVONEX® and Betaseron® were compared side by side and it was 
found that the glycosylated form had a 10-fold increased anti-viral assay activity as 
compared to the E. coli product [21]. After deglycosylation the AVONEX® product 
precipitated due to formation of disulfide bonds between single molecules [22]. Further 
investigation showed that even when enzymatically deglycosylated, AVONEX® still 
showed increased heat stability (7°C higher Tm) and anti-viral assay activity (3-fold larger) 
when compared to Betaseron®, which leads to the conclusion that the glycan structure plays 
an important role in the folding of the protein.  

1.1.2. Monoclonal antibodies 

Monoclonal antibodies are currently the highest selling biotechnology products and by 2016 
are predicted to make up five of the top ten selling pharmaceutical products worldwide [23]. 
Currently, there are over 30 FDA approved mAbs which are prescribed for the treatment of 
cancer and auto-immune disorders [24]. With a total of 205 reported antibodies under trial 
[25], the total number of approved antibody therapeutics is expected to increase 
significantly in the foreseeable future. The concept of a “magic bullet” that would go 
directly to the intended target epitope, yet remain harmless in healthy tissue was introduced 
in the late 19th century by Paul Ehrlich [26]. Key elements for realising Ehrlich’s vision were 
the development of hybridoma cells by Köhler and Milstein to produce antibodies of 
predefined specificity [27] and the use of phage display libraries for antibody humanization by 
Greg Winter and Richard Lerner [28, 29]. Antibodies are generally described as symmetric 
structures which, in humans, are composed by a pair of heavy chains and an additional pair of 
light-chains covalently bound together by disulphide bridges. There are five heavy chain 
isotypes (IgA, IgG, IgE, IgG and IgM) and two light chain isotypes. The spatial arrangement of 
the four peptide chains results in the Y-shaped structure depicted in 2. 

Both the heavy and light chains contain hypervariable segments also referred to as 
complementary determining regions (CDR). While the CDR is the antigen binding site, 
located in the antigen binding (Fab) region and responsible for antigen binding, the constant 
Fc region is responsible for effector functions such as activating the complement cascade or 
binding to Fc receptors. 80% of all antibodies found in the blood plasma are of the IgG 
isotype (with a molecular weight of approximately 150kDa) and until today only IgG-type 
mAb products have been licensed as biopharmaceuticals [1]. As a consequence only the IgG 
isotype of antibodies and their biological mechanisms will be discussed. Two fundamental 
modes of biological action of IgG class antibodies are discussed below: 

Complement-dependent cellular cytotoxicity (CDC): In this mechanism the antibody binds with 
high specificity through its CDR to a target cell, and through binding to the Fc region, 
recruits the C1q component of the complement cascade. The end result of the cascade is the 
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formation of the membrane attack complex, which disrupts the target cell’s membrane and 
eventually leads it to lysis. 

 
Figure 2. Diagram of immunoglobulin γ (IgG). The structural domains, disulphide bonds and peptide 
chain orientation are all shown. The antigen-binding (Fab) and the crystallisable (Fc) fragments are also 
shown along with the consensus Asn-297 glycosylation site on the Cγ2 domains of the heavy chains [1]. 

 
Figure 3. Main effector functions of IgG antibodies. 

Antibody-dependent cell-mediated cytotoxicity (ADCC): In this mechanism the antibody Fab 
binds to a target cell, and through the Fc, binds to Fcγ receptors on the surface of natural 
killer cells (FcγRIII) and neutrophils (FcγII-A). Through this antibody-mediated interaction, 
the effector cells release cytokines and cytotoxic granules, which attack the target cell and 
take it towards apoptosis. 
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The biological in vivo mechanisms that are triggered by antibodies are highly dependent on 
the glycan moiety on the Cγ2 domains. It has been shown that the Asn297 glycans directly 
impact the three-dimensional structure of the Fc [30], thus greatly influencing the affinity 
FcγRs have for the IgG Fc [31, 32]. The close proximity of both Cγ2 domains in the Fc 
generates considerable steric hindrance, which limits the oligosaccharide structures found 
there to the complex bi-antennary structures shown in panel D of Figure 1. Depending on 
the host cell line, the potential carbohydrate residues will have specific features such as bi-
secting GlcNAc residues or core fucosylation. Studies into the effect of bisecting structures 
present in antibody glycan moieties have shown that bisecting GlcNAc sugar residues lead 
to increased ADCC [33]. However, the presence (or absence) of other monosaccharides has 
been shown to have a more profound effect on in vivo modes of action. Previous reports 
show that absence of core fucose can increase ADCC up to 50-fold [34, 35]. This finding has 
been translated into the development of third generation mAbs, which are currently 
undergoing many promising clinical trials [36]. On the other hand, galactose terminating 
structures in the Fc fragment of antibodies, (the most abundant terminating saccharides on 
the Fc glycans of human polyclonal antibodies [37])  increase the affinity of the IgG Fc for 
the C1q protein substantially. Their removal results in decreased complement activation 
[31]. Sialic acid terminating glycan moieties can also strongly modulate the efficacy of mAbs. 
Interestingly, only a small proportion of human IgG is naturally sialylated [38], which can 
be directly related to the spatial constraints in the Cγ2 domain of IgG antibodies [39]. Sialic 
acid can be found in either a α2,3- or α2,6-linkage to the galactose moieties of IgGs [40], and 
although not very abundant, these residues are crucial for immune response modulation 
(anti-inflammatory activity) in vivo, where the α2,6-linkage is preferred over the α2,3 [41]. In 
fact, anti-inflammatory activity has been abrogated after removal of IgGs containing α2,6-
linked sialic acid on their Fc glycan moiety. Similarly, a 10-fold enrichment in sialic acid 
containing IgGs induced anti-inflammatory response at 10-fold reduced doses. In contrast, 
IgG with α2,3-linked sialic acid terminating glycan structures failed to induce anti-
inflammatory response even at 4-fold higher doses, thus demonstrating the specificity of in 
vivo bioactivity not only to structural but also conformational differences in glycan moieties. 
In addition to modulating the in vivo mechanisms, glycan moieties can also have an effect on 
pharmacokinetics of biotherapeutic antibodies. It has also been reported that high mannose 
structures (oligosaccharides with five mannose residues or more) will increase plasma 
clearance and thus, decrease in vivo half-life with a significant negative impact on drug 
efficacy [42]. 

1.1.3. Fab region glycans 

It is well established that the glycan moieties in the Fc region of therapeutic antibodies have 
considerable effects on in vivo mechanism and pharmacokinetics. However, the Fab region 
can also be used to enhance characteristics of therapeutic antibodies. It has been estimated 
that between 20-30% of antibodies also carry a glycan structure in the Fab region, where a 
potential glycosylation site can be found on both the heavy as well as the light chain [43, 44]. 
Although the role of variable region carbohydrates is not clear, it is suggested that glycan 
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moieties may influence antigen affinity, specificity, antibody solubility and stability hence, 
limiting aggregation [45, 46]. A further biological role of Fab region glycans is believed to be 
in vivo half-life modulation. This has been tested by injecting mice with humanized IgG with 
a variety of glycan moieties at the Asn56 position of the heavy chain variable region [47]. 
The results indicated that while sialic acid and galactose terminating glycan moieties had 
very limited effect on clearance, exposed GlcNAc residues showed slightly faster clearance 
rates. It was proposed that the latter are recognized by Man/GlcNAc receptors and binding 
interactions may be sufficiently strong to allow for greater clearance. It was later determined 
that half-life was dependent on the tissue where the antibodies accumulated based on their 
Fab region glycans, thus providing further scope for improvement in targeting of mAb 
biotherapeutics. On the other hand, Fab glycosylation has also been reported to produce 
negative effects in patients. A study has shown that α-1,3 galactose residues on the Fab 
glycans of the commercial antibody Cetuximab generated anti-α-1,3 galactose IgE-induced 
anaphylaxis in patients treated with this drug [5]. This effect highlights the relevance of Fab 
glycans for mAb safety. It has to be noted at this point that the glycoform on the Fab region 
can have a much more complex structure than the equivalent Fc glycoform including 
increased sialylation and occurrence of tri-antennary structures [43]. Since the glycan 
tripeptide sequences will vary within a population of antibodies and its location within the 
sequence can change it may not come as a surprise that different glycoforms will arise at 
different positions due to changing accessibility [48]. It was shown that shifting the 
tripeptide sequence in the variable region of a mAb may change the glycan moiety from a 
high Man structure to a complex structure. This would suggest that while the glycan 
precursor is added co-translationally to the protein backbone, the local conformation around 
the glycan may not allow for further enzymatic processing of the attached high Man 
structure in the Golgi apparatus. Furthermore changing the position of glycan structure 
within the polypeptide chain can impact antigen affinity significantly by either contributing 
to it or by blocking it altogether. Thus, glycan engineering of antibody variable regions 
represents a strategy towards improving antigen affinity, antibody targeting as well as 
extending half-life.  

1.1.4. Erythropoietin 

A further glycoprotein of biopharmaceutical importance is Erythropoietin (EPO), a hormone 
that binds to the receptors of red blood cell precursors in the bone marrow leading to their 
survival, proliferation and differentiation, thus increasing the red blood cell count [49-51]. 
EPO is used in the treatment of anaemia associated with a number of disease states such as 
chronic renal failure, cancer and HIV infection [52-55]. EPO has a total of four glycan 
attachment sites, three N-linked sites at amino acid positions 24, 38 and 83,and one O-linked 
site at amino acid position 126 [56, 57]. The four glycan moieties have been estimated to 
contribute approximately 40% to the total molecular mass of EPO and probably cover much 
of the surface of the molecule [58]. The hypothesis of full surface exposure is further 
supported by an analysis of the glycan moieties, which revealed predominantly fucosylated 
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and tetraantennary complex glycans at the N-linked glycosylation sites [59] and, as such, 
suggest surface exposure during enzymatic processing. The glycan structures have been 
shown to play an important role in biological activity. For example, it is known that higher 
glycan antennarity leads to an increase in EPO’s in vivo activity [60]. Interestingly, it has 
been demonstrated that all three N-linked glycan structures are necessary for biological 
activity in vivo while the O-linked glycan structure does not appear to be required for in vivo 
activity [61]. For recombinant human EPO, it has been shown that the N-linked glycan 
moieties are required for product secretion by the cell as well as ensuring solubility [61, 62]. 

1.2. Desired characteristics dependent on application 

Erythropoietin is also a very good example to demonstrate how desired safety and efficacy 
characteristics can be enhanced through glycan engineering of existing biotherapeutics. The 
plasma clearance of EPO is regulated by sialic acid containing carbohydrates [58, 63], where 
an increase in sialic acid moieties is known to increase glycoprotein half-life and would also 
explain why higher antennarity is linked to increased plasma half-life. An investigation into 
EPO glycan structures and biological activity showed that desialylated structures showed 
increased in vitro activity but a much reduced in vivo activity, which is a consequence of 
increased EPO clearance by asialoglycoprotein receptors in the liver [64, 65]. In order to 
increase protein half-life, increase drug efficacy and thus, decrease dosing rates in patients, a 
glyco-engineered darbepoetin was created [58]. Darbepoetin features two additional N-
linked glycosylation sites that were introduced by changing five amino acid residues 
through site-directed mutagenesis. The resulting biopharmaceutical commercially marketed 
as Aranesp® showed three-fold lower plasma clearance rate and results in increased in vivo 
potency over epoetin with three N-linked glycan sites only [66]. 

2. Current methodology and future application of quality by design 
initiative 

Drug development begins with the discovery of molecules that have shown the biochemical 
potential to treat illnesses. Based on manufacturability and potential profitability, drug 
candidates are then selected for optimization and, eventually, for preclinical and clinical 
trials. To ensure that sufficient material is available for the different phases, manufacturing 
is concurrently scaled up during this stage in process development. Also throughout these 
stages, all the data regarding drug safety, efficacy and manufacture is reviewed for approval 
by the corresponding regulatory agencies. Approval requires that the drug product is 
produced consistently and that it is safe and efficacious for its indication. Despite decades of 
advances in drug product manufacturing, pharmaceutical process development and 
approval is still extremely lengthy, highly expensive and uncertain [67]. 

In order to reduce their losses, manufacturers have traditionally relied on the so-called 
quality by testing (QbT) approach for drug development and approval [68]. In QbT, product 
quality attributes (the ranges for drug substance properties that yield acceptable safety and 
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efficacy) are linked with a specific manufacturing process and its corresponding set of 
inputs (raw materials and process parameters) during clinical phases of development. The 
process inputs that empirically show to yield acceptable product quality are defined and are 
often maintained unchanged after phase II clinical trials so that manufacturers avoid costs 
associated with additional testing for regulatory compliance [69]. During manufacturing, the 
process inputs are controlled to remain at their pre-defined set points, and at the end of each 
batch, the product is tested for compliance with the desired quality [68-71]. This black box 
approach does not require mechanistic knowledge that relates process inputs with product 
quality, and because of this, the QbT approach uncouples product end quality from the 
manufacturing process. The main drawbacks of QbT are [10, 69, 72]: 

 Development and approval of pharmaceutical processes under QbT has proven to be 
extremely time-consuming (between 7 and 10 years [73, 74]) and very expensive 
(US$1.2 to 1.8 billion per approved drug when the risk of failure is included [67, 75]). 
This could be attributed, in part, to limited understanding of the relationship between 
product quality characteristics, therapeutic mechanisms and the effect process inputs 
have on quality. 

 Process control is not established by mechanistic links between inputs and desired 
product quality. Due to this, the process is susceptible to generate off-spec product, and 
when this occurs, identifying the source(s) of failure is difficult. 

 The range of process conditions approved under QbT is narrow and changes to process 
conditions outside this range require additional approval, which eventually translates 
into further delays and expense. This discourages pharmaceutical companies from 
modifying or optimizing current processes and implementing innovative ones. 

 Overall, processes developed and approved under QbT generate a limited amount of 
knowledge because mechanistic relations between inputs and outputs are not apparent. 
This greatly restricts transferability of the knowledge gained from one process/product 
to the next. Moreover, the lack of generated mechanistic information increases the 
likelihood suboptimal process performance. 

Therapeutic proteins currently undergo the same QbT development and approval process as 
their small molecule counterparts and suffer the same caveats. In the QbT context, 
bioprocess inputs are empirically defined so that the quality properties (e.g. aggregation, 
folding, methylation and glycosylation) of the protein lie within ranges that yield acceptable 
safety and therapeutic efficacy. As occurs with small molecules, QbT disjoins therapeutic 
protein quality from the bioprocess. This has led to inadequate understanding of the 
relationship between process inputs and product quality and has greatly limited the 
potential for bioprocess optimization. 

The inefficiencies associated with the QbT approach along with more stringent regulatory 
requirements have led to manufacturers investing more in drug discovery than process 
understanding and optimization, which in turn, has translated into a decrease in the cost-
effectiveness, number and quality of innovative drugs and pharmaceutical manufacturing 
processes [67, 69]. In order to overcome these limitations, regulators and industry specialists 
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have proposed the implementation of Quality by Design (QbD) concepts to the manufacture 
of all new drugs, including therapeutic proteins, in the development pipeline [68, 72, 76]. 

2.1. Quality by design initiative in pharmaceuticals and how it is expected to 
affect biopharmaceuticals in the future 

Pharmaceutical QbD is a conceptual framework for the development and approval of 
pharmaceutical manufacturing processes that aims to build quality (particularly with 
respect to safety and therapeutic efficacy) into the product at every stage of process 
development [10, 71, 72]. Application of QbD principles to pharmaceutical process 
development is outlined in the Process Analytical Technology (PAT) guideline “PAT - A 
Framework for Innovative Pharmaceutical Manufacturing and Quality Assurance” [77] by 
the US Federal Drug Administration (USFDA) and in the guidance documents “ICH Q8 
Pharmaceutical Development” [71], “ICH Q9 Quality Risk Management” [78] and “ICH Q10 
Pharmaceutical Quality Systems” [12] from the International Conference on Harmonization 
(ICH), which is an association constituted by the USFDA, the European Medicines Agency 
(EMA), the Pharmaceuticals and Medical Devices Agency of Japan (PMDA) and several 
experts from the pharmaceutical industry. 

Implementation of QbD to pharmaceutical manufacturing processes is an information-
driven process where all available knowledge on the drug product including, but not 
limited to, its therapeutic mechanisms, its process of manufacture and potential sources of 
variability is used to define a range of manufacturing conditions that will ultimately ensure 
product safety and efficacy when administered to patients. More specifically, the ICH 
guidelines [12, 71, 78] define the following requirements for the implementation of QbD to 
pharmaceutical processes: 

2.1.1. Definition of the quality target product profile (QTPP) 

The QTPP is defined as the set of quality characteristics that would ideally be achieved to 
ensure that the drug product is safe and efficacious. Considerations to define the QTPP 
include the route of administration, dosage form, delivery systems, dosage strength, 
sterility, purity and stability [71]. 

2.1.2. Identification of the critical quality attributes (CQAs) of the drug product 

A CQA is defined in ICH Q8 as “a physical, chemical, biological, or microbiological property 
or characteristic that should be within an appropriate limit, range, or distribution to ensure the 
desired product quality” [71]. As the definition implies, identification of CQAs requires 
thorough physicochemical and biological characterization of the drug product and in-depth 
knowledge on which of its properties have a higher influence on its safety and efficacy. 

2.1.3. Identification of process inputs that affect product CQAs 

Once CQAs are identified, it is necessary to determine not only which process inputs (raw 
materials and process conditions) impact CQAs, but also how these inputs interact to affect 
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the drug product’s CQAs. We must note that much of the required knowledge may not be 
available for certain processes (particularly novel ones) and should be established through 
the combination of prior knowledge, mechanistic modelling, experimentation and finally, a 
risk assessment so that the influence of material attributes and process conditions on CQAs 
is ranked according to likelihood and extent of impact. It is worth mentioning that, under 
QbD, there is special emphasis on design of experiments (DoE) so that the interaction 
between individual process inputs and their impact on product CQAs is represented. 
Crucially, all elements involved in this section directly couple manufacturing process 
conditions with the CQAs of the drug product in a robust, systematic and information-
driven manner. 

2.1.4. Selection of the appropriate manufacturing process 

With the ranking obtained through the risk assessment mentioned above, a multi-
dimensional design space of allowable process input values (and combination thereof) is 
defined. ICH Q8 defines the design space as “an established multidimensional combination 
and interaction of material attributes and/or process parameters demonstrated to provide 
assurance of quality” [71]. Using the design space as a guide, the manufacturing process 
which is most capable of maintaining process conditions within the ranges that ensure 
product quality is defined. The selected manufacturing process must be robust such that it 
minimizes the risk of process conditions falling outside the design space, thus increasing the 
likelihood of the CQAs being within the range that ensures safety and efficacy. 

2.1.5. Definition of a control strategy 

With the appropriate manufacturing process in place, a strategy to mitigate the risk of 
materials and process conditions falling outside acceptable ranges must be established. By 
applying this risk management strategy, raw material specifications are monitored and 
controlled such that no impact is observed on the drug product’s CQAs. In addition, the 
process parameters that influence the CQAs are controlled (ideally through online 
measurements and tight control systems) at every stage of the manufacturing process so that 
the desired product quality is met. 

