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Aims and Scope of the Series

Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.
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Preface

The central dogma of molecular biology explains the flow of sequence information
between information-carrying biomacromolecules (DNAs, RNAs, and proteins).
Modifications are the important molecular events that occur in these biomacromol-
ecules that significantly regulate the structures and functions of biomacromolecules
and even the entire biological system. Modifications in biomacromolecules have been
recognized to be extensively associated with different pathological and physiological
conditions, including cancer, inflammatory disease, neurodegenerative disease, meta-
bolic disease, and diabetes. Modifications in biomacromolecules are very complex and
important factors in their diversity. There are several modifications occurring in DNAs,
such as cytosine methylation and hydroxymethylation, and at least 20 post-translational
modifications occurring in DNA-binding protein histone to regulate the structures and
functions of DNAs. There are at least 170 post-transcriptional modifications occur-

ring in RNAs to regulate the structures and functions of RNAs. These include 3- and
5-methylcytosines (m3C, m5C), N1- and N6-methyladenosines (m1A, m6A, m6Am),
pseudouridine (¥), 5-hydroxymethylcytosine (hm5C), and 2'-O-methylation (Nm). In
proteins, there are 400-600 post-translational modifications to regulate the structures
and functions of proteins. These include phosphorylation, glycosylation, ubiquitylation,
methylation, sumoylation, acetylation, sulfation, deamidation, nitration, nitrosylation,
hydroxylation, succinylation, prenylation, myristoylation, and palmitoylation. Different
modifications in biomacromolecules have different characteristics and methodologies of
research. The development of genomics, transcriptomics, proteomics, and bioinformat-
ics is driving large-scale qualitative and quantitative studies of modifications of sites and
levels in biomacromolecules that further clarify the cellular signaling molecular mecha-
nisms and functions in which modifications are involved. Moreover, there are antagonis-
tic and synergistic effects between different modifications in biomacromolecules, which
significantly complicate their biological effects. To date, the studies on biomacromolec-
ular modifications (Figure 1) are lacking and insufficient. Thus, it is time to strengthen
the studies of biomacromolecular modifications in breadth and depth.

This book focuses on the global identification and quantification of different biomac-
romolecular modifications and their functional roles and molecular mechanisms in
different pathological and physiological conditions. Chapter 1 addresses the structure
and functions of ubiquitin and ubiquitin-meditated ubiquitination. Chapter 2 discusses
the functions and roles of ubiquitination on peroxisomal membranes for protein
transport. Chapter 3 discusses the structure and functions of prenylated proteins,
which are important for signaling transduction and drug development for cancer.
Chapter 4 addresses protein prenylation and its extensive applications. Chapter 5
discusses the prenylation of natural products and their roles in the development of
antibacterial and antitumor drugs. Chapter 6 discusses the impacts of glycosylations on
sperm fertility, as well as the lectin array method and its potential application for sperm
function assessment. Chapter 7 discusses epigenetic modifications that include DNA
methylation and histone modifications (acetylation, methylation, phosphorylation,
SUMOylation, and ubiquitination) and their effects on human health and plant health.



Modifications regulate the entire biological molecule systems

Modifications Post-transcriptional modifications Post-translational modifications
(n>10) (n=~170 PTMs) (n = 400-600 PTMs)

Alternative splicing

DNA RNA Protein

Genome Transcriptome Proteome
(n =20 300 genes) (n > 100 000 transcripts) (n>1 000 000 proteoforms)

Proteoform/Proteoformics
(The final structural and functional forms)

Studies on proteoforms will offer much more in-depth insights into a proteome, which will directly lead to:
-the discovery of reliable biomarkers for accurate understanding of molecular mechanisms

-the discovery of effective therapeutic targets.

-the discovery of reliable biomarkers for effective prediction, diagnosis, and prognostic assessment.

Figure 1.
Modifications regulate the structure and functions of biomacromolecules.

This book presents new advances and applications of modifications of biomacromol-
ecules, including DNA methylation, histone modifications, ubiquitination, prenyl-
ation, and glycosylation. However, this book addresses only a very small fraction of
biomacromolecular modifications, thus serving as a catalyst to stimulate and encour-
age researchers to conduct further biomacromolecular modification studies that
result in important scientific developments in research and clinical practice of human

health.
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Chapter1

Ubiquitin: Structure and Function

Julius T. Dongdem, Simon P. Dawson and Robert Layfield

Abstract

Ubiquitin is a small (8.6 kDa) protein that is found ‘ubiquitously’ in eukary-
otic organisms and functions as a regulator of numerous cellular processes. It is
a multifaceted post-translational modifier of other proteins involved in almost
all eukaryotic biology. Once bound to a substrate, ubiquitin initiates a plethora
of distinct signals with unique cellular outcomes known as the ‘ubiquitin code’.
More recently, much progress has been made in characterising the roles of distinct
ubiquitin modifications though it is anticipated that more is yet to be unravelled
as several questions remain elusive. The major aim of this chapter is to compre-
hensively review in detail using published data, the current understanding of the
physico-chemical properties and structure (primary, secondary and tertiary) of
ubiquitin, outlining current understanding of ubiquitin signal regulatory functions
(Ubiquitin Proteasome System) and ubiquitin combinations, with emphasis on the
structural relation to its function. Synthesis of ubiquitin (genes) will be illustrated.
Additionally, ubiquitin-mediated processes and various possible covalent modifica-
tions of ubiquitin and their known functions will be illustrated. Deubiquitinase-
dependent deubiquitylation of the ubiquitin code will also be described. Finally,
ubiquitin-binding proteins and their ubiquitin-binding domains, the consequences
of post-translational modification of ubiquitin by phosphorylation and future
prospects will be discussed.

Keywords: gene, functions, ubiquitin, structure, modifications, ubiquitin-mediated
processes, ubiquitin-binding domain, phosphorylated ubiquitin-binding protein

1. Introduction

Ubiquitin is a small (8.6 kDa) globular regulatory protein, which is found ‘ubiqui-
tously’ in the cell-surface membrane, cytoplasm and nucleus of eukaryotic cells [1, 2].
Originally known as ‘ubiquitous immunopoietic polypeptide’ (UBIP), ubiquitin was
first identified in calf thymus by Gideon Goldstein in 1975 in the search for thymo-
poietin and was further characterised through the 1980s [2-5]. Aaron Ciechanover,
Avram Hershko and Irwin Rose first expounded the functions and the components of
the ubiquitylation pathway, which earned the group the Nobel Prize for Chemistry,
in 2004 [5-9]. The main function of ubiquitin is labelling of improperly folded,
unwanted or damaged proteins for proteasomal degradation [10]. However, ubiquitin
may also cause a change in the cellular location, structural conformation or biological
function of other target protein substrates.