Conceptually underlying all the elements that constitute QbD implementation is process 
analytical technology (PAT). PAT is defined by the USFDA and the ICH as “a system for 
designing, analyzing and controlling manufacturing through timely measurements of CQAs 
and performance attributes of raw and in-process materials and processes with the goal of 
ensuring final product quality” [77]. The elements of PAT concerning process design and 
control have been presented in the description of QbD above. However, more discussion 
must be provided on the “timely measurement of CQAs and performance attributes” [77] 
throughout the implementation of QbD to manufacturing process development. It is clear 
that, from very early stages of QbD-driven process development, methods for accurately 
identifying and measuring the physical, chemical and biological properties of drug products 
are essential for defining QTPPs and CQAs. Further along in the implementation of QbD, it 
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is also necessary to accurately measure the material attributes and process parameters that 
affect product CQAs. Finally, and as the definition of PAT states, once the manufacturing 
process is selected, appropriate analytical technologies are necessary to monitor it is 
necessary to measure process parameters in a timely fashion (ideally online) so that the 
generated data can be used for process control. From this, it is clear that analytical methods 
constitute a core element throughout process development under the QbD scope [79]. 

Adoption of the QbD in pharmaceutical process development aims to address all of the 
limitations described above. The three major regulatory bodies (USFDA, EMA and PMDA) 
are encouraging implementation of the QbD approach for the development of all new drugs 
in the pipeline [68, 70, 72, 80]. QbD is expected to reduce process approval time and costs, 
reduce regulatory intervention and encourage optimization and innovation by building 
processes around the mechanistic relationships between inputs and product quality. 
Because these relationships should be based on sound science and engineering principles, 
process outputs are more predictable and require less regulation which, in turn, would 
considerably reduce approval time and development costs. In addition, the more ample 
design space created through QbD would allow inputs to vary more without the need for 
additional approval. Predictability would also translate into much tighter control systems 
that would dramatically reduce the likelihood of generating product with unacceptable 
quality. Finally, the wealth of knowledge generated by the QbD approach along with the 
broader design space and more flexible regulatory approval characteristics would 
encourage process optimization and could potentially contribute to the development of 
novel processes as well as the discovery and design of next generation drugs. 

Since the guidelines for QbD were first drafted, the framework has been implemented in the 
field of small-molecule therapeutics (SMTs) with relative ease. In contrast, the 
implementation of QbD to protein therapeutics (PTs) has met more resistance. This is likely 
due to the fact that the physical and chemical processes underlying the manufacture of 
SMTs is better understood and the mechanisms relating process inputs with SMT quality are 
easier to define. Conversely, the mechanisms by which living organisms produce PTs are 
less well understood, and the structural complexity of PTs makes their isolation, separation, 
purification and overall quality control much more challenging. Despite this, the regulatory 
agencies and several authors believe that sufficient knowledge is available or can be gained 
through current experimental and modelling methodologies to elucidate mechanistic 
relations between bioprocesses and PT quality, thus allowing for implementation of QbD 
principles to the development of therapeutic protein manufacturing processes in the near 
future [68, 72]. 

Implementation of the QbD paradigm in biopharma should increase knowledge on the 
therapeutic mechanisms of biotherapeutics considerably. This could lead to the 
improvement of previously existing products and may contribute to the discovery and 
development of new biologics. It will also generate a rich and systematized knowledge base 
relating manufacturing conditions with drug products which may lead to more robust 
process control, process optimization and, potentially, development of novel and efficient 
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platforms for the manufacture of biological therapeutics. Implied in this is the considerable 
reduction in approval times which would heavily reduce costs of product and process 
development and eventually translate into lower costs for healthcare providers and patients. 

2.2. Other critical quality attributes of protein-based therapeutics  

Several drug characteristics other than glycosylation are considered critical quality 
attributes due to their impact on biological activity, pharmacokinetics or 
pharmacodynamics, and safety in terms of immunogenicity and toxicity. These can arise 
from variations in protein structure or from the presence of other adventitious molecules in 
the product formulation. Protein aggregation is a common protein-related CQA, which can 
occur at any stage of protein production or processing due to the protein structure, which 
may leave hydrophilic patches exposed, its concentration in the preparation or the process 
conditions. Temperature and pH extremes or physical stress can increase a protein’s 
propensity to aggregate. Although protein aggregation is known to affect efficacy, the main 
concern is the immunogenicity of aggregates [81, 82]. Protein aggregation may also be the 
result of modification reactions, such as oxidation, which is caused by increased levels of 
reactive oxygen species. This can additionally affect function, as, for example, in the case of 
antibodies where oxidation can alter the Fc structure and thus reduce its binding affinity 
[83]. Conformational changes can also occur at refolding steps of bacterial production 
platforms and are potentially immunogenic.  

Other possible structural changes include protein fragmentation, due to proteolytic enzymes 
present in the cell culture supernatant or in human plasma, extreme pH or temperature 
conditions, or because of chemical disruption of peptide bonds, C- and N-terminal 
truncation and deamidation. The effect of fragmentation is product-dependent, however it is 
known that it can impact biological activity, serum half life and immunogenicity due to the 
generation of novel epitopes [84, 85], whereas the remaining aforementioned changes do not 
appear to adversely affect product potency or safety [86-89], with the exception of 
deamidation within a complimentarity-determining region, which can affect biological 
activity [86]. Finally, glycation is another post-translational modification that involves the 
chemical addition of a monosaccharide on the side chain of a lysine residue. It occurs when 
a protein is incubated in the presence of reducing sugars, especially fructose and galactose 
and to a lesser extent glucose, in cell culture [90], and can affect its biological activity [91].  

In addition to the product-related critical quality attributes described above, the host cell 
line, raw materials and process operation can introduce impurities or contaminants with 
adverse effects on the formulation’s suitability for in vivo use. Host cell proteins are released 
mostly at later stages of the cell culture due to cell lysis and can be immunogenic [92], 
particularly when originating from microbial systems [93]. Additionally, host cell DNA 
poses considerable risk due to its potential integration and the possibility of a resulting 
carcinogenic effect. For this reason, the host cell DNA level cannot exceed 10ng per dose 
[94]. Impurities and contaminants can further be introduced from raw materials and lack of 
aseptic conditions. The most significant of these in terms of the risk they pose to product 
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integrity are viruses, microbial cells and their products, such as endotoxins, which are 
highly toxic to humans [95]. Due to the severity of the effects of human injection with such 
contaminants, sufficient clearance must be demonstrated to regulatory authorities for 
approval to be gained. A thorough review of the above critical quality attributes and their 
effects on product safety and efficacy is presented in [96]. 

2.3. Challenges in implementing QbD in biopharma  

Implementation of QbD to bioprocesses first requires thorough characterization of the drug 
substance (i.e. the therapeutic protein) in order to determine the attributes that define its 
safety and efficacy. Drug substance characterization, which in many cases is a challenging 
task, is usually done with liquid chromatography peptide mapping combined with mass 
spectrometry for amino acid sequencing [97-99], x-ray crystallography for three dimensional 
structure and different analytical chromatographic or electrophoretic techniques coupled to 
mass spectrometry for the analysis of N and O glycans which have been extensively 
reviewed by del Val et al [10]. The propensity of protein aggregation and fragmentation is 
usually measured through size exclusion chromatography [100-102]. By coupling these 
techniques to non-clinical (in vitro assays), preclinical and clinical trials, the CQAs for 
protein therapeutics are defined. However, despite the available methods for characterizing 
proteins and their CQAs, these are not always deemed sufficient to ensure identity. This is 
evidenced by current US and European legislation concerning Biosimilar products. Both the 
USFDA and the EMA have required phase I and phase III clinical trials in order to establish 
that a follow-on product is similar to its brand-named counterpart even when they have 
been shown to have equivalent CQA attributes according to the available analytical 
methods [103]. Lack of confidence in the current analytical techniques for drug substance 
characterization is a critical challenge that must be overcome for appropriate 
implementation of QbD to biopharmaceutical processes. Development of additional 
characterization methods are required to compare the product CQAs with the QTPPs 
defined during the early stages of process development. Furthermore, development of 
additional non-clinical studies for determining product safety and efficacy is required. In 
vitro assays for product safety and efficacy would dramatically reduce clinical trial 
associated costs and streamline data acquisition for determination of product CQAs. 

The next step under the QbD scope is to define the manufacturing process, the process 
inputs that affect product CQAs and the mechanisms by which this occurs. In contrast to 
their small-molecule counterparts which are largely produced in vitro, therapeutic proteins 
are produced by living organisms. Cellular metabolism is extremely complex and several 
mechanisms by which cells produce therapeutic proteins are yet to be fully described. 
Moreover, very little information that quantitatively relates process conditions with cell 
metabolism, protein synthesis and product CQAs is available. According to QbD guidelines, 
quantitative mechanistic models are ideal tools for relating process inputs with product 
CQAs. The challenge of relating process inputs with product CQAs may be overcome by 
additional data generation through an iterative process of DoE-aided experimentation and 
mechanistic modelling. Through this, sufficient data would be generated such that the 



 
Glycosylation 366 

effects of process inputs on product CQAs are used to define an enhanced design space that 
could lead to higher assurance of product safety and efficacy. 

After defining the design space, a control strategy must be defined so that process inputs are 
maintained within the range that ensures product quality. A crucial challenge in defining 
the control strategy is the ability to measure the process inputs that influence product CQAs. 
The QbD and PAT guidance documents suggest that control should be established through 
timely measurements which, ideally, should be performed online. This, again, is not trivial 
in a biological system. The interior of a bioreactor is a complex environment mainly 
composed of culture medium, cells, product and co-products of cell culture. The culture 
medium itself is a complex mixture of nutrients. Many of the common process parameters 
are readily measurable such as pO2, pCO2, temperature cell density and certain metabolite 
concentrations. However, many of the single components that influence product CQAs are 
difficult to measure in such a complex mixture. Several analytical methods that have the 
ability of tracking single components in bioreactors are currently being explored. Some of 
the most promising technologies are based on infrared spectroscopy, and have been 
reviewed recently by Landgrebe et al. [104]. Successful implementation of these techniques 
may lead to absolute online monitoring and process control. In parallel, methods to measure 
the intracellular concentration of key nutrients and metabolites online are being developed 
with promising results [105]. On the other hand, mathematical modelling efforts are being 
developed to describe complex biological processes such as N-linked glycosylation. This 
work has yielded encouraging results for bioprocess control and optimization, and could 
potentially aid in cell line development for third generation therapeutic proteins[106]. 

Almost by definition, QbD is a self-catalytic process because it relies on, and generates, a 
wealth of information. The more QbD is implemented in bioprocess development and 
approval, further understanding will be gained and fed into the development of newer 
processes which will eventually culminate in near-complete description of therapeutic 
mechanisms, drug product CQAs and therapeutic protein bioprocessing. 

3. Overview of production organisms and manufacturing environment 
The majority of approved biopharmaceuticals are produced in mammalian cell culture 
systems, since they are the sole means to deliver proteins with desired glycosylation 
patterns and thus ensure reduced immunogenicity and higher in vivo efficacy and stability 
[32, 107, 108]. However, mammalian cell culture delivers a heterogeneous mixture of glycan 
structures which do not all have the same properties. Product half-life and activity is 
therefore compromised, while higher doses are required for efficacy. 

As in April 2012, there are 77 therapeutic glycoproteins out of the total 642 drugs approved 
by the European Medicines Agency (EMA). Host systems for their production include 
mammalian cells (65 drugs) and transgenic animals (2 drugs), while several are isolated 
from the blood plasma of healthy donors (10 drugs), as depicted in Figure 4A. Therapeutic 
classes of each glycoprotein drug are also presented in Figure 4B and involve mainly: 
hereditary diseases (Haemophilia A and B, Fabry disease, Gaucher disease, and others; 29% 
of EMA approved glycoproteins),  cancer (leukemia; cancer in ascites; thyroid, stomach, 
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breast, colorectal, etc. cancers or anaemia caused by chronic cancer; 26% of EMA approved 
glycoproteins), and autoimmune disorders (rheumatoid arthritis, multiple sclerosis, Crohn’s 
disease, Lupus Erythematosus; 18%). Other therapeutic areas for which glycoprotein drugs 
are prescribed include infertility, acquired injuries/disease (tibial fractures, 
spondylolisthesis, myocardial infarction), immunosuppresants during transplantations, for 
hemostasis after surgery, for anaemia caused by chronic kidney disorders, postmenopausal 
diseases (osteoporosis) and one against the respiratory syncytial virus (containing a 
monoclonal antibody as an active substance: Synagis®). 

The drug categories of current EMA approved glycoproteins (Figure 4C), based also on the 
classification in [109] include in descending order of approved drugs: polyclonal (mostly 
human plasma derived drugs) and monoclonal antibodies (mAbs), growth factors (e.g. 
erythropoietin, stimulating factors, bone morphogenetic proteins), blood factors and 
coagulants (e.g. factors: VIII, VIIa, IX and fibrinogen & thrombin), therapeutic enzymes (e.g. 
recombinant β-glucocerebrosidase), hormones (e.g. follitropin, lutropin), fusion proteins 
(e.g. Enbrel® the extracellular ligand-binding portion of human tumor necrosis factor 
receptor p75 linked to an analog human Fc portion of human IgG1), and serpins (serine 
protease inhibitors, e.g. C1 esterase inhibitor). Other classes involve thrombolytics and 
anticoagulants (e.g. tissue plasminogen activator and protein c, respectively) and cytokines 
(e.g. interleukins and interferons).  

Two other glycoproteins (Leukoscan® and Scintinum®) have been approved by EMA,but 
are used for radionuclide imaging rather than therapeutics and thus have not been included 
in the statistics shown in Figure 4A. Furthermore, denosumab a monoclonal antibody 
produced by Amgen is approved under two brand names Prolia® (for postmenopausal 
osteoporosis) and as Xgeva® (for bone metastasis in cancer), and hence only one has been 
included in final list of approved drugs. Two more mAbs have been approved for use in 
specific EU countries but are not approved by EMA and hence have also not been included 
(Orthoclone OKT3® and Reopro®). Finally, two drugs that contain the recombinant factor 
VIII as active ingredient are produced by Bayer Pharma AG using baby hamster kidney 
(BHK) cells as host cells from an identical fermentation procedure, but since they are 
purified through slightly different downstream processes, both have been included 
separately in the statistics shown in Figure 4. Vaccines are also not included in the list of 
glycoproteins because their production mainly involves the propagation of viruses and not 
specific glycoprotein production. Moreover, all recombinant vaccines are produced in 
microbial organisms and hence do not involve glycoprotein production, but amino acid 
sequences of antigens that are not glycosylated. 

CHO (Chinese hamster ovary) cells are the dominant host cells for the production of 
glycoproteins as far as the approvals in European Union are concerned, with 47 out of the 
total 77 therapeutic EMA approved glycoprotein drugs using them as host cells. Five drugs 
produced in CHO cells are biosimilars of recombinant erythropoietin (with reference 
product being a recombinant epoetin produced from Janssen-Cilag GmbH with brand 
names Eprex® in UK and Erypo® in Germany). All aforementioned biosimilars were 
approved in 2007. Biosimilars are defined from the EMA as drugs similar to a biological 
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drug already in the market that are used to treat the same disease and within the same range 
of doses. Hybridoma cells are the second most frequently used hosts for recombinant 
glycoprotein production (12 drugs), followed by glycoproteins purified from blood plasma 
from healthy donors (10 drugs). BHK cells, along with HT-1080 cells, a human sarcoma cell 
line, with three approved drugs from each cell line are fourth. All approved drugs produced 
in BHK cells involve blood factors. Regarding HT-1080 cell line, all of the drugs produced 
from it belong to Shire pharmaceuticals portfolio. The active substances of these drugs 
involve therapeutic enzymes, while these drugs are also classified as orphans. Orphan 
drugs, according to the EMA, are prescribed to treat diseases that do not affect more than 5 
in 10,000 individuals in the European Union at the time that the drug was submitted for 
approval. Finally, the host system classification list is completed with transgenic animals. 
Currently, two drugs are produced from transgenic animals and involve two serpins (serine 
protease inhibitors): antithrombin III (Atryn®) and C1 esterase inhibitor (conestat alfa; 
Ruconest®) isolated from goat and rabbit milk, respectively.  

3.1. Mammalian cell systems 

Mouse myeloma cell lines SP2/0 and NS0 are frequently used for research purposes [110], 
while human embryonic kidney 293 (HEK293) cells are often utilized to produce material 
for pre-clinical trials or research [111]. CHO cells are the workhorse of industrial production 
because of their ability to do gene amplification, which increases the level of product 
specificity and the ability to grow in serum-free suspension conditions [112]. Similarly, the 
myeloma cell-derived rodent NS0 cells have a high efficiency in producing recombinant 
immunoglobulin proteins and they can be cultured in both serum or serum/protein free 
suspension which reduces manufacturing costs during large-scale protein production [113]. 
Since CHO and NS0 originate from different mammalian species, the amount and type of 
glycosidases and transferases they have varies. Studies have reported that NS0 cells can 
produce glycoproteins that are highly immunogenic to human [114].  

Human cells, on the other hand, are alternative hosts. The fact that human cells generate 
recombinant products with PTMs similar to the native counterparts secreted inside the 
human body gives them an advantage over CHO and NS0, which lack some essential 
glycosylation enzymes, e.g. bisecting N-acetylglucosamine transferase and 2-6 
sialyltransferase. HEK 293 cells is the most-widely used human cell line for research into 
recombinant protein production and studies show that HEK 293 cells are capable of 
manufacturing Xigris (activated protein C) with proper -carboxylation and propeptide 
digestion at its glutamate amino acid residues, which CHO cells fail to offer [115]. In 
addition, the main advantage of protein expression in human cells is the low level of 
immunogenic reactions, with limited expression of N-glycolylneuraminic acid (Neu5Gc)-
bearing erythropoietin (EPO) in human HT1080 fibrosarcoma cell line than the CHO-
derived ones [116]. Some new human-based expression cell lines have been developed and 
are increasingly adopted by industry. For example, the Per.C6 cell line derived from the 
human retina cells have shown to give a protein titre of more than 2 g/L in simple fed-batch 
culture [117]. Unlike CHO cells, which often require product selection, the Per.C6 cell line 
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does not require any gene amplification or selection strategy, nor does it need a large gene 
copy number for stable protein expression [118]. Per.C6 derived-EPO is free of Neu5Gc thus 
limiting immunogenicity [119].  