1 IntechOpen
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Understanding of ubiquitin signalling has broadened in recent years. Many novel
proteins with non-covalent mono- and/or polyubiquitin binding activity have been
discovered. These proteins, which are collectively referred to as ubiquitin-binding
proteins (UBPs), contain ubiquitin-binding domains (UBDs, Section 7.0), which
interact with ubiquitylated targets and regulate diverse biological processes such
as endocytosis and DNA repair. This notwithstanding, the molecular mechanisms
governing ubiquitin recognition in most cases have remained elusive [11, 12].
Dysfunction of ubiquitin signalling has been implicated in a wide range of diseases,
including cancer, immune disorders, neurodegeneration, cardiovascular and meta-
bolic disorders [13-15]. More recently, the demonstration that ubiquitin itself can be
modified through phosphorylation by PINK1 provided a major breakthrough linking
two very important signalling pathways in cells; phosphorylation and ubiquitylation
[16-18]. The scope of ubiquitin signalling functions is probably much broader than
first envisioned. The major objective of this chapter is to comprehensively review the
current understanding of the structure of the ubiquitin protein, outlining ubiquitin
signal regulatory functions, ubiquitin combinations and ubiquitin-mediated pro-
cesses with emphasis on the structural relation to its function.

2. Physico-chemical properties of ubiquitin

Ubiquitin is a highly stable molecule over a wide range of pH and temperature
values, exhibiting a melting point of ~100°C. Indeed, nuclear magnetic resonance
(NMR) studies have shown that there is no significant denaturation of the ubiq-
uitin fold over a temperature range of 23-80°C and a pH range of 1.18-8.48 [19].
The major contributor to ubiquitin stability is the large amount of intra-hydrogen
bonding established within its entire structure, however, there are no disulphide
bonds, coordinated metal ions or binding cofactors. Interestingly, if the ubiquitin
protein is chemically denatured, the molecule can actually refold reversibly in vitro
[20-22]. Ubiquitin is very resistant to tryptic (protease) digestion [2]. Only the two
terminals -Gly”>-Gly’® are lost during proteolysis. This phenomenon is utilised in
liquid chromatography with tandem mass spectrometry (LC-MS/MS) identification
of covalent target conjugates of ubiquitin. The ubiquitin protein is composed of all
common amino acids in different proportions except Trp. Its molar extinction coef-
ficient [e\ = 280 nm] is 1280 [L/(mmol-cm)]. It has an Eetinction coefficient A280 of
1 = 6.69 mg/mL and an isoelectric point (pI) of 6.79. Net electric charge of ubiquitin
atpH =7is -0.14 [3, 23].

3. Ubiquitin genes

The human genome consists of several copies of the ubiquitin sequence as a
multigene family. The human ubiquitin is encoded by four independent genes: UBB,
UBC, UBA52 and RPS27A [24]. UBA52 (located on chromosome band 19p13.1-p12)
and RPS27a (chromosome band 2p16) encode a single copy of ubiquitin molecule,
which is respectively fused to the ribosomal protein (RP) L40 and S27a (Figure1).
UBB and UBC are polyubiquitin precursor genes, with UBB encoding three ubiquitin
moieties and UBC encoding nine ubiquitin monomers linked head-to-tail in tandem
repeats by isopeptide linkages and without any spacer (intron) sequences. The last
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Human ubiquitin genes and the ubiquitin-proteasome system (UPS). Ubiquitin is encoded by four independent
genes in the human genome, including UBB, UBC, UBA52 and RPS27A. UBB encodes three ubiquitin moieties,
while UBC encodes nine ubiquitin monomers linked head-to-tail in tandem repeats by isopeptide linkages,
extended by an amino acid, for example, Val. UBA52 and RPS27a encode a single copy of ubiquitin molecule
respectively fused to a RPL40 and RPS27a. This phenomenon is illustrated by the figure. It also illustrates how
free ubiquitin molecules are generated by post-translational cleavage of precursor ubiquitin by dubs in order

to maintain the ubiquitin pool. The 26S proteasome is responsible for degradation and vecycling of unwanted
proteins. Proteasomal proteolysis enables the cell to rid itself of these misfolded or damaged proteins and re-adjusts
the concentration of essential proteins so that cellular homeostasis is maintained.

ubiquitin in the sequence is often extended with an additional Val residue in humans,
and Tyr in chicken at the C-terminal end [25-28]. The number of tandem repeats of
ubiquitin moieties varies depending on species and can also differ within one species.
Species of kinetoplast eukaryotes, for example, Trypanosoma cruzi, contain polyubiq-
uitin coding sequences with 52 tandem repeats of the ubiquitin gene. Generation of
free ubiquitin molecules is by post-translational cleavage from the precursor ubiquitin
moieties and is achieved by the action of deubiquitinases (Dubs), which hydrolyse the
isopeptide bonds linking ubiquitin to the L40, S27a ribosomal proteins or amino acid
linking the UBB or UBC translates (Figure 1) [29]. UBB gene and UBB pseudogenes
are located on chromosome band 17p12-p11.1 while UBC is located on chromosome
band 12q24.3 [25, 27, 30].

The physiological role of ubiquitin-coding genes as a source of ubiquitin
remains largely elusive. UBA52 is apparently essential in the development of
embryo. It has been demonstrated that UBA52 gene is not only a contributor to the
ubiquitin pool, but also a regulator of the ribosomal protein complex (RPL40),
downstream protein synthesis and cell-cycle arrest [31]. RPL40 is essential for
translation of specific cellular transcripts. RPS27a is a regulator of microglia
activation and is biologically relevant in triggering neurodegenerative diseases
[32]. Other studies have underscored RPS27a as a signal transmitter between DNA
damage response and cell cycle progression/ribosome biogenesis. RPS27a is impli-
cated in the inhibition of apoptosis and promotion of cell proliferation [33, 34].
Both RPS27a and UBAS52 are preferentially over-expressed during hepatoma cell
apoptosis [35]. An aberrant form of UBB translation has been detected in patients
with Alzheimer’s disease as well as patients with Down syndrome. Other diseases
associated with UBB include cleft hard palate and submucosal cleft palate. UBC
has been reported to be the most responsive gene to UV irradiation, heat shock,
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oxidative stress, proteotoxic stress and translational impairment, and is upregu-
lated under these conditions [27, 35-38].