 
Figure 4. The 77* EMA approved therapeutic glycoprotein drugs (up to April 2012) sorted by: A. Host 
system used for their production. B. Therapeutic area†. C. Drug category of the active substance based 
mainly on the classification in [109].  
* Actual total number of drugs is 80, but two drugs are used for radionuclide imaging and hence do not 
consist therapeutic proteins and one active substance has been approved two times, for details see main text.  
† Hereditary over autoimmune diseases at some cases are difficult to be distinguished, herein as 
hereditary diseases those that involve being born with the symptoms of the disease have been 
accounted for. In this graph, also the drugs Prolia and Xgeva that contain the same active substance but 
are authorised to treat different diseases have been individually taken into consideration and hence, the 
number of EMA glycoprotein therapeutic approved drugs for this case are 78.  
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3.2. Microbial cell systems  

Microbial cell systems from both eukaryotic and prokaryotic origin are commonly used for 
the expression of heterologous proteins. They have long been established for use in the 
production of recombinant proteins. This is due to their ease of use, the vast wealth of 
genetic and biochemical knowledge which has amassed, high protein yield and inexpensive 
production costs. The large availability of well-characterised host strains coupled with 
extensive customized expression vectors can provide manufacturers with functional protein 
of high yields. 

However, these microbial expression systems generally lack the ability to perform human-
like PTMs. Prokaryotic systems have difficulties in forming disulphide bonds and many 
species, such as Escherichia coli, lack the machinery to perform glycosylation. 
Glycosylation was always felt to be exclusive to eukaryotic domain, however the 
discovery that the pathogenic Campylobacter jejuni, associated with gastroenteritis in 
humans, can perform N-linked glycosylation [120] has changed this notion. However, 
there are several notable and important differences between prokaryotic and eukaryotic 
N-glycosylation (Table 1). 

Waker and  collaborators identified the native glycosylation capability in Campylobacter 
jejuni and demonstrated that their N-linked glycosylation pathway was also functional 
when transferred to Escherichia coli [121]. The C. jejuni glycosylation machinery is encoded 
by the gene locus pgl, consisting of 12 genes encoding for various glycosyltransferases 
(GTase), enzymes involved in sugar biosynthesis and an oligosaccharyltransferase (OT), all 
of which share similarity to their eukaryotic counterparts [122]. As in eukaryotes lipid-
bound sugar chain is transfer en bloc onto an asparagine amino acid in a specific sequence. 
Their work shows that it is perhaps possible to clone a universal N-linked glycosylation 
cassette in E. coli. 

A research team from Cornell University have used a bottom-up engineering approach to 
assemble a synthetic glycosylation pathway within E. coli to produce human-like 
glycoproteins. The challenge was to introduce a pathway which would lead to an Asn-
GlcNAc linkage, then couple this with the mammalian glycosylation pathway which would 
generate an acceptable sugar moiety, but this was achieved using metabolic engineering 
([123] [124] [125]. The E. coli was then further engineered to synthesis a mannose3-N-
acetylglucosamine2 (Man3GlcNAc2) glycan chain, a common core structure shared in all 
eukaryotes [126]. However, many challenges still remain. Most notably, the yield of 
glycosylated protein in this system is extremely low (~1%). In addition, the currently 
identified bacterial oligosaccharide transferases and known homologs do not to recognise 
the triplet eukaryotic consensus amino acid sequence, but rather a longer sequence which 
means protein engineering of glycoproteins will be required in order to use a microbial 
system. Finally, further sugar addition reactions are required to the core structure 
Man3GlcNAc2 to produce viable glycoproteins and each of these must be engineered 
separately into the host system.  
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 C. jejuni Eukaryotes  
N-glycosylation site 
consensus sequence 
 

Asp/Glu-Yaa-Asn-Xaa-Ser/Thr  
 
(where Yaa, Xaa are not Pro [127] 

Asn-Xaa-Ser/Thr 

Sugar Linkage Bac-Asn GlcNAcβ1-Asn  
Sugar Moiety transferred to 
Asn 

(GalNAc5GlcBac) Glc3Man9GlcNAc2 

Further sugar moiety 
processing after transfer 

Not Observed Yes 

Lipid carrier Undecaprenyl pyrophosphate 
(Und-PP) 

Dolichol Phosphate (Dol-P) 
 

oligosaccharyltransferase One protein  (subunit) Greater than eight different 
subunits 

Sugar Moiety Transfer 
Location 

Periplasma ER 

Protein State on Transfer Folded Unfolded 

Table 1. Differences between bacterial and eukaryotic N-linked glycosylation. 

Genetic engineering of E. coli is an ambitious task because the species does not naturally 
contain any N-glycosylation machinery, meaning everything must be inserted from the 
ground up. Non-mammalian eukaryotes are also seen as attractive expression systems and 
possess an N-glycosylation pathway with a common core structure, although the end-
product is remarkably different. Although yeast can perform many PTMs, similar to higher 
eukaryotic cells, they produce a non-human N-glycosylation profile of high mannose content, 
which can elicit an immune response in humans. Therefore microbial expression systems are 
only employed in the production of therapeutic proteins if the protein is functional without 
PTM, such as human insulin which is produced in E. coli [128], or where the PTM is required 
for folding and stability but does not affect drug efficacy, such as in several vaccines which are 
produced in Pichia pastoris [129, 130] (examples are presented in Table 2). 

Recently steps have been taken to genetically engineer humanized N-glycosylation 
pathways in non-mammalian eukaryotic expression systems such as yeast (Pichia Pastoris) 
and insect cell line Sf9. A synthetic glycosylation pathway has been established within the 
methyltrophic yeast species Pichia pastoris [131-133]. The challenge has been to remove 
hypermannosylation and replace this with glycosylation machinery to produce a more 
human-like glycan profile. This has been achieved by the removal (knock-out) of α-1-6-
mannosyltransferase enzyme (OCH1 in P. pastoris) and replacing this with various 
mammalian GTases which will synthesise a human-like glycan chain. 

The glyco-engineered P. pastoris developed by GlycoFi (a subsidiary of Merck & Co. Inc.) is at 
a more advanced stage than the E. coli expression systems. The humanized P. pastoris contains 
all the machinery to produce an N-Glycan chain of complex type, including the gene for the 
most complex step of human N-glycosylation, terminal sialylation. In total the engineered P. 
pastoris strain contains a set of 14 mammalian genes integrated into its genome. These include 
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glycosyltransferases, enzymes involved in sugar biosynthesis and sugar transporters. The 
result has been the successful production of a glycoprotein with and an oligosaccharide of the 
human complex type a highly homogeneous oligosaccharide of the human complex type 
[131-133]. 

The N-glycosylation pathway in insects is more similar to mammalian eukaryotic species 
than P. pastoris. Insect cell lines do not hypermannosylate but trim N-glycan to the core 
structure before adding GlcNAc to a mannose sugar, therefore halting N-glycosylation 
maturation before mammalian cells, and not gaining a complex or hybrid glycan chain [134]. 
The glycoengineering of insect cell lines does not require all the mammalian genes added in 
P. pastoris to reach an oligosaccharide of the human complex type. 

There are several examples of glycoengineered lepidopteran insect cell lines [135-138]. 
Specifically, a research group from University of Wyoming have transformed Spodoptera 
frugiperda (Sf9) cells with higher eukaryotic genes encoding for N-glycosylation pathway 
including gene products to enable terminal sialylation [136, 139]. Unlike previous 
glycoengineered species, which have incorporated genes into the genome, the glycosylation 
genes are placed under inducible plasmids in order to reduce metabolic overload, negative 
impact on growth rate,  and long-term instability [139]. The mammalian glycosylation genes are 
present on three vectors encoding six mammalian genes in total. These plasmids were 
transformed into Sf9 cell line which resulted in the sialylated N-glycosylation of a glycoprotein. 
 

Product 
Name 

Manufacturer Description Expression 
System 

Eurkaryotic or 
Prokaryotic 

GlucaGen® Novo-Nordisk 
Glucagon for acute 
hypoglycaemia

Saccharomyces 
cerevisiae 

Eurkaryotic 

HEPLISAV™ 
 Dynavax 
Technologies 

Hepatitis B vaccine# 
Hansenula 
polymorpha 

Eurkaryotic 

Engerix-B GlaxoSmithKline Hepatitis B vaccine 
Saccharomyces 
cerevisiae 

Eurkaryotic 

KALBITOR® Dyax Corp. 

Inhibitor of the 
protein kallikrein in 
treatment of hereditary 
angioedema 

Pichia Pastoris Eurkaryotic 

Humulin  
Genentech/ 
EliLilly  

Human Insulin Escherichia Coli Prokaryotic 

Table 2. Examples of commercialized recombinant biopharmaceuticals and the expression systems 
employed for their production. Products marked with # are currently in clinical trials. 

3.3. Manufacturing conditions 

From the discussion relating glycan moieties of IFN-β, EPO and both the antibodies’ Fc as 
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glycosyltransferases, enzymes involved in sugar biosynthesis and sugar transporters. The 
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conditions will affect the glycoform such as high CO2 concentration, which will lead to 
increased osmolality and can limit growth, antibody production and also affect the 
glycoform [140]. Similarly culture modes, growth phase, and temperature among other 
factors will have significant effects on the quality of biotechnology products. This has been 
extensively summarised by del Val et al. [10] and an overview is presented in Table 3. 
 

Process 
Condition 

Product/Cell Line: Effect Proposed cause(s) 

Nutrient 
availability 

mAb/human hybridoma: change in 
microheterogeneity when glucose is 
substituted by fructose, mannose and 
galactose 

Differential efficiency with which 
the cells consume the different 
carbon sources [141] 

IFNγ/CHO site occupancy on at 
glucose<0.3mM  

Low biosynthesis of UTP and 
glucosamine 6- phosphate [142, 143] 

IFNγ/CHO sialylation and  high 
mannose glycans at  0.35mM 
<glucose<0.7mM and glutamine at  
0.1mM 

Decline of UDP-GlcNAc synthesis 
[144] 

Dissolved O2 

Effect 
depends 
on cell line 
and 
product 

EPO-Fc/CHO: no effect 
between 10-90% DOT,  
sialylation at 100% DOT 

Mechanism not defined [145] 

hFSH/CHO: maximum 
sialylation at 100%DOT Mechanism not defined [146] 

IL-2 glycovariant/BHK-21: 
no effect at 0% DOT Mechanism not defined [147] 

IgG1 mAb/murine 
hybridoma CC9C10: 
galactosylation with  
DOT 

UDP-Gal increases with DOT due 
to increased flux through glycolysis 
[148] 

Ammonia 
and pH 

The effect 
between  
NH4+ and 
pH is 
synergic 

mPL-I/murine:  site 
occupancy on at 9mM NH4+ 

Mechanism not defined [149] 

TNF-IgG/CHO: 40%  in 
galactosylation and 
sialylation 

pH inhibits GalT and SiaT 
activities. pH causes GnTI, ManII, 
GalT and SiaT to mislocalize in 
Golgi [150-152] 

IL-2/BHK-21:  branching in 
at 15mM NH4+ 

Concentration of UDP-GlcNAc 
and UDP-GalNAc reduces the 
concentration of UDP-Ga l[153] 

EPO/CHO:  sialylation of 
at 10mM NH4+ 

Concentration of UDP-GlcNAc 
decreases transport of CMP-
Neu5Ac into Golgi [154, 155] 

mPL-I/murine: 28% 
sialylation at 6.8<pH<7.8 

pH inhibits GalT and SiaT 
activities. pH causes GnTI, ManII, 
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Process 
Condition Product/Cell Line: Effect Proposed cause(s) 

GalT and SiaT to mislocalize in 
Golgi [149] 

Highest levels of IgG3 
mAb/murine hybridoma 
galactosylation at pH=7.4, 
lowest levels of sialylation at 
pH=6.9 

pH inhibits GalT and SiaT 
activities. pH causes GnTI, ManII, 
GalT and SiaT to mislocalize in 
Golgi [156] 

Viability, 
growth 
phase and 
temperature 

EPO/CHO:  branching at 32°C<T<37°C
 temperature decreases UDP-
GlcNAc and UDP-GalNAc 
concentration [157] 

Serum and 
lipid 
supplements 
 
 

IFNγ/CHO:  branching with lipid 
supplementation 

Mechanism not understood because 
serum composition is unknown 
[158] 

IgG1/CHO:  sialylation with serum-
free medium 

Mechanism not understood because 
serum composition is unknown 
[159] 

IL2/BHK-21:  fucosylation and  
sialylation with serum-free medium 

Mechanism not understood because 
serum composition is unknown 
[147] 

mAb/murine hybridomas: broader 
glycan distribution and  
galactosylation with BSA 
supplementation 

Mechanism not understood because 
serum composition is unknown 
[160] 

pCO2 and 
osmolality 

IgG2/SP2/0: unaffected up to 250mmHg 
pCO2 
 galactosylation at 320mOsm/kg and 
high pCO2 
25%  in galactosylation at 195mmHg 
pCO2 and 435mOsm/kg 

osmotic stress induces pH which 
inhibits GalT and SiaT activities and 
causes them to mislocalize [161] 

Stirring 
speed 

tPA/CHO: 72%  site occupancy at 
40<S<200rpm 

Shear stress increases protein 
syhtnesis wich reduces ER retention 
time [162] 

Culture 
modes 

I IFNγ/CHO: low dilution rates yield 
low site occupancy 
0.5<D<0.8day-1. 

Concentration of metabolites 
inhibits GalT and SiaT activity and 
mislocalizes these compounds. 
[143] 

Table 3. Effect of bioprocess conditions on therapeutic protein glycosylation. The upward arrow 
denotes increase and the downward arrow represents decrease. 
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From Table 3, it is evident that many process parameters influence protein N-linked 
glycosylation. These effects could initially be seen as potential sources for variability. 
However, if their underlying mechanisms were to be fully understood quantitatively, they 
could serve as variables for the modulation and control of glycosylation-associated quality 
attributes of therapeutic proteins.  

3.4. Medium formulation 

When formulating media for mammalian cell culture for the production of secreted 
glycoproteins, the carbon source is of paramount importance. The rate at which 
glycosyltransferases can process glycans is subject to changes in substrate concentrations. 
The substrates of the glycosyltransferase reactions are the antibodies as well as nucleotide 
sugar donors (NSD). In the case of biotherapeutics, the important NSDs are UDP-GlcNAc, 
UDP-Gal, GDP-Fuc CMP-NeuAc and CMP-NeuGc as well as UDP-GalNAc when murine 
cell lines are employed over CHO cells. High levels of CMP-NeuGc terminating 
carbohydrate moieties are unfavorable in a therapeutic context as they are oncofetal and 
potentially immunogenic [163, 164]. The metabolism pathways and biosynthesis of sugars in 
mammalian cells are well known and are graphically represented in Figure 5 where the 
transport into the Golgi is also indicated. Expanding on this, the glycoform can be controlled 
and the concept of feeding strategies is based on the hypothesis that addition of specific 
metabolic intermediates of the nucleotide-sugar biosynthesis to culture medium will drive 
metabolic flux towards the desired NSD and eventually influence the glycoform through the 
increase of desired rates of reaction [165]. Attention must be paid though to a number of 
inhibitory mechanisms which naturally regulate the depicted metabolic network. 

In contrast to supplementing the culture medium with glycosylation substrates to increase 
certain reaction rates, other strategies have consisted of adding glycosylation reaction 
inhibitors to achieve desired glycoforms. More specifically, non-reactive fucose analogues 
have been added to mammalian culture medium to avoid core fucosylation of mAb Fc 
glycans [166]. Others have added mannosidase inhibitors to prevent mAb Fc 
oligosaccharides form reaching more processed states [167]. 

3.5. In-process analysis of glycoproteins 

In general, the complete analysis of oligosaccharide structures and linkages requires a series 
of steps; for example, enzymatic fragmentation, chromatographic separation steps and 
either mass spectrometry (MS) or nuclear magnetic resonance spectroscopy (NMR) to 
determine the chemical structure of the fractions [168]. The technology for these offline 
analyses has improved in terms of the amount of material required, the sensitivity of the 
method, and the speed of analysis, but there is still room for improvement in 
miniaturization, speed, and throughput when it comes to analytics for bioprocessing. 
Particularly if analyses are going to be used to inform manufacturing operations in real-
time, then faster methods with lower sample requirements will be required. Preferably, 
these should also be automatable to reduce the requirement for human expertise. 
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Figure 5. The metabolic pathway of mammalian nucleotide sugar metabolism. 

Early attempts at the high throughput analysis of post-translational modifications included 
a microtitre plate-based assay, where a series of steps including capture, desalting and 
reduction on beads, followed by elution, tryptic digestion, fractionation, and isolation of N-
linked glycopeptides were performed in low volume before MALDI-TOF MS was used to 
identify structures [169]. While this method had the advantage of small sample volume, it 
still was a lengthy procedure and while technically automatable, would be difficult to 
implement in-process. 

One of the most important advances is the introduction of online methods for product 
analysis which will eventually enable real-time or quasi-real time control over the bioreactor 
environment in order to influence the product quality. Towards this end a number of new 
systems have been developed usually based on automated sampling followed by desalting 
via HPLC and analyses that have significantly shorter timescales from sampling to 
information.  

For example,a  two-dimensional system capable of analyzing up to 6 fractions from a 
separations operation was recently reported. Using a single HPLC system capable of 
running two columns simultaneously with independent gradients and switching between 
columns coupled to ESI-MS, fractions from size exclusion or ion exchange chromatography 
steps were analyzed for charge heterogeneity and size variation. An online concentration 
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step was used to analyse dilute fractions to elucidate minor size variants. While unable to 
give complete peptide mapping of glycoforms, this represents a first step towards 
monitoring some of the important QbD properties online including glycoform heterogeneity 
and N-cyclisation [170]. In another recent report, a method for the rapid detection and 
differentiation of sialic acids by HPLC was developed that is capable of analysing the 
content of N-acetylneuraminic acid versus N-glycolylneuraminic acid in about five minutes 
[171] simply by using a shorter column.  

In a further example, Mittermayr et al, made a serendipitous discovery which might lead to 
more rapid sample processing times when analysing glycans from the Fc region of mAbs. 
They initially sought to compare the analysis capabilities of a newly developed hydrophilic 
interaction chromatography method with capillary electrophoresis coupled to laser induced 
fluorescence analysis, but found that the techniques were actually highly complementary in 
their resolving power. Thus, using a combination of the two in a 2D analysis, separation 
time for each could be reduced to 20 minutes. However, some very similar structures could 
not be resolved from each other, making this method incomplete [172]. 

Since measuring glycoform profile in real-time will remain a challenge in the near future, 
another approach is to measure surrogate markers that correlate with the glycan structure 
(and ultimately make a link using metabolic modelling). This idea is very similar to finding 
biomarkers for diagnostic indicators for disease—in essence, one or more ‘biomarkers’ for 
particular glycan structures of interest (e.g. high mannose, highly branched, or high levels of 
sialic acid endcapping) should exist. Once these are identified a fluorescent, in vivo 
biosensor can be designed to monitor each ‘biomarker’ non-invasively in real-time. A 
variety of fluorescence monitoring equipment is available to accurately determine 
fluorescence levels in small volumes and in high throughput and this can then be exploited 
for process design, medium formulation, and cell line engineering experiments. We have 
demonstrated the utility of FRET-based biosensors for monitoring essential metabolites such 
as glucose and glutamine [173]. These can then be paired with metabolic models to predict 
the trajectory of glycoforms given the current nutrient availability. 

Also interesting are a suite of tools developed initially for glycomic analysis of whole cell 
samples (often in the context of disease investigations), but which might be adaptable to 
monitoring proteins secreted during bioprocessing. 

One of the most promising of these techniques is the lectin microarray. Lectins are naturally 
occurring carbohydrate binding proteins which show some degree of specificity and have 
been shown to detect glycoproteins in less than 1 pg amounts [174]. Previous work has used 
lectins conjugated to chromatography resin (e.g [175]) or to magnetic beads for recovering 
glycan containing proteins from a complex mixture, for example serum [176]. The process can 
be done in small volumes using microtitre plates and the glycoproteins can later be analysed 
by MS in a process that can be automated by the use of liquid handling apparati [177].  

Lectins immobilised to beads and fluorescence quenching of quantum dots have also been 
used to quantify specific types of glycoforms, suggesting a proof-of-principle for lectin 
based analysis [178]. However, the main issue with lectin-based detection as a standard is 
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that the specificity of individual lectins is broad, and therefore, specific detection of 
individual glycoforms is currently not possible. However, the possibility of using protein 
engineering or synthetic biology techniques to evolve panels of lectins with precise and 
varying specificity exists and could result in a platform amenable to high throughput in-
process detection  [179]. 

3.6. Experimental strategies for cell line modification  

Another strategy to reduce glycan heterogeneity is genetic modification of cell lines. This 
can be through the overexpression or knockout of the genes encoding for glycosyl 
transferase enzymes. Such attempts aim to produce mAbs with specific biological functions 
or to avoid the expression of mAbs with glycan structures that are potentially immunogenic 
to humans. Umaña’s group overexpressed N-acetylglucosylaminlytransferase III and V 
(GnT III & V) in a tetracyclin-regulated manner, with an aim to introduce bisecting GlcNAc 
and tri-antennary structures respectively in CHO-DUKX cells. Despite the successful 
production of mAb with desired glycan structure, overexpression of GnT III & V enzymes 
greatly impeded cell growth [180]. In the same year, Weikert and collaborators suggested 
the possibility of genetically engineering CHO cells for terminal galactose or sialic acid 
addition in order to encourage CDC and modulate inflammation. This group showed that 
overexpression of human -1,4 galactosyltransferase (GT) or -2,3 sialyltransferase (ST) 
genes reduced the level of terminal GlcNAc and more than 90 % of IgG Fc-oligosaccharides 
were sialylated [181]. The genetic knockout of -1,6 fucosyltransferase (FUT8) gene achieved 
via constitutive expression of small interfering RNA (siRNA) produced mAbs where around 
60% of them were defucosylated. This increased ADCC activity up to 100-fold in in vitro 
assays [182]. Genetic engineering is therefore a potential approach to produce mAbs under 
the QbD strategy, but optimisation is indeed required to minimise possible side-effects. 

Chaperone engineering can be another key parameter in boosting productivity. ER 
chaperones are responsible for correct protein folding and co-overexpression of chaperone 
genes and other regulatory elements (e.g. ERp57, calnexin/calreticulin, and/or protein 
disulfide isomerise) exhibited position effects in Productivity. Disulfide isomerase in 
particular increased specific mAb productivity by 55% in transient gene expression, but 
there were no/negative effects in stable gene expression  [33]. In addition, targeting the 
unfolded protein response (UPR) pathway is another approach to enhancing recombinant 
protein yield. The spliced form of X-box binding protein 1 (XBP-1s) is the spliced form of the 
parental XBP-1 protein and only exists upon the induction of ER-stress. Studies showed that 
overexpressing XBP-1s in mAb expressing-CHO-T cells under hypothermic condition 
increased total mAb concentration by 36 % [26]. 

4. In silico protein glycosylation studies 

Mathematical modeling is a powerful tool for in silico studies of complex phenomena. A 
high-fidelity model of protein production and glycosylation would be useful for bioprocess 
design, culture media formulation, and the design of genetic engineering strategies. Early 
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computational studies concerning intracellular glycosylation highlighted particular aspects 
of the biological machinery. Monica et al. investigated the role of diffusion in the trans-Golgi 
network on limited sialylation [183]. The model assumed an isotropic compartment with 
respect to both substrate and enzyme concentration and concluded that diffusion limitations 
are not significant with respect to the sialyltransferase-catalysed reactions. This finding is 
particularly significant with respect to other glycosyltransferase reactions as sialic acid is 
known to be at the lowest abundance compared to other nucleotide sugar species. Shelikoff 
et al. presented a first approach towards the mathematical modelling of macroheterogeneity 
in glycoproteins [184]. The work focused on the attachment of the glycan precursor to the 
Asp-X-Ser/Thr tripeptide sequence, which takes place in the ER. While site occupancy 
currently receives little attention in the production of mAbs, this aspect of glycosylation may 
be of greater significance in the near future as cellular antibody productivity keeps 
increasing and thus, placing more strain on the ER, which may lead to increased 
macroheterogeneity. 

The first mathematical investigation of glycosylation microheterogeneity was carried out by 
Umaña et al. in 1997 as part of a study into the effect of glycosyltransferase overexpression 
in a mammalian cell line in order to exert control over the glycoform [185]. As part of this 
study, a Central Reaction Network (CRN) to monitor a total of 33 species comprising 
mannosidases, GlcNAc-transferases (GnTs) and terminating upon the addition of the first 
galactose, which prevents further processing through GnTs or ManII of the glycan structure 
[186], was proposed. The calculations of species abundance were based on enzyme 
concentrations as well as distribution, kinetic constants of reaction, protein half-life in Golgi, 
the Golgi volume and finally the specific glycoprotein productivity. The underlying mode of 
operation for the Golgi is assumed to be the vesicular transport model, which states that 
vesicles will bud off their respective Golgi compartment at their bulk concentration and fuse 
with the next compartment in series. This mode of operation can be idealised and viewed as 
four continuously stirred tank reactors (CSTRs) in series, representing the cis-, medial-, 
trans-Golgi cisternae and the trans-Golgi network. The work paid particular attention to 
GnTIII, which catalyses the transfer of a bi-secting GlcNAc to an agalactosylated glycan 
moiety upon which no further GnTs can act and thus, capping antennarity. The authors of 
the study examined the overexpression of the particular glycosyltransferase in a number of 
in silico experiments and confirmed their hypothesis that antennarity was reduced and 
hybrid glycan content increased. This study provided an important first insight into the 
power of mathematical modelling as an approach towards glycan engineering. 

Krambeck and Betenbaugh extended the above described work through the inclusion of 
further glycosyltransferases and thus, expanding the number of structures from 33 to 7,565 
structures resulting from a total of 22,871 reactions, which accounts for core fucosylation, 
galactosylation and sialylation of carbohydrate moieties [187]. The model was also not 
specific to a single glycan site and viewed the Golgi compartments as four CSTRs in series. 
Building on previous work, enzyme dissociation constants from experimental investigations 
were employed for each glycosyltransferase and competitive product inhibition was taken 
into account. Furthermore, the model was evaluated and fitted against experimental data, 
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where the glycoform data was obtained from recombinant human thrombopoietin (TPO) in 
which an average of 5.4 occupied N-glycan sites have been reported per molecule [188]. Model 
optimisation was based on an averaged TPO glycan site, where enzyme concentrations were 
altered to give a closest fit to experimental data. Krambeck and Betenbaugh argue that while 
dissociation constants and kinetic data for the glycosyltransferases exist in literature, the 
enzyme concentration in the Golgi is cell line-dependent and will be subject to change based 
on culture conditions. Golgi-resident enzyme concentrations were changed to match data and 
resulted in improved model simulation results.  

Krambeck et al. extended the model further in a follow up study, where the model was 
tailored to analyse glycoforms from mass spectrometric data [189]. Mass spectrometry is 
based on mass to charge ratio of species and, thus, will not be able to distinguish between 
different structures of same molecular mass. The presented model attempts to resolve the 
issue through the prediction of alternative structures content for the same mass 
spectrometric data peak and eventually screen for glycan disease markers in humans. The 
model was extended through the addition of further glycosylation enzymes to makeup a 
total of 19 glycosyltransferases and subsequently enzyme activities were adjusted to match 
normal and malignant human monocyte N-glycan mass spectra. Through application of 
limiting conditions based on prior knowledge, glycans of probable negligible abundance can 
be omitted resulting in a total of 10,000 – 20,000 structures. The model gives valuable insight 
into changes in enzyme activity as a result of different diseases, but is rather limited in its 
application to the development and production of biotherapeutics, where large specificity 
with respect to the glycan structure and accessibility to the protein backbone is required for 
a highly accurate predictive model. 

Hossler et al. attempted to improve the predictive ability of glycan distribution models 
through the variation of reaction-related variables [190]. This model was the first to 
discriminate between reaction mechanisms for different glycosylation enzymes. ManI and 
ManII were modelled assuming Michaelis-Menten kinetics with substrate competition; the 
remaining transferases were modelled using a rapid equilibrium, random, Bi-Bi mechanism. 
While all previous models assumed the vesicular transport regime, which is modelled as a 
series of CSTRs, this study explored the hypothesis of the Golgi maturation model, which 
states that each compartment undergoes a maturation process to transform from early 
cisternae to late cisternae. In an idealised case this can be described by a plug flow reactor 
(PFR) and, thus, travelling through a tubular reactor, representing the Golgi cisternae. 
Modelling the Golgi apparatus as a single reactor of constant enzyme concentration showed 
that a long enough residence time will lead to highly processed glycan structures and 
changes in glycosyltransferase concentration can lead to a targeted glycoform for most 
glycan species. However, the authors of the study argued that a total of four reactors will be 
required to accurately simulate changes in the enzyme concentration along the length of the 
Golgi apparatus. The results show a greater appearance of under-processed glycan 
structures in the final product and generally less deviation from the data obtained from the 
CSTR-in-series model. A decrease in protein residence time was shown to have a much 
larger impact on the four PFR model than the CSTR model, with many more under-
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processed glycans were observed for the PFR case. It was further shown that modifications 
of the enzyme concentrations for the PFR-in-series model could lead to the most targeted 
glycoform and thus, demonstrating enzyme localization to be a very potent approach in 
glycan engineering. Hossler et al. concluded that while the actual biological mechanism will 
be less idealised than assumed in the study, the PFR-in-series model will give a more true 
distribution as demonstrated by comparison with experimental data. 

 
Figure 6. Calculated vs. experimental oligosaccharide profiles with the Jimenez del Val model [106]. 
The dark bars correspond to the experimental oligosaccharide profiles, and the light bars represent 
those calculated with the model. Comparison between Herceptin (A), Rituxan (B), Remicade (C), and 
Erbitux (D) are shown.  

Recently, Jimenez del Val et al. developed a model specifically tailored to the glycan found 
on the Asn297 position of an IgG antibody constant region [191]. The model includes a 
cisternal maturation approach and expands on rate expressions for various enzymes to 
include Michaelis-Menten, sequential Bi-Bi and random order Bi-Bi kinetics for specific 
glycosyltransferases as reported in previous literature for each enzyme. The model 
considers the Golgi apparatus to be a single PFR of constant diameter, no axial dispersion 
within the compartment, constant flow and no mass transfer limitation where enzyme 
recycling along the biological reactor length leads to changes in glycosyltransferase 
concentrations. As a result it proposes a novel representation of enzyme concentrations 
along the length of a PFR as normal distribution functions. The unknowns of the three 
parameter normal functions for the spatial distribution of the enzymes where found through 
optimization-based methods, where the minimum amount of total enzyme necessary to 
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achieve terminal oligosaccharide processing, including 50% sialylation, was sought. A 
further extension of previous mathematical models was the incorporation of protein-
mediated nucleotide sugar donor transport into the Golgi cisternae. Again, due to the 
assumption of Golgi-resident protein recycling, a distribution of transport proteins is 
expected along the length of the PFR, which was estimated using an optimisation-based 
method. The optimisation was based on the assumption that the rate of by-product 
dephosphorylation is much faster than nucleotide sugar donor accumulation and, therefore, 
parameter values for minimum transport protein concentration were determined. Further, it 
was argued that while the above distributions should not change significantly, the 
dissociation constants will differ for individual glycoproteins as well as glycan sites within a 
glycoprotein. This accounts for steric hindrance and much reduced sialylation in the 
antibody Fc region and, hence, by taking dissociation constants for various commercial 
mAbs from literature, a glycoform was obtained. A comparison with experimental data, the 
Krambeck and Bettenbaugh, as well as the Hossler et al. model showed that the hereby 
obtained mathematical tool presented the closest fit to experimental data for most glycan 
species analysed as shown in Figure 6. Furthermore the model was demonstrated to show 
good fit to experimental data under gene silencing as presented in Figure 7. 

 
Figure 7. A: Compares the reported oligosaccharide profiles (dark bars) with the ones calculated with 
the Jimenez del Val model (light bars), before FucT gene silencing. B: Compares reported and calculated 
oligosaccharide profiles after FucT silencing. Experimental results from [192]. 

5. Conclusions and outlook 

The main goal of QbD is to ensure product quality by building it into the manufacturing 
process. The initiative provides practical incentives, such as shorter approval times and 
higher flexibility towards changes in manufacturing process conditions, for industrial 
production. Despite the volume of data required for QbD, the benefits far outweigh the 
effort. The first goal of QbD for biopharmaceuticals should be to narrow the glycomic 
profile of glycoprotein-based drugs based on existing knowledge of the desired structures 
for the application at hand and of the effect of manufacturing conditions and media/feed 
formulation on the availability of nucleotide sugars and the resulting glycan profile. This 
can be achieved more effectively through the combination of fundamental biological 
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techniques for cell engineering, methodologies allowing rapid glycan analysis (in particular 
in vivo biosensors for ‘biomarkers’ of the desired glycan structure), and rational engineering 
design of manufacturing conditions.  

Rapid analytical tools will allow us to examine more samples in-process with the aim of 
controlling and potentially optimising conditions in real time. An enabling tool is 
mathematical modelling, which, given its tremendous progress in successfully simulating 
the modification of complex glycoproteins, could in the future allow us to collect in process 
information about a fermentation run arising from various analyses at line and use it to infer 
the current state of the system and design improved operation strategies in terms of 
supplementation of nutrients or precursors, or adjustment of DOT, culture pH or other key 
conditions.  

At the same time, while CHO cells clearly remain the dominant host system, research on 
other, more prominent cell lines that provide better glycosylation, or higher yield remains 
active. Yeast, insect, plant cells, and transgenic animals are amongst the more likely host 
systems to replace CHO cells. However, a significant amount of research effort regarding 
further bioprocess optimisation, as well as how they can be engineered to produce complex 
therapeutic molecules, such as heparin is still ongoing for CHO cells. Given the continued 
investment in CHO research, the number of existing production platforms, and pending 
patents as well as the stringency of the pharmaceutical regulatory agencies, they will likely 
remain a relevant industrial production host for at least another few decades.  

That being said, the ideal expression system would achieve a high level expression of 
recombinant protein at a low cost. This implies that microbial hosts would lead to a 
significant cost advantage. Advances in humanising the PTM machinery in microbial hosts, 
P. pastoris in particular, offer significant promise. However, the aforementioned research 
developments have been achieved in lab-scale fermentation. To reap their benefits, the 
glycosylation profile needs to be demonstrated to be consistently homogeneous in large-
scale fermentations. Overall, it is clear that the QbD initiative dictates a unified engineering 
and scientific approach to potentiate control over the glycomic profile of cell culture-derived 
protein-based drugs. 
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1. Introduction 

The first monoclonal antibody (Mab), developed against kidney transplant rejection, was 
accepted by the FDA in 1986 [1]. Today, Mabs are leading the biotherapeutics market as 28 
have been approved in Europe and the USA, and hundreds are in clinical trials [2-4]. Most of 
them are of IgG1 subtype, developed for cancer and immune disease treatments. Mabs clinical 
efficacy not only relies on specific target binding provided by their variable region, but also on 
their ability to trigger defense mechanisms such as antibody-dependent cellular cytotoxicity 
(ADCC) and complement dependent cytotoxicity (CDC). These effector functions are 
mediated by the interaction between the antibody Fc fragment and the Fcγ-receptors 
expressed on immune cell surfaces or the molecules of the complement involved in ADCC and 
CDC respectively. In the last decade, these interactions were found to be highly dependent on 
on the presence and structure of the N-glycan linked to the Fc fragment [5, 6]. 

Fc fragments possess two conserved N-glycosylation sites on asparagine 297 in the CH2 
domain of each heavy chain. Mabs produced in mammalian cells possess a wide variety of 
glycoforms, as the attached glycans are modified to different extents with core-fucosylation, 
bisecting N-acetylglucosamine addition, galactosylation and sialylation. The glycan 
composition is crucial, as the presence or absence of a single monosaccharide residue can 
remarkably affect the affinity of the Mab for the different Fcγ-receptors. Among the variety 
of monosaccharides present on Fc glycans, terminal sialic acids are particularly interesting, 
as their role in Mab functions is both positive and negative. Sialylation of the Fc glycan 
dramatically decreases Mab affinity for the canonical Fc receptors, thereby inhibiting ADCC. 
However, recent studies on the anti-inflammatory properties of intravenous 
immunoglobulins (IVIg) suggest that this biological activity could be conferred by the 
presence of α2,6-sialic acid residues on the Fc glycans. Although this hypothesis is still 
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controversial, the study has raised a new interest in α2,6-sialylated IgGs. While glycosylation 
of therapeutic Mabs significantly impact their biological activity, the production of Mabs with 
a specific homogenous glycoform profile is in general beyond the reach of manufacturing 
bioprocesses. In this chapter, we describe and compare two large-scale transient expression 
platforms using chinese hamster ovary (CHO) and human embryonic kidney 293 (HEK293) 
cells for the production of highly sialylated monoclonal antibodies. 

2. IgG N-glycans and their interactions with the Fc 

Glycosylation is a complex process that involves several glycosyltransferases and 
glycosidases. Most glycosylation sites are located on the glycoprotein surface, whereas IgGs’ 
N-glycans are embedded within the Fc fragment. This particular location restricts the access 
of glycosyltransferases to their substrates, thereby reducing glycan complexity. 
Subsequently, while tri- and tetra-antennary glycans can be found on many glycoproteins 
such as EPO or IgG Fab fragments, Fc N-glycans are of the complex biantennary type [7] 
that consists of a heptasaccharide core structure comprising four N-acetylgalactosamines 
(GlcNAc) and three mannoses (Figure 1). The α1,3 and α1,6 arms can be further elongated 
with galactose and sialic acid. Fucose and bisecting-GlcNAc can be found on the core 
GlcNAc and on the central mannose respectively. This glycan is rarely fully processed; the 
predominant glycoform found on antibodies produced in CHO and 293 cell cultures is the 
fucosylated core-structure. 