4. Structure of the ubiquitin protein
4.1 Primary structure

Ubiquitin is a 76-residue protein, which is evolutionarily one of the most highly
conserved eukaryotic proteins known to date [39]. The amino acid sequence of the
human ubiquitin for instance is 100% identical to that of sea slug aplysia. Similarly,
primary sequences of ubiquitin isolated from bovine, fish, insects and humans are
identical in the first 74 amino acids [40-43]. Yeast, barley, soya-bean, arabidopsis and
oat ubiquitin primary sequences differ in only 3 out of 76 residues in comparison with
that of higher eukaryotes [39]. Comparison of ubiquitin genes across eukaryotes have
been extensively documented [44]. The amino acid sequence of a molecule of ubig-
uitin is shown in Figure 2. Ubiquitin possesses seven Lys residues (Lys6, Lysn, Ly527,
Lyszg, Lys33, Lys48 and Lys63), including an N-terminal Met® residue, which serves as
linkage points for ubiquitylation in the formation of ubiquitin polymers. Each ubiq-
uitin molecule also contains a C-terminal Gly’® whose free carboxylate group is used
to bond with an e-amino group of a substrate’s Lys or that of preceding ubiquitins to
generate various polyubiquitin chains (see later) [45].

4.2 Secondary structure

The most relevant secondary structural features found throughout ubiquitin include
three helices; 3.5 turns of a-helix (15.8% of a-helix) and a short 3, helix (79%) (Table1;
Figure 3). Each ubiquitin also contains one mixed p-sheet with five p-strands, no barrel
and — 13X 1-2X topology (Table 2) [46]. There are six f-reverse turns (Table 3) and
two p-harpins whose characteristics are summarised in Table 4 [47, 48]. Ubiquitin also
contains a G1 type B-bulge, which is antiparallel (residue X: Tyr’, residue 1: Gly'® and
residue 2: Lys'), two reverse Asx turns and a symmetrical hydrogen bonding region
between two a-helices and two reverse turns (Figure 3) [46].

Met01-GIn02-1]e03-Phe04-Valo5-Lys06-Thro7-Leu®8-Thr09-Gly10-
Lys11-Thr2-]le13-Thr14-Leu!5-Glu16-Val17-Glu!8-Pro1?-Ser20-
Asp?1-Thr?2-[le23-Glu?4-Asn?5-Val?6-Lys?7-Ala?8-Lys2°-]]e30-
GIn31-Asp32-Lys33-Glu34-Gly33-1le36-Pro37-Pro38- Asp3°-Gln*0-
GIn*1-Arg*2-Leu*3-Ile**-Phe#5-Ala*6-Gly47-Lys48-Gln4%-Leus? -
Glu®1-Asp52-Gly®3-Arg>4-Thr-Leu¢-Ser>7-Asp58-Tyr>2-Asn60-

[le61-GIn62-Lys63-Glub4-Ser65-Thréé-Leub’-His68-Leut?-Val70-
Lew - Are”- B+ >

Figure 2.

Pr%mary structure of the ubiquitin protein. The human ubiquitin amino acid sequence using their three-letter
abbreviations is shown in the figure. Indicated are the seven Lys vesidues, including the four important C-terminal
residues, vespectively, highlighted in yellow and red. Positions of amino acids in the sequence ave specified as
superscripts.
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Helix Start End Type  Neof Lensgth Unit Residues Pit:ch Deviation Sequence

Ne residues [A] rise  perturn [A] [degrees]

1 23 34 12 17.52 1.46 3.68 5.38 10.8 IENVKAKIQDKE

2 38 40 3 — — — — — PDQ

3 56 59 4 6.77 1.69 3.45 5.82 40.1 LSDY
Table 1.

Secondary motives of the three helices in the human ubiquitin (15.8% of a-helix; 7.9% of 3., helix).
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A wiring illustration of the secondary structure of the human ubiquitin. The figure is an illustration of the most
relevant secondary structural motives of ubiquitin stretched out from start to end in the form of a string. One-
letter abbreviation of each amino acid has been mapped to the secondary structural motif below the structure.
Amino acids that make up f-turns (p.,) ave highlighted in red colour. The five p-strands of ubiquitin (.. 5) are
shown as blue sheets (arrows) while the three a-helices (H,, H, and H;) have been illustrated in grey. Positions of
P-hairpins (B p; ana ) have also been indicated.

Ne of stands Start End Edge Ne of residues Sequence
1 2 7 — 6 QIFVKT
2 12 16 + 5 TITLE
3 41 45 — 5 QRLIF
4 48 49 + 2 KQ
5 66 71 — 6 TLHLVL
Table 2.
Secondary motives of the five f-strands in the human ubiquitin (31.6%).
p-turn Start End Turn type H-bond Sequence
1 7 10 I + TLTG
2 18 21 I + EPSD
3 44 47 v — IFAG
4 45 48 I + FAGK
5 51 54 I . EDGR
6 62 65 1I + QEKS
Table 3.

Secondary motives of the six p-turns in the human ubiquitin.
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Strand 1 Strand 2 Class

Start End Length start End Length

2 7 8 12 16 5 3:5

41 45 5 48 49 2 2:2
Table 4.

Two p-hairpins in the human ubiquitin.

4.3 Tertiary structure

Naturally, ubiquitin adopts a compact 8-grasp globular fold with a globular surface
area of 4800 A’ It has been demonstrated that ubiquitin folds via a two-state process
between a native and unfolded state in aqueous solution [49, 50]. Its terminal G1y76—
COOH freely protrudes from the globular structure allowing covalent modification
of target proteins, including other ubiquitin moieties (Figure 4). Leu®, Val”’ and Ile**
residues of ubiquitin form a hydrophobic surface patch centred around Ile**, which in
combination with electrostatic potential resulting from positively charged residues,
including LysG, Arg42, Lys48, His®® and Arg7 2 are relevant for the non-covalent inter-
action with many UBDs [51, 52]. The hydrophobic patch also facilitates intra-chain
interactions between certain polyubiquitin chains. Additional hydrophobic surfaces
include a patch centred on 1e* involving Leu’! and Leu”? as well as the Phe* patch,
which involves Gln” and Thr'. The ‘TEK-box’ of ubiquitin found in higher eukaryotes
is a three-dimensional motif comprising Thr'>-Thr**-Glu**-Lys®-Lys" and is required

Val70
3.5-turn a-helix

5-stranded

B-sheet
Short 3, helix

Lysé3

Figure 4.

Three-dimensional structure of ubiquitin. Three-dimensional structure of human ubiquitin indicating
functionally velevant amino acids with exposed secondary structures; the seven Lys vesidues, including the Leu®-
Lle**-Val’® hydrophobic patch. Hydrophobic patches serve as platforms for many UBDs. Side chains of Lys residues
are highlighted in cyan. p-strands are shown in grey arrows while the 3.5-turn of a-helix and 3., helix are in
black. The C-terminal Gly’*~-COOH is shown protruding at the top of the structure. N-terminal met is shown at
the bottom of the structure (reproduced from Dikic et al. [51]).
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(@ )

Figure 5.

Conformation of (a) Lys*-linked diubiquitin and (b) Lys®-linked diubiquitin. Hydrophobic patches are
(vecognised by UBDs) highlighted in gold and cyan in the ball and stick model. The side chains of Lys*® and Lys®
are highlighted in red (reproduced from Pickart and Fushman, [64]).

for mitotic degradation [53, 54]. Another interaction surface includes the C-terminal
di—Gly75 76 motif of ubiquitin, which interacts with the ZnF (Zn finger)-UBP, the
UBD of HDAC6 during aggresome formation (i.e. intracellular protein aggregation)
[55]. Characterisation of a novel acidic interaction (hydrophilic) surface centred

on Asp™® has been found to be recognised by the ZnF_A20 UBD of Rabex-5 [56, 57].
Ubiquitin exhibits several strategies that maintain its three-dimensional structure in
a very stable state. There is almost no noticeable change in conformation of ubiquitin
in water solution and in crystalline form. All three Pro residues' ***® of ubiquitin

(at 1.8 A crystal structure, 1TUBQ. pdb) display the Cyc-exo conformation. Pro” is a
component of a flexible loop that connects the N-terminal p-harpin of ubiquitin to
the 3.5 a-helix. Pro*” and Pro>® are, however, placed in an extended loop that links the
C-terminal end of the 3.5 a-helix to the p-strands [58]. These pro residues are reported
to play critical roles in the conformational stability of ubiquitin [59]. Vijay-Kumar

et al. [2] determined the three-dimensional structure of ubiquitin at a resolution of
2.8 A and stated that the His, T yr and the two Phe residues are located on the surface
of the molecule.

Ubiquitin usually exists either covalently attached to other proteins or another
ubiquitin or free (unanchored), that is, covalent assemblies of multiple ubiquitins in
a substrate-free form [60-62]. Lys**-linked diubiquitin adopts a closed conformation
with the hydrophobic residues (Leu®, Ile**, Val’®) forming the inter-domain interface
[63]. Due to weak ubiquitin-ubiquitin interactions, the interface is not rigidly locked.
This allows the functional hydrophobic residues to be accessible for interactions with
various recognition domains (Figure 5a). Lys63-linked diubiquitin, however, adopts
an extended conformation and therefore, no hydrophobic interaction exists between
its ubiquitin units (Figure 5b).

5. Ubiquitin modifications and functions
5.1 Major functions

As aforementioned, the major function of ubiquitin is regulation of the deg-
radation of other proteins [6, 7, 64]. Ubiquitin plays a role in the intracellular
ATP-dependent, non-lysosomal proteolysis and elimination of defective proteins,
normal proteins with a rapid turnover, as well as certain short-lived regulatory
proteins within the cytoplasm. The mechanism of the 26S proteasomal degradation
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of unwanted proteins involves covalent binding of a polyubiquitin chain of about
four or more ubiquitin moieties to the target proteins to be degraded by formation
of isopeptide bonds between the free carboxylate group of ubiquitin’s C-terminal
Gly”® and an e-amino group of the substrates’ Lysyl side chains in a process known
as ubiquitylation. Protein ubiquitylation is a post-translational modification
(PTM) event carried out in a three-step enzymatic process by an E1 ubiquitin-
activating enzyme, E2 ubiquitin-conjugating enzyme and E3 ubiquitin ligase [13,
28, 45]. Post-translational modifications (PTMs), which are usually covalent and
reversible, may alter the properties and therefore, the functions of the modified
protein. Proteasomal proteolysis enables the cell to rid itself of these unwanted,
short-lived, inactive, oxidised, unfolded, misfolded or damaged proteins and
re-adjusts the concentration of essential proteins so that cellular homeostasis is
maintained (Figure 1). Protein ubiquitylation plays a plethora of roles aside from
proteasomal degradation [45, 65]. The ubiquitin code is able to modulate cell cycle
progression, cell differentiation, several signal transduction pathways and mem-
brane protein trafficking. Ubiquitin induces differentiation of both B (bone-mar-
row-derived) and T (thymus-derived) lymphocytes [1]. Ubiquitin cross-reactive
protein, a 15 kDa protein believed to be an example of functionally distinct family
of ubiquitin-like proteins, is essential in various cellular responses to biological
effects of interferons [66]. Strikingly, ubiquitin acts as an immunophilin, in that it
is able to bind immunosuppressive drugs such as tacrolimus (FK506, Kd = 0.8 nM)
and sirolimus (rapamycin, Kd = 0.08 nM). Ubiquitin complexes with tacrolimus,
which acts as an inhibitor of calcineurin (protein phosphatase 2B) involved in T
cell activation [67]. A peptide fragment of ubiquitin; Leu™’-Glu®'-Asp™*-Gly>-
Arg**Thr-Leu®®-Ser”’-Asp>>-Tyr> possesses a very high immunosuppressive
activity in both cellular and humoral immune responses that is at the level of
cyclosporine, with Leu*’-Glu®'-Asp™>-Gly**-Arg>*-Thr*>-Leu’® fragment been

the shortest possible fragment with effective immunosuppressive activity [68].
Ubiquitin is a component of several cytoplasmic inclusions such as Rosenthal
fibres, Mallory bodies, Crooke bodies, Lafora bodies and amyloid bodies, and of
neurones such as the giant axonal neuropathy (GAN) and paired helical filaments
(PHF), which constitute a distinct type of pathological neuronal fibre. These make
up the principal constituent of neurofibrillary tangles (NFL) that occur in the
brain of patients with Alzheimer’s and Down disease [69, 70]. Apparently, associa-
tion of ubiquitin with these cell inclusions may signify ATP-dependent proteolysis
of these bodies, for example, NFL. Subcellular localisation of proteins where they
control other protein functions and cell mechanisms are regulated by the ubiquitin
code. For example, ubiquitin is involved in the ATP-dependent insertion of mono-
amine oxidase A and B into the outer mitochondrial membrane [71]. Autophagy,
transcription, inflammatory signalling, modulation of enzymatic activity, DNA
repair, stress responses, embryogenesis, cell apoptosis, virus budding, vacuolar
protein sorting, inflammatory response and receptor endocytosis are regulated

by ubiquitin-mediated signalling [64, 72-74]. Ubiquitin is responsible for the
organisation and maintenance of chromatin structure by binding histone H2A

in the nucleus. The first of such conjugations of ubiquitin described was binding
histone H2A through an isopeptide bond with e-NH,- group of Lys"” of histone H2A
[4, 75]. Additionally, ubiquitin regulates heat shock responses and is a constituent
of certain cell surface receptors [76, 77]. Ubiquitin has also been demonstrated to
play a role in the regulation of gene expression [78].
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5.2 Ubiquitin-mediated processes