 
Figure 1. IgG1 glycan bi-antennary complex structure. Glycan interactions with CH2 amino acids. Sia: 
sialic acid; Gal: galactose; GlcNAc: N-acetylglucosamine; Man: mannose; Fuc: fucose. 
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The CH2 amino acid sequence around Asn297 is very well conserved amongst IgG subtypes. 
Several amino acids have been shown to interact with the glycan located on the same heavy 
chain (HC), whereas no interaction is likely to happen with the other heavy chain. Amino 
acid-glycan interactions determine the glycan position within the Fc pocket and its 
availability for glycosyltransferases. The galactose (Gal) on the α1,6 arm is the main residue 
retaining the glycan on the protein surface [6, 8, 9] by generating H-bonds with Lys246 and 
Thr260 [6]. In IgG1 and IgG4 subtypes, galactosylation occurs preferentially on α1,6 branch 
[8, 10]. The inner saccharides have less interaction with the protein. The first and second 
GlcNAc residues generate H-bonds with Asp265 and Arg301 respectively [6]. They also 
form a CH/π interaction with the non-polar moieties of Val264 and Phe241 [6]. Similarly, the 
GlcNAc residue on the α1,6 branch also forms a CH/π interaction with Phe243 [11]. In 
contrast to galactosylation, sialylation preferentially occurs on the α1,3 arm. It has been 
suggested that the galactose on the α1,6 arm may limit further elongation by maintaining 
the branch close to the CH2 protein surface [8]. However, even if steric hindrance may play a 
role, branch α2,6-sialylation specificity was shown to be a consequence of ST6Gal-I α1,3 arm 
preference [12], a phenomenon that is protein independent. The presence or absence of a 
sugar residue on the Fc glycan thus affects the conformation of the Fc, thereby affecting the 
Fc-mediated effector functions. These effects are summarized in Table 1. 
 

 
Mab-FcγR

Affinity 
Mab-C1q
Affinity 

Impacted effector function Reference 

b-GlcNAc +  ADCC Umaña 1999 

Fucose -  ADCC Shields 2002, Shinkawa 2003 

Galactose  + CDC Hodoniczky 2005 

Sialic acid -  ADCC Scallon 2007 

Table 1. Impact of the presence of extra-core monosaccharides on IgG ADCC and CDC effector 
functions. 

3. Sialic acids in Fc N-glycans 

The half-life of a number of glycoproteins can be enhanced by sialylation, as sialic acid 
acts as a cap that hides the penultimate galactose residue recognized by the hepatic 
asialoglycoprotein receptor (ASGPR, or Ashwell-Morell receptor) [13]. Sialic acid can be 
linked to the galactose either with α2,3 or α2,6 linkage. Recent studies showed that α2,3 
sialylation provides a better protection to the protein than α2,6 sialylation, as ASGPR 
recognizes Siaα2,6Gal and Siaα2,6GalNAc moieties in addition to the well-known Gal and 
GalNAc residues [14, 15]. However, Fc-glycans have no apparent impact on IgG half-life 
[16]. The benefits of IgG sialylation on in vivo properties of IgGs are still to be understood. 
Recent studies suggest that sialylation provides anti-inflammatory properties to IgGs. It 
was observed that IVIg injected at very high doses have a therapeutic effect in several 
auto-immune and inflammatory diseases such as immune thrombocytopenic purpura 
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(ITP) and rheumatoid arthritis (RA). Kaneko et al. demonstrated that IgGs bearing 
sialylated Fc-glycans have anti-inflammatory properties in a RA murine model [17]. The 
inhibitory Fcγ-receptor FcγRIIb as well as Dendritic Cell-Specific Intercellular adhesion 
molecule-3-Grabbing Non-integrin (DC-SIGN) receptor were shown to be involved [18-
21], but the exact mechanism has not been elucidated. In parallel, Van de Geijn et al. 
reported that the increased levels of IgG1 galactosylation and sialylation during 
pregnancy may be responsible for the improved condition of RA-affected pregnant 
women [22]. 

IVIg are IgGs pooled and purified from sera of 3000 to 10000 donors. The sialylated fraction 
represents around 10% of the total IgGs present in the pool. To be therapeutically effective, 
IVIg used as an anti-inflammatory drug require repeated injections of very high doses (1-
3g/kg). As IVIg are successfully used in an increasing number of applications, a lack of 
donors is expected in the near future [23, 24]. To increase the therapeutic efficacy of anti-
inflammatory IgGs and avoid IVIg shortage, one strategy may reside in the production of 
recombinant sialylated IgGs [25]. 

4. Production of sialylated recombinant antibody 

The CHO cell line is the most widely accepted production cell line in the industry for 
therapeutic manufacturing, including monoclonal antibodies. CHO cells have proven to be a 
safe expression system and provide high production yields. IgG and Fc fragment produced 
in CHO cells exhibit a very low level of sialylation (<2%). However, it was shown that a 
single mutation in the CH2 domain, the replacement of Phe243 by an alanine, enhances the 
sialylation level of an IgG3 [26]. CHO glycosylation machinery is very similar to that found 
in human cells but with two major differences: they lack a functional N-
acetylglucosaminyltransferase-III (GnTIII) for the addition of bisecting-GlcNAc and, more 
importantly, they lack the alpha-2,6-sialyltransferase-I activity (ST6Gal-I or SIAT1) 
responsible for the addition of sialic acids on galactose residues with α2,6 an linkage [27]. 
The expression of a recombinant ST6Gal-I is therefore necessary to achieve the production of 
α2,6 sialylated IgGs in CHO cells. 

Large-scale transfection strategies allow for the rapid expression of recombinant 
glycoproteins. The HEK293 cell line is easily transfectable with a variety of gene transfer 
reagents, and is probably the most utilized cell line for large-scale transient gene expression 
[28, 29]. More recently, approaches using CHO cells have also been developed that provide 
tens to hundreds of milligrams of protein per litre [30]. In order to generate high titres of 
antibodies with enhanced α2,6-sialylation, we optimized the conditions for the transient co-
expression of human ST6Gal-I together with IgG light and heavy chains in CHO and HEK293 
cells. Our model antibody, Herceptin (or trastuzumab, herein abbreviated TZM), is a 
humanized mouse IgG1 used in the treatment of HER2-positive breast cancer. TZM has no 
glycosylation site on the Fab fragment but only the N297 sites on each CH2 domains of the Fc. 
We compared sialylation of the wild-type antibody to the F246A mutant (TZMm), which is 
equivalent to the IgG3 F243A mutant described previously [26]. 
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3g/kg). As IVIg are successfully used in an increasing number of applications, a lack of 
donors is expected in the near future [23, 24]. To increase the therapeutic efficacy of anti-
inflammatory IgGs and avoid IVIg shortage, one strategy may reside in the production of 
recombinant sialylated IgGs [25]. 

4. Production of sialylated recombinant antibody 

The CHO cell line is the most widely accepted production cell line in the industry for 
therapeutic manufacturing, including monoclonal antibodies. CHO cells have proven to be a 
safe expression system and provide high production yields. IgG and Fc fragment produced 
in CHO cells exhibit a very low level of sialylation (<2%). However, it was shown that a 
single mutation in the CH2 domain, the replacement of Phe243 by an alanine, enhances the 
sialylation level of an IgG3 [26]. CHO glycosylation machinery is very similar to that found 
in human cells but with two major differences: they lack a functional N-
acetylglucosaminyltransferase-III (GnTIII) for the addition of bisecting-GlcNAc and, more 
importantly, they lack the alpha-2,6-sialyltransferase-I activity (ST6Gal-I or SIAT1) 
responsible for the addition of sialic acids on galactose residues with α2,6 an linkage [27]. 
The expression of a recombinant ST6Gal-I is therefore necessary to achieve the production of 
α2,6 sialylated IgGs in CHO cells. 

Large-scale transfection strategies allow for the rapid expression of recombinant 
glycoproteins. The HEK293 cell line is easily transfectable with a variety of gene transfer 
reagents, and is probably the most utilized cell line for large-scale transient gene expression 
[28, 29]. More recently, approaches using CHO cells have also been developed that provide 
tens to hundreds of milligrams of protein per litre [30]. In order to generate high titres of 
antibodies with enhanced α2,6-sialylation, we optimized the conditions for the transient co-
expression of human ST6Gal-I together with IgG light and heavy chains in CHO and HEK293 
cells. Our model antibody, Herceptin (or trastuzumab, herein abbreviated TZM), is a 
humanized mouse IgG1 used in the treatment of HER2-positive breast cancer. TZM has no 
glycosylation site on the Fab fragment but only the N297 sites on each CH2 domains of the Fc. 
We compared sialylation of the wild-type antibody to the F246A mutant (TZMm), which is 
equivalent to the IgG3 F243A mutant described previously [26]. 
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5. Materials and methods 

Mammalian cell culture 

The human embryonic kidney 293-6E cell line stably expressing truncated Epstein-Barr 
virus Nuclear Antigen-1 (EBNA1) and the Chinese hamster ovary cell line also expressing a 
truncated EBNA1 protein (clone 3E7, or CHO-3E7) were grown in suspension culture in 
serum-free F17 medium (Invitrogen, Carlsbad, CA) supplemented with 0.1% Pluronic-F68, 
25 µg/mL geneticin G418 (for 293-6E cells only) and 4 mM glutamine [31]. Cultures were 
maintained between 0.1 and 2.0 x 106 cells/mL in 125 mL ventilated Erlenmeyer flasks 
shaken at 120 rpm in a humidified incubator at 37°C with 5% CO2. 

Plasmids 

The light (LC), heavy (HC), and F246A mutated heavy (HCF246A) chains were cloned 
between the EcoRI and BamHI sites of the pTT5 vector [32, 33]. The human ST6Gal1 gene 
was cloned between the HindIII and BamHI sites of the pYD7 vector [34]. Green fluorescent 
protein (GFP) cloned into the pTT vector was used as a reporter gene to evaluate 
transfection efficiency [35]. Plasmids were amplified in Escherichia coli (DH5α) grown 
overnight in CircleGrow medium (MP Biomedical, Solon, OH) supplemented with 
100ug/mL ampicillin and purified using MAXIprep or QIAprep spin Miniprep columns 
(Qiagen, Mississauga, ON). 

Transfection 

Linear 25 kDa polyethylenimine1 (LPEI), and linear deacylated polyethylenimine (PEI max) 
were obtained from Polysciences (Warrington, PA). Stock solutions (1 mg/mL and 3 mg/mL 
for LPEI and PEImax respectively) were prepared in ultrapure water, sterilized by filtration 
(0.2 µm), aliquoted and stored at 4°C. Cells were diluted 2 days before transfection in fresh 
medium at 0.5 and 0.2 x 106 cells/mL for 293-6E and CHO 3E7 cells respectively. Cells were 
transfected at densities between 1.5 and 2 x 106 cells/mL. DNA and PEI were separately 
diluted in complete serum-free F17 medium in sterile tubes. Transfection reagents volume 
was 10% of the final culture volume. The final DNA concentration was 1 µg per mL of 293-
6E culture, and 1.5 µg per mL of 3E7 culture. PEI was used at the final concentration of 3 µg 
per mL in 293-6E culture and 7 µg per mL in 3E7 culture. Plasmid DNA mix was directly 
added to the cells and the suspension was allowed to incubate under agitation for 5 min at 
37°C before the addition of PEI according to the direct transfection protocol [46]. Cells were 
fed 24 hours post-transfection (hpt) with TN1 peptone to a final concentration of 0.5% (w/w) 
to enhance productivity [28]. Transfection efficiency was assessed 48 hpt by determining the 
percentage of GFP positive cells and GFP fluorescence intensity by flow cytometry 
with a BD LSRII cytometer (BD Biosciences, Mississauga, ON). Only viable single cells were 
taken in account. Cell density and viability were determined using the Cedex Innovatis 
                                                                 
1 "Use of PEI for transfection may be covered  by  existing  intellectual  property  rights,  including  US  Patent  
6,013,240, European Patent 0,770,140, and foreign equivalents for which further information may be obtained by 
contacting licensing@polyplus-transfection.com” 
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automated cell counter Cedex Analyzer (Roche, Laval, QC) based on the trypan blue 
exclusion method. 

Purification of Mabs from cell culture supernatants 

Cell cultures were centrifuged 20 min at 3000g. The supernatant was collected and loaded 
on a 4mL MabSelect SuRe column (GE Healthcare, Mississauga, ON) equilibrated in PBS. 
The column was washed with PBS and Mabs were eluted with 100mM citrate buffer pH 3.0. 
The fractions containing Mabs were pooled and the citrate buffer was exchanged against 
water on Econo-Pac® 10DG columns (Bio-Rad, Mississauga, ON). Purified Mabs were 
sterilized by passing through 0.2 µm filters, aliquoted, and stored at -80°C. 

Quantification of Mabs 

Concentration of TZM and TZMm in culture supernatants were determined by protein-A 
HPLC using a 800 µL POROS® 20 micron Protein A ID Cartridge (Applied BioSystems, 
Foster City, CA) according to the manufacturer’s recommendations. The antibody present in 
the culture medium was also visualized following reducing and non-reducing SDS-PAGE 
stained by Bio-Safe Coomassie Stain (Bio-Rad, Mississauga, ON). Purified Mab were 
quantified by absorbance at 280 nm using a Nanodrop™ spectrophotometer 
(ThermoScientific). 

Lectin-Blot for α2,6-sialylation evaluation 

α2,6 sialylation was assessed by lectin-blotting on denatured and reduced antibody to 
separate HC from LC. After protein transfer, nitrocellulose membrane was incubated 3 
hours with biotinylated Sambucus Nigra (SNA) lectin (Vector Laboratories, Burlingame, 
CA), then incubated with Streptavidin-Peroxidase Polymer (Sigma, Saint Louis, MO) for one 
hour. Signal was revealed with BM Chemiluminescence Blotting Substrate (POD) (Roche 
Applied Science, Indianapolis, IN). 

Isoelectric focusing (IEF) 

Purified Mabs were analysed on PhastGel™ 3-10, run on the PhastSystem™ (Amersham 
Biosciences, Baie d’Urfe, QC) according to the manufacturer’s recommendations. Gels were 
fixed in trichloroacetic acid (TCA) 5% in water (w/w) and stained with Coomassie blue 
0.02%.  

Enzymatic removal of sialic acids 

α2,3 linked sialic acids were enzymatically removed from the purified antibody by 
Streptococcus pneumoniae Glyko Sialidase S (PROzyme, Hayward, CA) after one hour 
incubation at 37°C. Total sialylation (α2,6 and α2,3 sialic acids) was removed after 
incubation overnight at 37°C with Arthrobacter ureafaciens Neuraminidase (MP Biomedicals, 
Solon, OH). 

Mass spectrometry 

Peptide-N-glycosidase F (PNGaseF) was purchased from Roche (Mannheim, Germany). 
Phenylhydrazine (PHN), phenylhydrazine hydrochloride (PHN.HCl), iodomethane (MeI), 
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dimethylsulfoxide (DMSO), 2,5-dihydroxybenzoic acid (DHB) and 2-aza-2-thiothymine 
(ATT) were obtained from Sigma (St. Louis, MO, USA). Carbon and STRATA-X-C cartridges 
were purchased from Phenomenex (Torrance, CA).  Solid sodium hydroxide (NaOH) and 
HPLC-grade solvents (acetonitrile (ACN), chloroform, methanol) were obtained from Fisher 
Scientific (Fair Lawn, NJ). HPLC-grade water was obtained with a Milli-Q® plus TOC water 
purification system (Millipore, Bedford, MA).  

Release of N-linked oligosaccharides from samples and MALDI-MS analysis 

To the sample solution (100 µL; 50µg glycoprotein) 2 µL of PNGaseF were added and 
incubated at 37°C for 5-18 h. One µL of digested mixture was loaded onto a spot with 
freshly prepared matrix solution (0.8 µL; 5 mg of ATT and 2.5 mg of PHN.HCl dissolved in 
350 µL 50% ACN in water) predeposited on the surface of a MALDI target. When the 
mixture was partially dried, 0.4 µL of PHN-labelling solution (phenylhydrazine:deionized 
water:ACN/1:4:1) was added to the spot with sample-matrix and left to air air-dry. The 
samples were analysed by MALDI-TOF/TOF-MS (UltrafleXtremeTM, Bruker) in both 
positive and negative ion modes. For the structural analysis individual parent ions were 
manually selected. MS/MS spectra of oligosaccharides were interpreted manually. The 
structures of N-glycans were derived on the basis of fragmentation patterns which were 
produced under MS/MS conditions for single precursor ions. For a discrimination of 
isomeric structures, general rules described in previous study have been applied [36].  

To verify glycan profiles obtained by PHN-target derivatization immediately after PNGaseF 
treatment, all digested samples were also purified on STRATA-XC cartridges combined 
with carbon cartridges. After washing carbon cartridge with 4x1000µL of deionized water, 
glycans were eluted with 40% ACN (1000µL). After total evaporation the glycans were 
labelled with PHN as described above or permethylated according to the procedure 
described by Ciucanu and Kerek [47]. Briefly, dried fractions containing oligosaccharides 
were dissolved in DMSO (40 µL), to which NaOH (2 mg) and methyl iodide (8 µL) were 
added. The mixture was vortexed vigorously (30 min) at room temperature. Then, the 
reaction was stopped by adding ice-cold water (500 µL) followed by chloroform (200 µL). 
After mixing and centrifugation, the upper aqueous layer was discarded and the chloroform 
portion was again washed with distilled water (4 X 500 µL each). Chloroform was 
evaporated and the sample was reconstituted in 70% aqueous methanol (5 µL).One µL of 
permethylated sample solution was spotted into DHB matrix and analysed by MS. 

Intact mass analysis of Mabs 

The antibody isolates were analysed by Trap-LC-MS using an Agilent 1100 series HPLC 
system coupled to a Q-TOF2 hybrid quadrupole time-of-flight mass spectrometer (Waters) 
equipped with an electrospray interface.  Approximately 3 µg of antibody was injected onto 
a Protein MicroTrap (Michrom BioResources/Dionex).  The trap was washed with deionized 
water (~500 µL) to remove buffers prior to being switched on-line with the LC-MS system.  
The antibody was eluted using a linear gradient from 1% to 85% solvent B in 27min (solvent 
A: 0.1% formic acid, solvent B: 0.1% formic acid in acetonitrile, flow rate: 0.45mL/min). The 
mobile phase was split before the trap to 50µL/min.  The electrospray voltage was 4200V 
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and cone voltage was 80V.  The Q-TOF2 mass spectrometer was calibrated for high mass 
range using cesium iodide.  Mass spectra were acquired every 2 seconds during the analyses 
over the full mass range (m/z 50-4000).  The mass spectra acquired across the protein peak 
were combined and smoothed (smooth window: ± 3, number of smooths: 8, smoothing 
method: Savitsky-Golay) and deconvoluted using the MassLynx MaxEnt 1 software from 
Waters: spectral window: m/z 2500-3200, molecular weight range: 140,000-160,000 Da, 
resolution: 1.00Da/channel, damage model: simulated isotope pattern spectrometer blur 
width of 0.500Da, minimum intensity ratios: 60% left, 60% right, number of iterations: 15).  
Peaks in the molecular weight profile were integrated using the MassLynx software. 