The cell must continually maintain its internal homeostatic conditions. The
lifespan of each protein is highly regulated. The ubiquitin-proteasome system (UPS)
is a major ubiquitin-mediated process recognised as the cellular protein quality
control system in that it selectively targets all unwanted or damaged proteins, which
would otherwise accumulate and destroy neurones among others for proteasomal
degradation. The UPS, which involves a complex combination of several enzymes
(over 1000 proteins in human ubiquitylation), is now one of the most important
systems required for the regulation of protein function because it is involved in nearly
all the important cell biological activities, such as cell metabolism, cell proliferation,
glycogen synthesis and cell death, as well as in disease pathogenesis, for example,
inflammation, arthritis, heart disease and cancers [79]. The UPS plays essential role
in protein homeostasis in that the system regulates the turnover of proteins required
for the plethora of regulatory pathways responsible for several cellular processes,
for example, DNA damage and repair, cell cycle progression, apoptosis, etc. As such
dysfunction of the ubiquitin pathway often results in pathological conditions.

Ubiquitin conjugated on target proteins can, however, be removed by Dubs into
free ubiquitin or unanchored ubiquitin chains (Figure 1). Degradation of ubiquitin
chains by the UPS machinery also recycles ubiquitin molecules to maintain homeosta-
sis in the cells [80]. Dubs, therefore, further add complexity to the inherent ubiquitin
code by acting as proofreading enzymes, which increase the specificity of the UPS
(see Section 6.0). The occurrence of different ubiquitin-ubiquitin linkage types
further complicates the process and also indicates other potential regulatory func-
tions yet to be discovered.

5.3 Role of ubiquitin modules

Polyubiquitin chains, when attached to a target protein, exhibit different functions
depending on the Lys residue of the ubiquitin involved in the formation of the linkage.
This arises as a result of changes in shape of the polyubiquitin chain in which a unique
and complex ubiquitin code is generated depending on the specific Lys residue on which
the preceding ubiquitin molecule is covalently attached to the next ubiquitin molecule
on the target protein [81]. The versatility of ubiquitin to potentially exhibit diverse and
highly complicated linkage-specific type PTMs of target proteins is by virtue of the
occurrence of an N-terminal Met ) together with the seven Lys residues per ubiquitin
moiety. Monoubiquitylation refers to the conjugation of a single ubiquitin molecule to
asingle Lys of the target protein (Figure 6). Multimonoubiquitylation implies that a
target protein is tagged with more than one single molecule of ubiquitin. When the target
protein is tagged with a polyubiquitin chain linked through the C-terminal Gly’® of each
ubiquitin unit and a specific internal Lys of the previously attached ubiquitin through
a series of ubiquitylation, the module is known as polyubiquitylation (Figure 6). A
polyubiquitin chain is termed homogenous when the ubiquitin monomers are joined
together through a single ubiquitin-ubiquitin linkage-type, whereas a heterogeneous
polyubiquitin chain contains more than one single linkage type (Figure 6) [81]. Mixed
polyubiquitin chains on the other hand contain one linkage type, which is extended by
asecond type and so on, forming a non-branched structure. However, a polyubiquitin
chain is said to be branched when different linkage types form one or more branches
linking multiple Lys residues in the same ubiquitin [82].
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Figure 6.
Multifaceted ubiquitin modifications. The figure illustrates different architectural modules of ubiquitin-ubiquitin
linkage and some of the known cellular processes they have been found to regulate to date.

Typically, both monoubiquitylation and multimonoubiquitylation on a single
protein regulate intra- and inter-molecular interactions [81]. For instance, response
to a genotoxic stress is mediated by monoubiquitylation of PCNA’s Lys'®* result-
ing in subsequent recruitment of DNA polymerases lacking proofreading activity

to overcome a DNA replication block and bypass DNA lesions [83]. Additionally,
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monoubiquitylation has been implicated in the endocytic trafficking of certain cargo
proteins, for example, small GTPases and receptors such as the EGFR to specific cel-
lular compartments at different stages of the endocytic pathway. Monoubiquitylation
is known to regulate histone modification [84]. Monoubiquitylation has also been
implicated in the regulation of gene expression as well as DNA repair [85-88].
Multimonoubiquitylation is important for receptor endocytosis [89]. As noted previ-
ously, Lys*®-linked polyubiquitylation (i.e. polyubiquitin chains linked through Lys*®
of the proximal ubiquitin to the next ubiquitin moiety in the chain) are the primary
targeting signals for proteasomal degradation [90-92]. Lys®*-linked polyubiquitin
chains function as scaffolds to assemble signalling complexes as in the activation

of the transcription factor NF-«xB, which is involved in inflammatory and immune
response, DNA damage tolerance, the endocytic pathway and ribosomal protein
synthesis [93]. Unanchored (substrate-free) polyubiquitin also has distinct signal-
ling roles, including activation of protein kinases (Figure 6). Xia et al. [94] showed
that unanchored Lys®*-linked polyubiquitin chain assembled through the action of
UBE2N/UBE2V1 (an E2 conjugating enzyme) and TRAF6 (the E3 ligating enzyme)
also activate the NF-kB pathway by activating the kinase TAK1, which in turn phos-
phorylates and activates IkB kinase (IKK). While Lys®-linked ubiquitin chains are
reported to be involved in DNA repair, Lys''-linked polyubiquitin chains are involved
in endoplasmic reticulum-associated degradation (ERAD) as well as the regulation
of cell-cycle. Lys''-linked polyubiquitin chains also target proteins for proteasomal
degradation with Lys*®-linked polyubiquitin being the most efficient trigger of degra-
dation [95]. Whereas Lys”-linked polyubiquitylation is involved in proteotoxic stress
response and cell cycle regulation, Lys*-linked ubiquitylation is apparently required
for kinase modification. Linear linkage via N-terminal Met is reported to regulate cell
signalling such as NF-kB signalling [96-98].