6. Results 

6.1. Transfection conditions optimization 

DNA ratio parameters 

Transfection efficacy relies on a variety of parameters that are, amongst others, cell line- 
protein- and plasmid-dependent. We expressed our model Mab together with the human 
α2,6 sialyltransferase (ST6Gal-I) by performing co-transfection of the Mab heavy chain (HC), 
light chain (LC) and ST6Gal-I expressing plasmids. The optimal proportions of each plasmid 
were determined to ensure 1) the proper assembly of the Mab, 2) high sialylation levels and 
3) high Mab yields. The LC:HC and (LC:HC):ST6Gal-I ratios were then assessed in CHO and 
293 cells in suspension in 6-well plates, after 5 days at 37°C. The supernatants were collected 
and analysed by protein-A HPLC (Fig. 2A) and by SDS-PAGE followed by Coomassie 
staining (Fig. 2B) to evaluate the expression yield and proper assembly of antibodies. 
Sialylation was assessed by SNA-blotting (Fig. 2C). For TZMm, a slight excess of LC plasmid 
(LC:HC of 6:4) provided a better expression yield in both cell lines. For wild-type TZM, this 
ratio was of 5:5 in 293 and 6:4 in CHO cells. A ratio 6:4 was chosen for the expression of 
TZM and TZMm in both cell lines. As for sialylation, 20% of ST6Gal-I plasmid was found to 
allow maximum signal in SNA blots without significantly affecting TZMm expression yields 
in both cell lines. It is worth noticing that the sialylation of the wild-type antibody remained 
very low for all ST6Gal-I plasmid ratios, suggesting the inability of the enzyme to sialylate 
TZM. Mab yields were increased in 293 cells with the incorporation of 30% of non-coding 
DNA (salmon sperm DNA) in the final DNA mix, while this was unnecessary in CHO cells 
(data not shown). 

Transfection protocol 

The usual polyethylenimine (PEI) mediated transfection protocol involves the formation of 
DNA-PEI complexes (polyplexes) prior to their addition to the cells. Another approach, the 
direct transfection, consists of the successive addition of DNA and PEI to the cell 
suspension, and was validated with 293 cells to facilitate large-scale transfection handling 
[46, 48]. This strategy was adapted here for CHO cells. 1.5 µg of DNA and 7 µg of PEI per 
mL of culture allowed the expression of amounts of IgGs equal to the classic indirect 
protocol (Fig. 3). Transfection parameters for CHO and 293 cells are summarized in Table 2. 
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Figure 2. Optimization of LC:HC and ST6Gal-I ratio. Panel A – Mabs were quantified by protein-A 
HPLC in 293 and CHO supernatants 5 days post-transfection. Different LC:HC and LC:HC F246A DNA 
ratios were tested for proper expression of TZM and TZMm respectively. Panel B – The supernatants 
were loaded on SDS-PAGE (non-reducing) and stained with Coomassie blue. LC:HC ratios are: Lane 1: 
9:1; Lane 2: 8:2; Lane 3: 7:3; Lane 4: 6:4; Lane 5: 5:5; Lane 6: 4:6. Panel C – Determination of the optimal 
ST6Gal-I ratio. Supernatants from cells transfected with TZMm HC and LC and various ST6Gal-I ratios 
were harvested 5 days post-transfection, separated by SDS-PAGE (reducing conditions) and transferred 
on nitrocellulose membrane for the determination of the sialylation level by blotting with SNA-HRP. 
Nitrocellulose membrane was stained with Ponceau red for protein load control, or incubated with 
SNA-HRP. Proportion of ST6Gal-I plasmid in transfection mixture was: Lane 1: 0%; Lane 2: 10%; Lane 3: 
20%; Lane 4: 30%; Lane 5: 40%; Lane 6: 50%. 
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Figure 3. Determination of the optimal transfection parameters. Final concentrations of DNA and PEI 
per mL of culture for direct transfection of CHO cells were determined for TZM. Closed squares 
represent the TZM titres obtained using the traditional indirect protocol, i.e. with DNA-PEI 
complexation prior to the addition to the cell culture (PEI 5µg/mL). Open symbols represent the results 
for 3 different PEI concentrations with direct protocol: open circle: 7 µg/mL; open triangle: 6 µg/mL; 
open diamond 5 µg/mL. Results represent the average of three independent experiments ± SD. 

 

 293 CHO 
LC:HC 6:4 6:4 
(LC:HC):ST6Gal-I (80):20 (80):20 
((LC:HC):ST6Gal-I):ssDNA (70):30 (100):0 
DNA:PEI for Direct protocol 1:3 (LPEI) 1.5:7 (PEI max) 

Table 2. Optimal DNA and PEI ratios determined for the expression of TZM and TZM F246A mutant 
(TZMm) in 293-6E and CHO cells using the direct transfection protocol.   

6.2. Mab expression and sialylation kinetics 

Sialylation is likely to be limited after a certain time in batch culture due to a combination of 
adverse factors such as, but not limited to, ammonia accumulation [37, 38], ST6Gal-I 
plasmid loss upon successive cell division and sialidases release in medium [39]. As Mab 
titre increases over time in the culture medium, the harvest time point selected must provide 
an acceptable compromise between high Mab yield and high sialylation. In this study, we 
gave priority to sialylation over Mab expression yield. 

Sialylation kinetics was studied on the mutant antibody as sialylation of TZM was barely 
detectable. TZMm co-expression with ST6Gal-I was carried out for 7 days in 293 and CHO 
cells, until viability dropped to approximately 60% (Fig. 4A). A fraction of each culture was 
harvested daily from day 3 to day 7 and purified by protein-A affinity chromatography. 
Sialylation level of the purified TZMm fractions were assessed by SNA-blotting and IEF 
analyses. 
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Figure 4. Production kinetic of TZMm in 293 and CHO cells. Panel A - Cell growth and viability for 
TZMm co-expression with ST6Gal-I.  Cells were transfected at t=0h and fed at 24h post-transfection 
with TN1 peptone (0.5% w/v final). Open and closed circles: viability and viable cell density in 293 cell 
cultures. Open and closed triangles: viability and viable cell density in CHO cell cultures. Panel B - 
TZMm yield over time as determined by protein-A HPLC quantification of each fraction. Closed circles: 
titres in 293 cells; closed triangles: titres in CHO cells. 

In 293 cells, SNA-blot showed a maximum α2,6-sialylation on day 3, which then decreased 
over time (Fig. 5A). In CHO cells, no significant loss of intensity was observed, suggesting 
that α2,6-sialylation of the heavy chain was more stable over time. These patterns were 
supported by IEF analyses. Due to the negative charge of sialic acid, mono, di, tri and tetra-
sialylated Mabs are expected to have lower pI than asialylated glycoforms. Even though 
these variations in pI are small, they could be easily distinguished on IEF gels. The upper 
band intensity showed a higher amount of asialylated glycoforms in 293 than in CHO as 
seen on the blot (Fig. 5B). The decline in the sialylation level was less obvious by IEF vs 
SNA-blot analysis for the 293 cells, which could be explained by a change in the α2,3 / α2,6 
sialylation ratio over time. For CHO cells, the IEF profiles mirrored the SNA-blot results as 
there was no significant band intensity variation among the samples from day 3 to day 7. 
TZM and TZMm treated overnight with α2,3-6 neuraminidase (Arthrobacter ureafaciens) at 
37°C exhibited the same pattern than aglycosylated TZM mutant N297A (Fig. 5C), 
confirming that the lower bands correspond to sialylated states of the Mabs. 
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Figure 5. Sialylation kinetic of TZMm in 293 and CHO cells. Panel A –TZMm was co-expressed with 
ST6Gal-I, harvested from day 3 to day 7 and purified by protein-A chromatography. 300ng were 
resolved by SDS-PAGE (reducing condition), transferred to nitrocellulose membrane and probed with 
SNA-HRP. Only the heavy chain is shown. The membrane was stained with Ponceau red to monitor 
protein loads. Panel B – IEF profiles of purified TZMm co-expressed with ST6Gal-I and harvested 
between day 3 and 7 post-transfection. Mrk: IEF calibration markers. Panel C – IEF profiles of purified 
TZMm from 293 and CHO cells digested or not with A. ureafaciens neuraminidase and of aglycosylated 
TZM (N297A mutant produced in 293 cells). 

6.3. Impact of ST6Gal-I expression and F246A mutation on sialylation patterns 

Impact of ST6Gal-I overexpression and F246A mutation on TZM sialylation 

To evaluate the impact of ST6Gal-I expression on overall sialylation levels of TZM and 
TZMm, purified Mabs were submitted to SNA blotting and IEF analyses (Figure 6). While 
SNA blot (panel A) shows a significant increase in α2,6-sialylation levels of TZMm, no 
increase in sialylation of the wild-type antibody could be observed in 293 cells while only a 
faint band could be seen in CHO cells. In 293 cells, only a marginal signal with SNA lectin 
could be seen when TZMm was expressed alone, suggesting that endogenous levels of 
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Figure 5. Sialylation kinetic of TZMm in 293 and CHO cells. Panel A –TZMm was co-expressed with 
ST6Gal-I, harvested from day 3 to day 7 and purified by protein-A chromatography. 300ng were 
resolved by SDS-PAGE (reducing condition), transferred to nitrocellulose membrane and probed with 
SNA-HRP. Only the heavy chain is shown. The membrane was stained with Ponceau red to monitor 
protein loads. Panel B – IEF profiles of purified TZMm co-expressed with ST6Gal-I and harvested 
between day 3 and 7 post-transfection. Mrk: IEF calibration markers. Panel C – IEF profiles of purified 
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TZM (N297A mutant produced in 293 cells). 
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was the significant preference for α2,6-sialylation over α2,3-sialylation of TZMm in CHO 
cells. While all of the acidic TZMm species observed when the Mab was expressed alone 
disappeared after treatment with Sialidase S (an α2,3-specific neuraminidase), these acidic 
species became resistant to Sialidase S when ST6Gal-I was co-expressed. This suggests that 
sialylation of TZMm in the presence of ST6Gal-I was mostly due to the preferential addition 
of α2,6- over α2,3-sialic acid residues. 

 
Figure 6. Impact of ST6Gal-I expression and F246A mutation on TZM sialylation. Transfected CHO and 
293 cultures (with or without ST6Gal-I) were harvested on day 3 and day 4, respectively and Mabs were 
purified by protein A chromatography. Panel A – Mabs (300ng per lane) were resolved by SDS-PAGE 
(reducing conditions) and submitted to SNA-blotting (only the heavy chains are shown). Panel B – IEF 
analyses of Mabs from 293 and CHO cells treated or not with Sialidase S (α2,3-neuraminidase). 

Glycan analysis by MALDI-MS spectrometry 

After PNGaseF digestion of the purified Mabs, oligosaccharide detection was firstly achieved 
by MALDI-MS directly after non-reductive on-target derivatization with phenylhydrazine 
(PHN) without using any purification procedure. Despite a presence of side products and salts 
coming from original buffer, which generally have a tendency to suppress signal peaks 
corresponding to glycans, all samples provided good evidence for the presence of N-glycans. 
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These N-glycans were known to be located on the Fc fragment as Asparagine 297 is the only 
glycosylation site in our model antibody. The profile differences between the samples in CHO 
and 293 were consistent with what was observed by SNA-blot and IEF. The dominant 
oligosaccharides derived from all Mab samples were observed in positive mode in PHN-
derivatized samples at m/z 1575, 1737 and were consistent with biantennary core-fucosylated 
structures with zero and one galactose. Glycan having both antennae occupied with galactoses 
(m/z 1899) was observed with higher intensity only in TZMm samples without ST6Gal-I. 

The spectra recorded in the negative mode from TZM samples co-expressed with ST6Gal-I 
and derivatized with PHN, provided evidence for the presence of small amount of 
monosialylated glycans structure - NeuAcGal1-2GlcNAc2Man3GlcNAc2Fuc (Figure 7A & 7E).  

Sialylated glycans were clearly detected at higher levels in TZMm samples. TZMm samples 
co-expressed with ST6Gal-I in both cell lines (Fig. 7C & 7G) indicated higher sialylation 
degree than that obtained under control conditions (Fig. 7D & 7H).  

 
Figure 7. Glycan analysis by MALDI-MS in negative mode. Negative MALDI-MS spectra of N-Glycans 
obtained after PNGase F digestion and on-target derivatization with PHN (+90 Da) of MAbs from 293 
cells (panels A to D) and CHO cells (panels E to H). Monosialylated glycans (m/z at 2005 and 2167) are 
detected as [M-H]- ions. 
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The high level of sialylated glycans was even better observed in the fractions obtained after 
purification prior to derivatization, as shown in Figure 8 which represents MS spectra 
recorded from TZMm samples produced in 293 cells. Interestingly, this analysis revealed 
traces of triantennary glycans in TZMm that cannot naturally occur in wild-type IgG1, 
supporting the vision of an open Fc conformation presenting reduced space constraint to the 
glycosyltransferases. 

 
 

 
 
Figure 8. Glycan analysis by MALDI-MS in positive mode. Positive MALDI-MS spectra of N-glycans 
recorded after glycans purification and permethylation from PNGase digested TZMm produced in 293 
cells. All glycans are as [M+Na]+. 



 
Glycosylation 

 

412 

Intact mass analysis of antibodies by LC-ESI-MS using a Q-TOF2 spectrometer 

The intact mass analysis approach allowed us to see the outcome of the pairing of the 
glycans on the overall glycosylation of the antibodies, and to distinguish with a high 
resolution between galactosylated and sialylated Mabs glycoforms. The prevalence of 
agalactosylated and monogalactosylated glycoforms in TZM+/-ST6 samples in both cell lines 
was consistent with the glycan analysis by MALDI-MS (Fig. 9A). No trace of sialylated  

 

 
 

 

 

 
Figure 9. Intact antibody analysis of Mabs by by LC-ESI-MS. Purified Mabs produced in CHO cells 
were analyzed by LC-ESI-MS on a Q-TOF2 spectrometer as described in Materials and Methods. Panel 
A: TZM+ST6; panel B: TZMm+ST6. 
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antibodies was detected. The close resemblance of the profiles of TZM produced in the 
presence or absence of ST6Gal-I confirmed the poor sialylation efficacy of the wild-type 
antibody. In contrast, the association of the Fc F246A mutation with the expression of 
ST6Gal-I in CHO cells resulted in a massive conversion of the neutral Mabs into a variety of 
mono-, di-, tri- and tetrasialylated antibodies, where the tetrasialylated version was 
predominant (Fig. 9B). The combination of the two approaches in 293 cells, as well as the Fc 
mutation alone in both cell lines provided intermediate results (not shown). 

7. Discussion 

IVIg are successfully used for the treatment of an increasing number of autoimmune and 
inflammatory disorders. Their efficacy results from several distinct mechanisms working 
together in a complex fashion that is not yet understood. Anti-inflammatory mechanisms of 
IVIg may involve distinct pathways via FcRn or FcyRIIb receptors. Kaneko et al. highlighted 
the implication of the Fc α2,6-sialylated fraction of IVIg in a murine model of rheumatoid 
arthritis [17]. The production of sialylated IgGs with potentially enhanced specificity and 
efficacy may provide a safe alternative to IVIg and could also compensate for possible IVIg 
shortage. The ability to generate highly sialylated IgGs could also help in gaining a better 
understanding of their mechanism of action. 

Several approaches are used to enhance the sialylation level of recombinant proteins 
produced in mammalian cell cultures, such as cell line engineering, bioprocess control, post-
production enrichment (such as lectin-affinity purification) and in vitro glycan remodelling 
[27, 40]. In the field of mammalian cell engineering, a variety of approaches were developed. 
Antisense RNA and short interfering RNA were used in CHO cell lines to knock-down 
genes encoding for sialidases, leading to a significant increase in total amount of sialic acid 
in recombinant proteins [39, 41]. Smaller but still significant improvement was achieved by 
the overexpression of CMP-sialic acid transporter, either alone [42] or in combination with 
CMP-sialic acid substrate [43]. Among the variety of approaches, the expression of the 
ST6Gal-I gene remains the only way to introduce α2,6-linked sialic acids on proteins in CHO 
cells. 

The results obtained in this study were very similar to those of Jassal et al. on a monoclonal 
antibody of the IgG3 subtype [26]. The replacement of phenylalanine 246, equivalent to F243 
in IgG3, by an alanine residue was necessary to reach significant sialylation levels, and the 
impact of this mutation was much stronger than that of human ST6Gal-I over-expression in 
both 293 and CHO cell lines. This confirms that IgG1 Fc structure strongly limits glycan 
accessibility to the sialyltransferases. The intact mass analysis profile of the mutant co-
expressed with ST6Gal-I in CHO was dominated by the fully sialylated Mab, followed by 
tri-, di- and monosialylated forms.  

Replacing the phenylalanine with an alanine residue decreases the hydrophobic 
environment that maintains the glycan buried in the Fc. Multiple mutation strategies are a 
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powerful mean to promote glycosylation enhancement and Fc affinity for FcγRs. 
Computational modeling allows the design of antibodies with amino acid mutations that are 
not even exposed on the surface of the glycan pocket. However, the accumulation of 
mutations in a therapeutic Mab can have unpredictable side effects [44]. In the first place, 
mutation may compromise the affinity of the Mab for potential receptors involved in the 
anti-inflammatory mechanism. Also, non-natural Mab glycan structures (like sialylated tri-
antennary glycans) may reduce their biological activity or even render them immunogenic. 
In a recent study, the CHO ST6Gal-I gene, present but not expressed, was cloned and stably 
expressed in these cells [45]. As a result, 70% of the glycans of a stably expressed IgG1 and 
released by PNGaseF were sialylated. This striking result was thought to be conferred by a 
higher propensity of the CHO ST6Gal-I gene product for Fc glycan compared to its human 
or rat homologues, possibly due to some mutations in the substrate binding region. The use 
of this particular CHO ST6Gal-I gene may provide an interesting alternative strategy 
independent any IgG mutations to enhance sialylation of Mabs. 

The production of highly sialylated IgGs in large quantities will probably be achieved by the 
simultaneous use of cell line engineering, Fc engineering, bioprocess control and 
downstream processing. Alternatively, optimizing in vitro glycan remodeling using ST6Gal-I 
and CMP-sialic acid may represent another cost-effective way to produce industrial 
amounts of sialylated IgGs [12]. From the perspective of obtaining a safe and reliable 
alternative to IVIg for anti-inflammatory applications, the production of sialylated 
recombinant Fc could be an attractive approach. However, developing these molecules as 
therapeutics awaits a better understanding of their mode of action. 
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1. Introduction 

Biologic pharmaceuticals are gaining in both market share and clinical utility compared 
with small molecule therapeutics (Projan et al., 2004). Global biologic drug sales reached $93 
billion in 2009 and the sales are expected to grow at least twice as fast as those of small 
molecules (McCamish and Woollett, 2011). The rapid market growth and the promise of 
successful rate of developing biologic drugs has drawn the attention of traditional small 
molecule pharma into the biotechnology business. Today, more than ever, large 
pharmaceutical companies are venturing into the biotechnology arena with the hope that 
novel therapeutic proteins will augment the traditional pharmaceutical business enough to 
fundamentally reshape the market landscape. The acquisition/merging of pipeline and 
research capacity of biotech companies by big pharma is a great example of this trend. 
Several companies are even projecting optimistically that, within the decade, therapeutic 
biologics will comprise a majority of their commercial portfolios (Zhou, 2007). Among 
highly successful biologic products, monoclonal antibodies (mAbs) are the largest and 
fastest growing segment. MAbs are established as a key therapeutic modality for a range of 
diseases most notably rheumatoid diseases and various cancers. Due to the high degree of 
selectivity of these agents, in particular for cancer targets, they can be designed to selectively 
target tumor cells and elicit a variety of responses. These agents can kill cells directly by 
carrying a toxic payload to the target or can orchestrate the destruction of cells by activating 
immune system components, blocking receptors or sequestering growth factors (Nicolaides 
et al., 2010).  

It is well known that glycosylation can impact the pharmacokinetics, efficacy and tissue 
targeting of therapeutic proteins (Li and d'Anjou, 2009). N-glycosylation of immunoglobulin 
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G (IgG) at asparagine residue 297 plays a role in antibody stability and is required for 
immune cell-mediated Fc effector function (Correia, 2010; Kayser et al., 2011; Mimura et al., 
2000). Preclinical and clinical studies have demonstrated that modulating the glycosylation 
of antibody and non-antibody therapeutics can be an effective means to improve the 
properties of biologic medicines leading to a class of drugs termed "biobetters"(Jefferis, 2009; 
Walsh, 2010). The strategy of engineering expression hosts to express glycoproteins with 
"optimized" glycosylation has been applied in both prokaryotic and eukaryotic cells (Beck et 
al., 2010; Hamilton et al., 2006; Hamilton and Gerngross, 2007; Jacobs and Callewaert, 2009b; 
Pandhal and Wright, 2010; Tomiya, 2009). Chinese Hamster Ovary (CHO) cells, a widely 
used host for producing therapeutic antibodies with similar human glycosylation, have been 
engineered in multiple ways to eliminate the core fucose on secreted mAbs. Recent 
preclinical and clinical studies have reported superior efficacy utilizing afucosylated 
mAbs(Herbst et al., 2011; Junttila et al., 2010; von Horsten et al., 2010; Ward et al., 2011; 
Wong et al., 2010). Non-mammalian expression hosts have also been utilized for producing 
afucosylated mAbs including insect cells, plants and yeast (Gasdaska et al., 2007; Barbin et 
al., 2006; Zhang et al., 2011). 

Following marketing of the first therapeutic antibody, Muromonab-CD3 in 1986, mAbs used 
in the clinic have evolved over the years from entirely murine to mouse-human chimeric, 
and then to humanized and finally fully human antibodies in order to minimize anti-drug 
related immunogenicity in patients and maintain maximum potency (Li and Zhu, 2010). 
Several different antibody discovery technologies co-exist today in therapeutic antibody 
development ranging from isolating antibodies from immunized mice or engineered mice 
carrying human Ig-repertoire genes to flow-cytometric isolation of human antibodies from 
non-immune yeast display or panning a large non-immunized phage display libraries 
(Feldhaus et al., 2003; Vaughan et al., 1996; Weaver-Feldhaus et al., 2004). Recently de novo 
computer designed and synthetic antibody libraries based on a human Ig-repertoire and 
coupled with yeast or phage display have attracted considerable attention (Knappik et al., 
2000). However, one key issue that is not solved by current antibody discovery technologies, 
is the need to switch expression hosts from antibody discovery (E. coli, yeast) to production 
host (often CHO or other mammalian cell lines). Moreover, for many current mAb discovery 
technologies reformatting steps from scFv/Fab to full-length antibody are required. These 
additional steps increase cycle times and often decrease the probabilities of success both of 
which have negative impacts on development timeline (Lin et al., 2012).  

Yeast has been widely used for expressing proteins in research and development. There are 
multiple advantages to using yeast as an expression system for therapeutic glycoprotein 
production, including ease of genetic manipulation, stable expression, rapid cell growth, 
high yield of secreted protein, low-cost scalable fermentation processes and no risk of 
human pathogenic virus contamination. However, glycoproteins expressed in wild type 
yeast generally cannot be used for therapeutic applications due to fungal type high-
mannose glycans which can result in immunogenicity and poor PK in vivo (Zhang et al., 
2011). Humanization of the N-glycosylation pathways of the yeast Pichia pastoris has been 
achieved by eliminating fungal genes responsible for adding high-mannose and 
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concomitantly reconstituting the canonical human pathway (Hopkins et al., 2011; Jiang et 
al., 2011; Li et al., 2006; Liu et al., 2011; Potgieter et al., 2010; Ye et al., 2011b). This result of 
the engineering is a platform that allows not only yeast-based production of therapeutic 
glycoproteins with human glycosylation, but also provides a versatile tool for glycosylation-
based structure-activity-relationship (SAR) studies to optimize therapeutic proteins for 
better efficacy, PK and drugability (Li et al., 2006; Nett et al., 2012; Zhang et al., 2011). In 
addition, development of antibody surface display on glycoengineered yeast strain as an 
antibody discovery tool facilitates the earliest stage of antibody discovery and development 
in the same expression host which is expected to have a positive impact on cycle times and 
probabilities of success (Lin et al., 2012).  

2. Glycosylation in therapeutic proteins is important for its efficacy, PK, 
tissue targeting  

2.1. Glycosylation on Erythropoietin affects its potency 

Recombinant human Erythropoietin (rHuEPO) is a 30.4 kDa glycoprotein hormone 
containing multiple N-linked glycosylation sites and currently is used to treat patients with 
anemia. The marketed forms of recombinant erythropoietin include Epogen with three 
native N-glycan structures and Aranesp® (darbepoetin), an epoetin engineered to contain 
two additional N-glycosylation sites, conferring greater metabolic stability in vivo. Typical 
mammalian CHO cell-produced epoetin are secreted with a heterogeneous mixture of 
sialylated N-glycan structures. Usually the manufacturing process is controlled to enrich for 
the tetra-antennary sialylated glycoforms, which along with tri-antennary forms, are 
required for maximum in vivo efficacy (Egrie and Browne, 2001). However, in cell-based and 
receptor binding assays, tri- and tetra-sialylated erythropoietin and darbepoetin exhibit 
decreased potency relative to bi-antennary sialylated erythropoietin (Takeuchi et al., 1989). 
This paradox can be explained by the extended serum half-lives of the tetra-antennary 
sialylated erythropoietin and darbepoetin compared with the faster clearance rate of bi-
antennary sialylated erythropoietin (Misaizu et al., 1995). Recently, glycoengineered Pichia 
pastoris has been used to produce rHuEPO with highly homogeneous bi-antennary structures. 
As expected, bi-antennary EPO produced by glycoengineered Pichia showed significantly 
more potent in vitro activity compared to predominantly tri- and tetra-antennary EPO, such as 
Aranesp®. The faster clearance rate of bi-antennary rHuEPO in vivo was compensated with 
Peglylation to elongate its half life in this study. The authors concluded overall in vivo activity 
of this novel glycoengineered molecule is comparable in vitro and in vivo characteristics to its 
counterparts produced in mammalian systems (Nett et al., 2012).  

2.2. Glycosylation on recombinant human glucocerebrosidase is critical for its 
targeting in enzyme replacement therapy 

Gaucher's disease is a lysosomal storage disorder caused by mutations of 
glucocerebrosidase (GCD), and an enzyme replacement treatment has been developed using 
recombinant GCD. GCD is glycoprotein and its glycosylation plays an important role in its 
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targeting in therapeutic setting. GCD produced in Chinese Hamster ovary (CHO) cells 
contains major complex glycan but it has failed to provide clinical benefit in direct infusion 
due to the preferential uptake of enzyme by hepatocytes rather than Kupffer cells. An in 
vitro glycan modification is required in order to expose the mannose residues on the glycans 
of Cerezyme (commercialized therapeutic GCD)(Bergh et al., 1990;Brumshtein et al., 
2010;Pastores, 2010). Cerezyme production involves sequential in vitro deglycosylation, 
using α-neuraminidase, β-galactosidase and β-N-acetylglucosaminidase, to expose terminal 
mannose residues, a procedure which dramatically improves targeting and internalization. 
Recently the recombinant plant-derived GCD (prGCD) is targeted to the storage vacuoles, 
using a plant-specific C-terminal sorting signal. Notably, the recombinant human GCD 
expressed in the carrot cells naturally contains terminal mannose residues on its glycans, 
apparently as a result of the activity of a special vacuolar enzyme that modifies complex 
glycans(Shaaltiel et al., 2007). Hence, the plant-produced recombinant human GCD does not 
require exposure of mannose residues through in vitro enzymatic modification. 
Interestingly, the N-glycosylation pathway of H. polymorpha has been remodeled by 
deleting the HpALG3 gene in the Hpoch1 null mutant strain and blocked in the yeast-
specific outer mannose chain synthesis and by introducing an ER-targeted Aspergillus saitoi 
α-1,2-mannosidase gene. This glycoengineered H. polymorpha strain produced 
glycoproteins mainly containing trimannosyl core N-glycan (Man3GlcNAc2), which is the 
common core backbone of various human-type N-glycans and the glycoform is the same as 
that of Cerezyme which was achieved through in vitro sequential deglycosylation of 
complex glycans (Oh et al., 2008). Similar glycoengineering effort was published in a 
glycoengineered Pichia with the ability of producing glycoprotein carrying similar mannose 
type of glycan (Davidson et al., 2004).  

2.3. Afucosylated antibody has enhanced ADCC and can translate into better 
efficacy  

Antibody Dependent Cell-Mediated Cytotoxicity (ADCC) is a mechanism of cell mediated 
immune defense whereby an effector cell of the immune system actively lyses a target cell 
that has been bound by specific antibodies. The typical ADCC involves activation of effector 
cells such as Natural Killer (NK) cells by antibodies. An NK cell expresses Fc receptor IIIa or 
CD16a (Nimmerjahn and Ravetch, 2007; Nimmerjahn and Ravetch, 2008), and this receptor 
recognizes and binds to the Fc portion of an antibody which it has already bound to the 
surface of a pathogen-infected target cell or tumor cell. The NK cell releases cytokines such 
as IFN-γ, and cytotoxic granules containing perforin and granzymes that enter the target 
cell and promote cell death by triggering apoptosis. Monoclonal antibody IgG1 Fc has single 
N-linked site at N-297 and its glycosylation is involved with antibody and Fc γ receptor III 
binding. Antibodies lacking core fucosylation show a large increase in affinity for Fc γ RIIIa 
leading to an improved receptor-mediated effector function. The structure study reveals that 
a unique type of interface consisting of carbohydrate-carbohydrate interactions between 
glycans of the receptor and the afucosylated Fc. In contrast, in the complex structure with 
fucosylated Fc, these contacts are weakened or nonexistent (Ferrara et al., 2011). Although 
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afucosylated IgGs exist naturally, a next generation of recombinant therapeutic, 
glycoenginereed antibodies with enhanced ADCC activity is currently being developed for 
better efficacy(Mori et al., 2007; Ysebaert et al., 2010; Robak and Robak, 2011). 

2.4. Glycans at Fc region impact on its pharmacokinetics 

Glycosylation at mAb Fc regions not only plays a role in its effector functions, but it also can 
impact its pharmacokinetics. The neonatal Fc receptor (FcRn) has a major role in prolonging 
the exposure of therapeutic mAbs. MAbs internalized by fluid-phase or receptor-mediated 
endocytosis can be redirected to the cell surface by FcRn mediated recycling and released 
into plasma or interstitial fluids thus preventing lysosomal degradation(Chowdhury and 
Wu, 2005; Roopenian and Akilesh, 2007). This recycling dramatically increases systemic 
exposure to therapeutic mAbs by studies comparing in wild type and FcRn-deficient mice 
which demonstrated over an order of magnitude increase in IgG half-life as a consequence 
of the FcRn salvage pathway. Another mechanism for mAb clearance may be through Fc γ 
receptor (FcγR) binding on some immune effector cells. Interactions with Fc γ receptors can 
be influenced by the glycosylation pattern. To produce mAbs in lower eukaryotic hosts such 
as yeast have been reported, however, wild type yeast host expressed antibody secretes full 
length mAbs with hyper-mannose type glycans. MAb produced in wild type yeast exhibited 2 
to 3-fold faster clearance, which might be due to the high mannose content interacting with 
mannose receptors. On the other hand, in vitro binding affinity to human FcRn or mouse FcRn 
was similar between the mAb produced in CHO cell line and mAbs produced in 
glycoengineered yeast, and the glycovariants produced in glycoengineered yeast exhibited 
similar PK patterns in human FcRn transgenic mice and in wild type mice (Liu et al., 2011).  

3. Glycoengineered Pichia expresses protein with human glycosylation 

3.1. Difference of glycosylation pathway between human and yeast 

Yeast N-glycosylation is of the high-mannose type, which differs from human complex 
glycans. Fungal type of glycans confers a short half-life in vivo and thereby compromises 
efficacy of most therapeutic glycoproteins. In addition non-human types of glycans can 
cause immunogenicity and therefore inactive the drug substance and even more it may cast 
safety concerns (Jacobs and Callewaert, 2009a; Sinclair and Elliott, 2005; Sola and 
Griebenow, 2009). However, the initiation of yeast N-glycosylation is similar to that of 
human. In ER, a core oligosaccharide (Glc3Man9GlcNAc2) is transferred onto the nascent 
polypeptide. Following the transfer of the core oligosaccharide to the asparagine residue 
within the Asn-X-Ser/Thr motif, three glucose moieties and one terminal α-1,2-mannose 
moiety are removed by glucosidase I and glucosidase II, and an ER-residing α-1,2-
mannosidase, respectively. The resulting Man8GlcNAc2-containing glycoprotein is then 
transported to the Golgi apparatus where N-glycan processing differs markedly between 
yeast and human. In human and mammals, early Golgi N-glycan processing involves the 
trimming of Man8GlcNAc2 to Man5GlcNAc2 by α-1,2-mannosidase(s) (MNS1), a process 
that generates the substrate for N-acetylglucosaminyl transferase I (GNT1), which transfers 
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a single N-acetylglucosamine (GlcNAc) sugar onto the terminal 1,3-mannose of the tri-
mannose core. Following this transfer, mannosidase II (MNS II) removes the two remaining 
α-1,3- and α-1,6 terminal mannose sugars to produce GlcNAcMan3GlcNAc2.This is the 
substrate for N-acetylglucosaminyl transferase II (GNT II), which adds one GlcNAc sugar to 
the terminal α-1,6-mannose arm of the tri-mannose core. Further processing typically 
involves the attachment of additional GlcNAc, galactose and sialic acid, such as N-
acetylneuraminic acid (NANA) moieties (Wildt and Gerngross, 2005). However, a host of 
additional glycosyltransferases, including fucosyltransferases, GalNAc transferases and 
GlcNAc phosphotransferases, are known to exist, which further broadens the range of N-
glycans found on proteins isolated from human sources. In contrast to human N-glycan 
processing, which involves the removal of mannose followed by the addition of GlcNAc, 
galactose, fucose and NANA, early N-glycan processing in yeast is limited to the addition of 
mannose and mannosylphosphate sugars(Hamilton et al., 2003; Wildt and Gerngross, 2005). 
The Golgi apparatus of S. cerevisiae contains α-1,2-,α-1,3- and α-1,6-mannosyltransferases as 
well as mannosylphosphate transferases, which produce N-glycan structures that are 
mannosylated and hypermannosylated to varying extents. In other yeast such as K. lactis, H. 
polymorpha and P. pastoris, a similar set of mannosyltransferases exists, resulting in the 
production of mostly high-mannose structures that resemble those produced in S. cerevisiae 
(Wildt and Gerngross, 2005). 

3.2. Genetic manipulation of Pichia glycosylation pathway 

The process involved eliminating endogenous yeast glycosylation pathways, and we 
introduced more than 14 heterologous genes into Pichia pastoris, allowing us to replicate the 
sequential steps of human glycosylation. The enzyme OCH1, an α-1,6 mannosyltransferase 
adds the first mannose onto the α-1,3 branch of the trimannose core leading to an α-1, 6 
extension to initiate the outer-chain, then additional mannoses are transferred into the new 
created mannose substrate by other mannose transferases and results in 
hypermannosylation. To knockout of the OCH1 gene in yeast is the critical step to prevent 
hypermannosylation and then generate a predominately single glycoform Man8GlcNAc2. 
Besides OCH1 gene, other mannosylphosphate transferases and β-mannosyltransferases can 
further modify the glycans at secreted proteins into fungal type of glycosylation, and to 
eliminate these genes is an essential step of engineering the yeast glycosylation pathways 
into human like. After eliminating yeast enzymes specific for fungal glycosylation 
modification, an efficient high throughput approach was developed by screening 
combinatorial libraries of fusing catalytic domain of modification enzymes with localization 
leader sequence(Choi et al., 2003; Nett et al., 2011). With this approach, α-1,2 mannosidase 
(MNS1), N-acetylglucosaminyltransferase I (GNT1), mannosidase II (MNS2) and N-
acetylglucosaminyl transferase II (GNT2) were engineered into Pichia pastoris and localized 
from early to later golgi in a sequential order. The engineered Pichia strain with these fungal 
mannosyltransferases knockouts and human or mammalian modification genes knockins is 
able to express glycoproteins with human type of biantennnary complex glycan with terminal 
GlcNAc(Gerngross, 2005; Hamilton et al., 2003). Humanization of the glycoengineered Pichia 
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able to express glycoproteins with human type of biantennnary complex glycan with terminal 
GlcNAc(Gerngross, 2005; Hamilton et al., 2003). Humanization of the glycoengineered Pichia 
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glycosylation pathway was continued by introducing a -1,4-galactosyl transferase (GalT) with 
its selected leader through the library approach mentioned above. But Pichia pastoris does not 
contain activated sugar nucleotide precursor UDP-galactose as the substrate for galatosyl 
transferase to add galactose to GlcNAc terminated glycans, and the problem was solved by 
introducing UDP-galactose epimerase. Up to this step, the glycoengineered Pichia is able to 
produce glycoproteins with terminal galactose at its glycans. These strains would be suitable 
to be used for producing therapeutic monoclonal antibodies (mAbs) since most commercial 
mAbs produced by mammalian cells with galactose topping on its glycans(Bobrowicz et al., 
2004). However, sialic acid containing glycan in therapeutic glycoproteins plays a critical role 
in its pharmacokinetics and efficacy, to maximal the glycoengineered Pichia platform to 
produce therapeutic biologics, the efforts was advanced to the last stage by further 
humanization of Pichia glycosylation by introducing sialylation pathway. In addition properly 
localize sialyltransferase at the late golgi, to produce the sugar nucleotide precursor CMP-sialic 
acid and translocate into the late golgi is a must-have. Four genes including UDP-N-
acetylglucosamine-2-epimerase/N-acetylmannosamine Kinase (GNE), N-acetylneuraminate-9-
phosphate synthase (SPS), sialylate-9-P phosphatase (SPP) and CMP-sialic acid synthase (CSS) 
is used to convert UDP-GlcNAc to CMP-Sialic Acid in the cytosol. CMP-Sialic Acid is 
transported into the golgi by engineered CMP-sialic acid transporter and then transferred onto 
the acceptor glycan by sialyltransferase. Sialylated glycoprotein exits the secretory pathway 
into culture supernatant similar to wild type yeast (Hamilton et al., 2003; Hamilton et al., 2006).  