Though the function of phospho-Ser65-(poly)ubiquitin in parkin activation has
been established, the molecular consequences of ubiquitin phosphorylation have not
been fully explored. Additionally, little is known about the existence and therefore
functions of phosphorylated unanchored (poly)ubiquitin. Also, much less is known
about more complicated polyubiquitin architectures, including heterogenous chains
having branches or mixed chains [99].

6. Deubiquitylation

The action of the E1, E2 and E3 enzyme cascade in the process of ubiquitylation
is antagonised by deubiquitylation proteases or Dubs. Dubs are proteases involved
in the removal of ubiquitin from ubiquitylated proteins, as well as cleaving ubiqui-
tin from its precursors [100]. Dubs cleave the isopeptide bonds between the tagged
protein and ubiquitin or ubiquitin molecules. Immediately after a target protein
has been delivered to the 26S proteasome, the tagged ubiquitin chain is cleaved off
by proteasome-associated Dubs prior to target destruction after which the ubiq-
uitin chain is likewise cleaved to produce free ubiquitin, which is recycled [101].
Generically, Dubs are capable of exo-activity (hydrolysis of ubiquitin-linkage from
ends) and endo-activity (hydrolysis from within an ubiquitin polymer), however,
in each case, an existing scissile linkage between an e-NH, group of a Lys in the
distal ubiquitin or substrate protein and the C-terminus of the proximal ubiquitin
is cleaved.

11
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Approximately, 100 putative Dubs have been characterised from the human
genome and have been grouped into five distinct families based on the architecture of
their catalytic domains [100]. They include ubiquitin C-terminal hydrolases (UCH),
ubiquitin-specific proteases (USP), the ovarian tumour proteases (OTU) and the five
Machado-Josephin domain proteases (MJDs/Josephins). These four subfamilies are
Cys proteases, which rely on a conserved Asp/Asn, His and Cys catalytic triad mecha-
nism of action. In contrast, the fifth subfamily, the Jun activating binding protein
1 (JAB1/MPN/MOV34) also known as JAMMs are Zn** metalloproteases, which
invariably utilise Asp, His and Ser residues to coordinate a catalytic Zn** [102]. Dubs
recognise (poly)ubiquitin non-covalently through intrinsic catalytic core domains
or mediated by UBDs, including the ZnF-UBP domain, ubiquitin-interacting motif
(UIM), ubiquitin-associated (UBA) domain and ubiquitin-like (Ubl) domain. Dubs,
therefore, represent a specialised class of UBPs [80].

Dubs have been implicated in the regulation of various cellular events and have
recently emerged as attractive therapeutic targets. They play several significant roles
in the ubiquitin-mediated processes [103]. Dubs carry out processing of ubiquitin
precursors, most probably co-translationally (Figure 1). As already mentioned,
ubiquitin is expressed as a pro-protein fused to either ribosomal proteins or as linear
polyubiquitin plus an additional amino acid and must, therefore, be hydrolysed to
yield the free mature (poly)ubiquitin [28, 104, 105]. They also hydrolyse unanchored
polyubiquitin released from target proteins or synthesised by de novo conjugating
machinery into free ubiquitin molecules, for example, Ubpl [106-108]. By so doing,
Dubs maintain the homeostatic control of cellular flux of free ubiquitin levels [108,
109]. Dubs are also responsible for rescuing proteins from ubiquitin-mediated pro-
teasomal degradation thereby stabilising the proteins. By antagonising the process of
ubiquitylation, Dubs reverse the ubiquitin-mediated signalling cascades in response
to cellular environmental changes [100, 103]. Dubs may also edit the form of ubiq-
uitin modification by trimming polyubiquitin chains on substrate proteins [80, 102,
110].

Dubs not only frequently associate with E3 ligases but are themselves often modi-
fied by ubiquitin. This suggests that Dub activity may also be regulated by E3 ligases
and vice versa. While the basic enzymatic function of Dubs is understood, how Dub
activity is regulated, the cellular pathways that are regulated by Dub activity, the
cellular target substrates of Dub regulation as well as how substrate recognition is
regulated have not been fully explored. Notably, ubiquitin may become Dub-resistant
once phosphorylated. Significant inhibition of the hydrolytic activity of Dub enzymes
by phosphorylation of ubiquitin has been reported [111-115].

7. Ubiquitin-binding proteins and their ubiquitin-binding domains

A UBD is a modular structural motif, typically less than 50 residues of a protein
that can bind non-covalently to a ubiquitin moiety. UBDs mediate the non-covalent
recognition of (poly)ubiquitin modifications and interpret and transmit information
conferred by protein ubiquitylation to control various cellular events.

Proteins that contain UBDs are collectively referred to as UBPs and are classified
according to the type of UBD they possess. Most UBPs contain one or more recognisable
UBD(s) (Figure 7). The majority of UBPs interact through ubiquitin’s canonical Tle*t/
Val”® hydrophobic patch on its B-sheet surface (Figure 4). A number of UBPs, however,
bind to non-canonical sites such as the C-terminal di-Gly, the polar surface centred on
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Ubiquitin interactions with ubiquitin-binding proteins in the control of cellular dynamics. An illustration of
UBPs which contain UBDs typically less than 50 vesidues in length. UBDs adopt many different folds and are
capable of interacting non-covalently with both mono- (left panel) and polyubiquitylated (middle panel) targets.
In so doing, UBPs interpret and transmit information conferred by covalent protein ubiquitylation to control
various cellular events.

Asp®®, and the hydrophobic patch centred on Leu® or Ile* [55, 116]. Although individual
UBDs bind ubiquitin with low affinity, they do so with high specificity, a probable
requirement for rapid assembly and disassembly of ubiquitin-UBD complexes. To date,
most isolated UBDs bind monoubiquitin, as such do not exhibit linkage specificity, and
are involved in the regulation of a variety of cellular processes such as endocytosis, DNA
repair, vesicular trafficking or signal transduction (Figure 7, left panel). A number of
UBDs bind polyubiquitin and can differentiate the eight ubiquitin linkages, which are
essential for linkage-selective functions (Figure 7, middle panel) [117]. Where two

or more UBDs simultaneously recognise different ubiquitin moieties within a specific
polyubiquitin chain via avidity effects, they typically align in tandem on the ubiquitin
chain (Figure 7, right panel) [118]. Currently, more than 20 different families of

UBDs have been characterised based on structure. Nevertheless, additional UBDs will
undoubtedly be discovered [51, 118, 119].

7.1 Families of ubiquitin-binding proteins

Several different families of UBPs have been described based on the type of UBDs
they possess. Proteins that contain UBDs include ubiquitylation enzymes and Dubs
as well as ubiquitin receptors. Ubiquitin-receptors (non-catalytic effector proteins)
carry UBDs, thus, they recognise and bind ubiquitylated proteins and subsequently
decode information into a specific cellular response. The activity of some ubiquitin
receptors is controlled by self-monoubiquitylation, referred to as coupled monoubig-
uitylation. Coupled monoubiquitylation has been shown to involve monoubiquity-
lation of a ubiquitin ligase and its subsequent interaction with a ubiquitin receptor.
Coupled monoubiquitylation provides an efficient switch from an active to an inactive
conformation via an auto-ubiquitylation mode where the conjugated ubiquitin masks
the UBD sequence [120].

Some examples of UBPs include S5a/Rpn10/Pusl and S6’/Rpt5, which are two pro-
teasomal subunits identified to interact non-covalently with Lys**-linked polyubiquitin
chains of four or more moieties. The first UBP to be identified was S5a. The S5a/Rpn10/
Pus1 ubiquitin-binding region was mapped to an approximate 20 residue region near the
C-terminus. Mammalian S5a/Rpn10/Pus1 contains two of such regions, now recognised
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as the ubiquitin-interacting motif (UIM), and binds ubiquitin through hydrophobic
interactions [121-123]. The Rpn13 protein also plays a role in proteasome function and
is characterised by the Pleckstrin-like receptor for ubiquitin (PRU) domain [124]. Yeast
protein Rad23/hHR23A (the human homologue) and Dsk2/Dhpl are ubiquitin-asso-
ciated domain (UBA) containing UBPs involved in shuttling ubiquitylated proteins to
the proteasome whereas that of neighbour of BRCA1 gene 1 (NBR1) plays an important
function in autophagy [125]. Whereas NF-,{$ essential modulator (NEMO), ABIN1-
ABIN3 and OPTN are involved in NF-{8 signalling and bind ubiquitin via their ubiquitin
binding in ABIN and NEMO domain (UBAN) domain [126, 127], the Prp8 is involved
in RNA splicing and employs its JAB1/MPN domain to bind ubiquitin [128]. UBCH5C
(UBE2D3) contains the UBC domain. UBCH5C accepts ubiquitin from the E1 complex
and catalyses its covalent attachment to other proteins [129]. Several other UBPs (e.g.,
NDP52, p62), their domain structure and functions have been extensively reviewed by
many researchers [118, 130, 131].

7.2 Phosphorylated ubiquitin and phosphorylated ubiquitin-binding proteins

Eukaryotes have a large repertoire of PTMs, which include phosphorylation,
acetylation, methylation, ubiquitylation, SUMOylation neddylation, glycosylation
and glycation. PTMs act as a common mechanism for modulating and regulating
protein function by considerably changing surfaces and binding properties of a
protein. Phosphorylation is the biochemical process by which a phosphoryl (PO5>)
group is added to a protein. Protein phosphorylation often results in the alteration
of the tertiary structure, function and activity of the modified protein. Ubiquitin
function can in turn be modulated by PTMs such as acetylation (on Lys residues) or
phosphorylation. Each of these modifications has potential to dramatically alter the
fate or signalling outcome of the modified protein [115, 132-134]. Phosphorylation
of ubiquitin on Thr/, Thr'?, Thr', Ser®, Thr*?, Thr*, Ser”, Ser®, Thr® and Tyr”
has been reported in various studies [133, 135, 136], however, the kinases that instal
phosphorylations on these residues are largely unknown with the exception of PINK1
[18] and the molecular consequences of phosphorylations on these sites have not been
fully characterised [132-140].

8. Conclusion and perspective

Although the ubiquitin structure has been resolved and is well documented, and
recent studies have made creditable advances to understand the molecular basis of
ubiquitin regulatory roles in higher-order polyubiquitin architecture, many questions
have remained elusive. Much less is known about functions of more complicated
polyubiquitin architectures such as heterogenous (branched and mixed) chains.

The molecular mechanisms governing ubiquitin recognition by UBDs are not also
well understood. It is believed that there are many more UBPs and UBDs than are
currently known to exist. Additionally, little is known about the linkage type-
specific functions of unanchored (poly)ubiquitin and phosphorylated unanchored
polyubiquitin. The complex nature of ubiquitin modulation by phosphorylation has
raised further questions. There are nine phosphorylatable Ser and Thr residues in
ubiquitin besides Ser®. The molecular significance of their phosghorylation has not
been fully investigated. The kinases (besides PINK1, i.e., the Ser 5-ubiquitin kinase),
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phosphatases and selective recognition of ubiquitin targets induced by phosphoryla-
tions or dephosphorylations at these sites in brain and neurones have not been fully
understood. How Dub activity is regulated, cellular pathways regulated by Dubs and
how substrate recognition is regulated are yet to be explored. The current limitations
preventing more insights into unanswered questions are probably due to lack of the
most relevant and versatile technology for assessing these principles. However, it is
envisioned that more insights regarding unanswered questions on ubiquitin biology
will be unravelled in the near future.
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Chapter?2

Ubiquitination on the Peroxisomal
Membrane for Protein Transport
in Plants

Shoji Mano, Kazumi Hikino and Masatake Kanai

Abstract

Peroxisomes are ubiquitous organelles present in most eukaryotic cells that have
important biological functions related to fatty acid metabolism and detoxification
of reactive oxygen species. Disruption of peroxisomal function affects the survival
of cells and organisms. Peroxisomes do not have their own genome, and peroxisomal
proteins are encoded in the nuclear genome. Therefore, efficient and accurate post-
translational transport of peroxisomal proteins is necessary to maintain peroxisomal
function. In mammals, yeast, and plants, many factors involved in protein transport
to peroxisomes have been identified and their molecular mechanisms elucidated. In
plants, analysis of Arabidopsis peroxisome mutants, such as apem (aberrant peroxi-
some morphology) and ibr (indole-3-butyric acid-response), enabled the identification
of the factors mediating protein transport. Of these, several proteins, such as PEX1
(Peroxin 1), PEX2, PEX4, PEX6, PEX10, PEX12, PEX22, and APEMY, constitute the
ubiquitin system on the peroxisomal membrane, and loss of function of each protein
reduces the efficiency of protein transport to peroxisomes. This ubiquitin-dependent
peroxisomal protein transport system is also present in yeast and mammalian cells
and is an example of a type of ubiquitin modification that serves as a signaling tag
rather than as a tag for protein degradation. This chapter introduces the factors
involved in protein transport to the peroxisome via the ubiquitin system in plants and
outlines their functions.