4. Alternative monoclonal antibody production in glycoengineered 
Pichia pastoris 

4.1. Selection of glycoengineered Pichia expressing mAbs 

Conventional mammalian cell lines as expression host secrete glycoprotein usually 
containing  heterogeneous glycans. Mammalian cells, such as Chinese Hamster Ovary 
(CHO) cells maintain the capability of adding sialic acid at its galatose terminal glycans. 
However, mAbs expressed in CHO have little or no sialylation at its Fc region due to the 
steric hindrance of the Fc structure (Nimmerjahn and Ravetch, 2010). On the other hand, 
glycoengineered Pichia provides the possibility of expressing antibody with different 
glycoforms in relatively more homogenous fashion (Potgieter et al., 2009). Since the 
engineering of the glycosylation pathway of Pichia was a sequential process, which makes it 
possible to generate a panel of hosts which express glycoprotein with different glycoforms. 
Each host carrys one major glycan, such as mannose type glycan of Man5GlcNAc2 or hybrid 
type of glycan (Potgieter et al., 2009), or GlcNAcMan5GlcNAc2(Choi et al., 2003), or complex 
glycans of GlcNAc2Man5GlcNAc2, Gal1GlcNAcMan3GlcNAc2 or 
Gal2GlcNAc2Man3GlcNAc2(Hamilton et al., 2003). In addition, hosts with capability of 
transferring sialic acid onto bi-antennary glycans with terminal galactoses were also 
available (Bobrowicz et al., 2004; Hamilton et al., 2006). With these hosts bearing different 
glycosylation, it actually offers a unique tool to produce the same monoclonal antibody or 
other non-mAb containing various glycoforms at its Fc region, which allows us to study the 
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glycan structure and its activity relationship (SAR) for efficacy, tissue distribution and 
pharmacokinetics. In consideration of pharmacokinetics (PK), pharmacodynamics (PD) and 
reducing potential immunogenicity, glycoengineered Pichia provides great potential to 
generate mAbs with more homogeneous glycans and desired efficacy.  

4.2. Difference in glycosylation profile of antibodies from CHO and 
glycoengineered Pichia  

Mammalian cells, e.g. CHO produced mAbs carry N-linked carbohydrate structures with 
predominantly core-fucosylated asial-biantennary types with varying degrees of 
galactosylation. Within a given product, there are lot-to-lot variations even though 
manufacturing processes are tightly controlled and ensure a high degree of product 
consistency. Besides complex glycoforms, CHO cells expressed monoclonal antibodies still 
contains some percentage of Man5 type of glycans. While production of consistent and 
reproducible mAb glycoform profiles still remains a considerable challenge for CHO cells, 
variations in cell culture processes play a role in the mAb glycosylation profile. Potential 
variables in the cell culture physicochemical environment including culture pH, cell culture 
media composition, raw materials lot-to-lot variations, equipment, and process control 
differences are just a few examples that can potentially alter glycosylation profiles. In a case 
study, glycoengineered Pichia with the capability of generating human complex glycans has 
been chosen to express anti-Her2 mAb using amino acid sequence identical to Trastuzumab. 
The N-glycan composition of anti-HER2 mAb produced in glycoengineered Pichia differed 
from that of CHO produced counterpart primarily in the proportion of 
GlcNAc2Man3GlcNAc2 (G0), GlcNAc2Man3GlcNAc2Gal(G1) and 
GlcNAc2Man3GlcNAc2Gal2 (G2) and it was entirely devoid of fucose in the glycan 
structure. The mAb produced in glycoengineered Pichia contains a small number of O-
linked single mannose glycan but O-linked glycans were rare in CHO produced 
Trastuzumab. In another study, using an early stage glycoengineered Pichia host, the 
glycoengineered yeast produced antibody has similar motilities on SDS-PAGE, comparable 
size exclusion chromatograms and antigen binding affinities compared to its CHO produced 
comparator but with highly uniform N-linked glycans of that type.  

4.3. Bioanalytical characterization of glycoengineered Pichia produced antibody 

A glycoengineered Pichia strain chosen for producing monoclonal antibody is capable of 
transferring terminal β-1,4 galactose onto biantennary N-linked glycan, which yields 
antibody entirely devoid of fucose at its glycan structure. MAb was purified through affinity 
capture using protein A beads and further purified by ion exchange chromatography. 
Antibody purity by SDS-PAGE and its spectrum from size exclusion chromatography HPLC 
were compared with CHO produced comparator. Purified mAb was composed of more 
than 99% fully assembled antibody including double heavy and light chain, and the quality 
of the antibody profile was comparable to that of mammalian cell expressed antibody. 
Unlike mammalian cells, glycoengineered Pichia derived mAb contains no sialic acid and 
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fucose because Pichia inherently lacks these pathways and was not intently engineered in. 
However, due to the steric hindrance of Fc, the normal IgGs produced in glycoengineered 
Pichia with the capability of transferring terminal β1,4 galactose maintain the glycan 
heterogeneity. The major glycoform is agalatosylated G0 and various degree of single or two 
terminal galactosylated glycans. Interestingly when antibody was expressed in another 
glycoengineered strain, it delivered relatively homogenous type of glycans with more than 
90% antibody carrying Man5GlcNAc2 (Potgieter et al., 2009).  

4.4. Glycoengineered Pichia produced antibody is comparable to CHO derived 
antibody in vitro assays 

Glycoengineered Pichia pastoris not only provides the capacity of secreted glycoprotein with 
human like glycans, but it is also capable to assemble heterodimer large molecule like 
antibody with 16 pairs of disulfide bonds. With the exception of  the difference in 
glycosylation between CHO and glycoengineered Pichia produced antibody, they share 
similar purity based on SDS-PAGE and size exclusion chromatography HPLC analysis. The 
difference of glycosylation at Fc region has little or no impact on Fab dependant antigen 
binding in both ELISA based assay and cell based FACS analysis using cell line with antigen 
expressed on its surface. The antibody and antigen engagement can lead to proper biology 
function in cell based assays e.g. glycoengineered Pichia produced anti-HER2 has 
demonstrated comparable potencies in receptor inhibition assays in vitro compared to CHO 
derived trastuzumab. They have very similar HER2 and AKT phosphorylation inhibition 
and therefore both antibodies inhibit tumor cell proliferation at similar levels (Jiang et al., 
2011; Liu et al., 2011; Zhang et al., 2011; Potgieter et al., 2009). 

4.5. Glycoengineered Pichia produced mAb has similar in vivo efficacy and 
serum half-life  

As stated before, fungal type hypermannosylated glycans at the antibody Fc region could 
have detrimental effects on its pharmacokinetics and would result in fast clearance in the 
blood stream (Liu et al., 2011). These non-human glycans can trigger the human immune 
response and causes immunogenicity. To ensure antibody produced from glycoengineered 
Pichia is suitable for therapeutic purpose, its PK needs to be monitored and compared with 
its counterpart from traditional mAb production platform. Comparing to a humanized 
antibody produced in CHO cell (Trastuzumab) with predominately human complex glycans 
at its Fc, in both rodent and non human primates, blood time concentration curve of 
glycoengineered Pichia produced mAb (with identical amino acid sequence to Trastuzumab) 
was almost super-imposable on that of CHO produced Trastuzumab. As a result, the key PK 
parameters (CL, t1/2, AUC and Vss) were comparable between these two mAbs. Moreover, 
the same antibody was studied and compared its in vivo efficacy in a xenograft nude mice 
model. With highly expressed receptor antigen on the tumor surface, glycoengineered Pichia 
produced antibody could engage and inhibit the target and therefore prevent the 
progression of tumor growth. Based on the time course for the average tumor growth, at 
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low, intermediate and high dosage range, glycoengineered Pichia produced antibody with 
humanized glycan shows comparable tumor inhibitory efficacy (Zhang et al., 2011).  

4.6. Antibody produced by glycoengineered Pichia has better efficacy  

Preclinical studies have shown that antibody dependant cell-mediated cytotoxicity (ADCC) 
is an important part of mechanism of action of therapeutic monoclonal antibodies, especially 
anti-cancer antibodies, such as Trastumab and Rituximab against tumors (Mori et al., 2007). 
Some clinical evidence based on genetic analysis of leukocyte receptor (FcγR) 
polymorphisms of cancer patients treated with anti-CD20 IgG1 Rituximab and anti-HER2 
IgG1 Trastuzumab therapies has revealed that ADCC is one of the critical mechanisms 
responsible for the clinical efficacy of these therapeutic antibodies(Musolino et al., 2008; Kim 
et al., 2006; Cartron et al., 2002). ADCC enhancement technology is expected to be excised in 
development of "biobetter" therapeutic antibodies with improved clinical efficacy. A strong 
correlation with Fc γ receptor affinity and antibody binding to FcγRIIIA in particular has 
shown to positively correlate with ADCC activity. Trastuzumab produced as Fc engineered 
or afucosylated mAb showed increased ADCC and improved tumor inhibition in a mouse 
xenograft model with human immuno-effector cells. A large number of studies with Fc 
engineered antibodies have firmly established that increased affinity for FcγRIIIA leads to 
increased NK cell or PBMC-mediated ADCC in vitro, and can result in better efficacy in vivo 
in models dependent on immune effector functions. Modulation of the Fc region by utilizing 
protein and glyco-engineering are two main ways to increase antibody and Fc γ receptor 
IIIa binding and then to enhance ADCC activity. But conventional therapeutic antibody 
production cell line such as CHO secrete monoclonal antibody with predominately 
fucosylated glycans which binds to FcγIIIa with lower affinity compared with afucosylated 
antibody. There are several technologies capable of generating afucosylated mAbs. This 
includes Kyowa Hakko/Biowa FUT8 (α-1,6-fucosyltransferase) gene knockout CHO line. 
Glycart (now part of Roche) utilizes a CHO line with inducible expression of the enzymes 
β(1,4)-N-acetylglucosaminyltransferase III (GnTIII) and wild-type golgi α-mannosidase II, 
and this line has been used to produce their GA101 antibody (Heinrich et al., 2009; Friess et 
al., 2007; Umana et al., 2007), an enhanced anti-CD20 that is currently in late-stage clinical 
trials for the treatment of Non-Hodgkin lymphoma (NHL). On the other hand, we 
reconstitute entire human glycosylation pathway in yeast Pichia de novo which inherently 
lacks of fucose transferase and its substrate. We also purposely leave out the fucosylation 
pathway through engineering, thus glycoengineered Pichia naturally produce antibody 
carrying zero percent fucosylated glycans. Afucosylated antibody from glycoengineered 
Pichia showed 6- and 8-fold increases in affinity for FcγRIIIA polymorphism F158 and V158, 
respectively compared to the CHO produced counterpart. This increased antibody affinity 
with Fc gamma receptor IIIa has translated  6-fold increase in NK cell-mediated ADCC 
activity and 4-fold and 3- fold increase in ADCC with PBMC and monocyte effector cells, 
respectively. Afucosylated antibodies from glycoengineered Picha platform and CHO FUT8 
knockout platform have consistently increased affinity for human FcγRIIIa, which results in 
enhanced ADCC (Zhang et al., 2011). As such glycoengineered Pichia can be applied to 
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pathway through engineering, thus glycoengineered Pichia naturally produce antibody 
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produce afucosylated antibody where ADCC is part of mechanism of action, this could lead 
to develop "bio-better" therapeutic antibodies compared to conventional CHO fucosylated 
platform.  

5. One stop shop for antibody development with human glycosylation 

5.1. Antibody surface display on glycoengineered Pichia 

Yeast surface display has been a widely used tool for protein engineering and for antibody 
engineering in particular (Boder and Wittrup, 1997; Boder and Wittrup, 2000; Wittrup, 
2009). However, displaying Fabs or full-length antibodies on the surface of Pichia pastoris 
requires post-translational assembly of the heavy and the light chain. Moreover, the glycans 
of glycosylphosphatidylinositol (GPI) proteins, most often used as a cell wall anchor for 
display, play an important role in stabilizing its anchoring on the cell surface. Engineering 
the glycosylation pathway of Pichia pastoris can profoundly modify the glycosylation profile 
of the endogenous cell surface glycoproteins and recombinant GPI proteins (Bobrowicz et 
al., 2004; Sethuraman and Stadheim, 2006; Wang et al., 2007; Zhou et al., 2007). Thus the cell 
wall GPI protein anchors suitable for wild type Pichia pastoris strains may not necessarily 
work well in glycoengineered Pichia strains due to the difference of glycosylation profile of 
cell wall and cell wall anchoring proteins. Using combinatorial approach,  we successfully 
developed a glycoengineered Pichia Fab display using a pair of coiled-coil peptides as the 
linker and Saccharomyces cerevisiae Sed1p GPI anchored cell surface protein as an anchoring 
domain in a host with mammalian mannose type Man5GlcNAc2 N-linked glycans. The 
system was validated by displaying multiple Fab molecules and sorting mixed Fab-
displaying strains based on both expression and affinity. The results demonstrate a high 
level of concordance in expression and affinity between the displayed Fab and its secreted 
Fab as well as its full length IgG, which supports the coiled-coil/ScSed1p-based Fab display 
system as a platform for antibody affinity and expression maturation in glycoengineered 
Pichia strains (Lin et al., 2012). 

5.2. Antibody expression platform in glycoengineered Pichia pastoris 

Glycoengineered Pichia strain GFI5.0 was chosen as the expression host for producing mAb. 
GFI5.0 is capable of transferring terminal β-1,4 galactose onto biantennary complex N-linked 
glycan, which yields antibody entirely devoid of fucose at its glycan structure(Zhang et al., 
2011). DNA sequences encoding the heavy and light chain are under methanol inducible 
AOX1 promoter. A gene encoding for drug Zeocin® resistance enable selection of 
transformants and a fragment of a Pichia pastoris gene such as the AOX2 promoter and 
terminator to enable integration of the vector onto the chromosome are part of the 
expression vector. The expression vector is integrated into Pichia chromosome by 
recombination after linearization followed by electroporation. Transformats are isolated as 
single colonies from agar plates containing Zeocin® for selection resistance marker (Li et al., 
2006). Several strategies could be used through host strain modifications or expression 
vector optimization  could be used to improve the expression level of full length monoclonal 
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antibodies in yeast, for example (a) to increase copy number of heavy and light chain 
expression cassettes, (b) to improve mRNA stability (c) to optimize codon usage, (d) to 
screen best signal peptides (e ) to engineer folding chaperones, such as immunoglobulin 
binding protein (BiP) and protein disulfide isomerase (PDI), (f) to delete  protease genes  
and (g) to fuse heavy and light chain with a fusion partner.  

5.3. Develop a robust and scalable monoclonal antibody production platform 
using glycoengineered Pichia 

Glycoengineered Pichia  pastoris strain which is capable of producing humanized 
glycoprotein with terminal galactose for monoclonal antibody production. Like mammalian 
cell lines, fermentation process plays a critical role to achieve the highest titer as well as 
maintain good quality glycans. A design of experiments (DoE) approach is often used to 
optimize the process parameters. In one case study followed by further optimization of the 
specific methanol feed rate, induction duration, and the initial induction biomass, the 
resulting process yielded up to 1.6 g/L of for one monoclonal antibody. Even more this 
process was also scaled-up to 1,200-L scale, and the process profiles, productivity, and 
product quality were comparable with 30-L scale. The successful scale-up demonstrated that 
this glycoengineered Pichia pastoris fermentation process is a robust and commercially viable 
process (Berdichevsky et al., 2011). In another case study, an oxygen-limited process was 
developed and optimized with the use of DoE for the production of monoclonal antibodies 
in glycoengineered Pichia  pastoris. The process relied on pulsed feeding of methanol and its 
productivity was found to depend on biomass concentration and oxygen availability. 
Oxygen uptake rate was used as a scale-up parameter in demonstrating consistency of the 
process between the 3 L laboratory scale and the 1200 L pilot manufacturing scale. 
Scalability and productivity were improved by reducing oxygen consumption and cell 
growth, allowing extension of the induction phase without the associated mAb 
fragmentation characteristic of methanol limitation. The final mAb concentration was 
increased from 1.2 to 1.9 g L−1. Oxygen limitation also improved N-glycan quality in terms of 
percentage of complex glycans (Ye et al., 2011a).  

6. Summary 

Glycosylation on therapeutic glycoproteins plays a critical role on its pharmacokinetics, 
efficacy and tissue targeting. By eliminating pathways responsible for fungal glycosylation 
and engineering in human glycosylation pathways, glycoengineered Pichia expresses 
glycoprotein with human type of glycans. Glycoengineered Pichia was applied as an 
alternative monoclonal antibody production platform. Comparing glycoengineered Pichia 
produced antibody with traditional mammalian cell CHO produced counterpart, antibody 
from glycoengineered Pichia has comparable in vitro functions and in vivo efficacy and 
serum half life. Moreover, by developing antibody yeast surface display in glycoengineered 
Pichia coupled with matured monoclonal antibody production, it becomes possible to 
integrate antibody discovery and manufacture into a single united platform, and it could 
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optimize the process parameters. In one case study followed by further optimization of the 
specific methanol feed rate, induction duration, and the initial induction biomass, the 
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in glycoengineered Pichia  pastoris. The process relied on pulsed feeding of methanol and its 
productivity was found to depend on biomass concentration and oxygen availability. 
Oxygen uptake rate was used as a scale-up parameter in demonstrating consistency of the 
process between the 3 L laboratory scale and the 1200 L pilot manufacturing scale. 
Scalability and productivity were improved by reducing oxygen consumption and cell 
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fragmentation characteristic of methanol limitation. The final mAb concentration was 
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6. Summary 

Glycosylation on therapeutic glycoproteins plays a critical role on its pharmacokinetics, 
efficacy and tissue targeting. By eliminating pathways responsible for fungal glycosylation 
and engineering in human glycosylation pathways, glycoengineered Pichia expresses 
glycoprotein with human type of glycans. Glycoengineered Pichia was applied as an 
alternative monoclonal antibody production platform. Comparing glycoengineered Pichia 
produced antibody with traditional mammalian cell CHO produced counterpart, antibody 
from glycoengineered Pichia has comparable in vitro functions and in vivo efficacy and 
serum half life. Moreover, by developing antibody yeast surface display in glycoengineered 
Pichia coupled with matured monoclonal antibody production, it becomes possible to 
integrate antibody discovery and manufacture into a single united platform, and it could 
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increase the probability of success in therapeutic antibody development. Furthermore, 
glycoengineered Pichia antibody producing strain is a scalable and robust antibody 
production host. 
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