Keywords: Arabidopsis thaliana, peroxisome, peroxin, protein transport, ubiquitin
system

1. Introduction

Peroxisomes are ubiquitous organelles present in most eukaryotic cells; they
were discovered in the early 1960s as organelles measuring approximately 1.0 pm in
diameter [1]. Peroxisomes proliferate by division of preexisting peroxisomes, and
abnormal peroxisomes that are no longer needed or have been oxidized are degraded
via a peroxisome-specific autophagy process called pexophagy [2-7]. Peroxisomes are
involved in various biological functions. Of these, fatty acid metabolism and detoxifi-
cation of reactive oxygen species are functions common to many organisms, whereas
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bile acid biosynthesis and alcohol metabolism are peroxisome functions specific to
mammals and yeast, respectively. Photorespiration, which salvages byproducts of
photosynthesis, and biosynthesis of phytohormones such as jasmonic acid and auxin
are plant peroxisome-specific functions. Peroxisomes do not have their own genome
and all peroxisomal proteins are encoded in the nuclear genome; therefore, post-
translational transport must be efficient and accurate to ensure peroxisomal protein
function. Numerous studies in a variety of organisms have identified the processes
involved in peroxisome biogenesis, such as protein transport, proliferation, differ-
entiation, and inheritance, and have elucidated the molecular mechanisms [8-12].
In particular, the analysis of peroxisome biogenesis factors called peroxins (PEXs)
revealed the molecular mechanism underlying peroxisome biogenesis including
protein transport [8-12].

Peroxisomal protein transport can be divided into the following stages
(Figures1and 2). (i) Cytosolic receptors recognize and bind peroxisomal proteins,
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Figure 1.

Protein transport to peroxisomes in plants. Most peroxisomal proteins contain PTS1 or PTS2. PTS1 and PTS2

are recognized by the cytosolic veceptors PEX5 and PEX7, vespectively, and are directed to a docking complex
containing PEX13 and PEX14 on the peroxisomal membrane. The peroxisomal protein-veceptor complex passes
through the peroxisomal membrane, and the peroxisomal protein and receptor are released. PEX5 and PEX7
return to the cytosol to engage in the next round of protein transport. Ubiquitination may be required for recycling
the receptor in the cytosol, and proteins targeted for ubiquitination on the peroxisomal membrane are involved in
the export apparatus. PEX4 has UBC activity and functions as an E2 engyme, and PEX2, PEX10, and PEX12 are
RING-finger proteins that function as E3 ligases. PEX1 and PEX6 are AAA+ ATPases involved in the dissociation
of the receptor from the membrane. APEM9 is a functional homolog of yeast Pex1sp and mammalian PEX26 that
tethers the PEX1-PEX6 complex to the peroxisomal membrane. PEX22 is vesponsible for tethering PEX4 to the
peroxisomal membrane. Whether the peroxisomal protein-receptor complex fully enters the peroxisome in plants
remains unclear. Ubiquitination of PEX5 has been detected in yeast and animals, but not in plants.
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Outline of PTS1- and PTS2-mediated transport in yeast and mammals. (A) In Pichia pastoris, proteins
containing PTS1 and PTS2 are recognized by Pexsp and Pexyp, respectively, and they ave transported
independently. A co-veceptor is requived for efficient PTS2 transport. Pex18p and Pex21p in Saccharomyces
cerevisiae and Pex20p in Pichia pastors are coreceptors of Pexzp. Pexsp and Pex20p are ubiquitinated and
transported from peroxisomes to the cytosol. (B) In mammals, alternative splicing of the PEX5 gene genevates
two variants, PEX5S and PEX5L. PEX5S is involved in the transport of PTS1, whereas PEX5L binds to PEX7 to
facilitate the efficient transport of PTS2. As in yeast, PEX5 is ubiquitinated and transported from peroxisomes
to the cytosol. Proteins homologous to PEX4 ave not present in mammalian genomes, and instead UbcHsa/b/c
catalyzes the ubiquitination of PEX5. AWP1 functions as an adaptor for PEX6 and recognizes ubiquitinated
PEX5. Pex15p, PEX26, and APEM9 in Figure 1 have the same function, namely, interacting with PEXG6 to tether
the PEX1- PEX6 complex to the peroxisomal membrane. However, the amino acid sequence identity between the
three proteins is low except for the transmembrane region.

and direct them to the docking site on the peroxisomal membrane. (ii) The peroxi-
somal protein-receptor complex associates with the docking complex and passes
through the peroxisomal membrane. (iii) After the peroxisomal protein dissociates
from the receptor, the receptor is returned to the cytosol to engage in the next trans-
port cycle. Studies in mammals, yeast, and plants identified the factors involved in
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each stage: PEX5 and PEX7 in stage (i), PEX13 and PEX14 in stage (ii), and PEX1,
PEX2, PEX4, PEX6, PEX10, PEX12, PEX22, and APEM9/Pex15p/PEX26 in stage

(iii) (Figures1and 2) [9-12]. Various protein modification systems involving PEXs
are required for efficient protein transport to peroxisomes. For example, stage (iii)
requires ubiquitination for receptors, such as PEXS5, on the peroxisomal membrane,
and several proteins necessary for ubiquitination have been identified and character-
ized at the molecular level [13-16]. Defects in individual components of this ubiquitin
system decrease the efficiency of protein transport to peroxisomes, leading to abnor-
malities such as dwarfism in plants, growth defects in yeast, and genetic diseases in
humans [10, 14-16].

Ubiquitination on the peroxisomal membrane does not lead to protein degradation
but has a signaling function. Ubiquitination is a posttranslational protein modifica-
tion in which a ubiquitin protein of approximately 9 kDa binds to a target protein. The
binding of ubiquitin to amino acids occurs through a three-step enzymatic cascade. A
ubiquitin-activating enzyme (E1) activates ubiquitin via an AMP-bound intermedi-
ate. Ubiquitin then binds to the active-site cysteine in a ubiquitin-conjugating enzyme
(E2) and is transferred to the target protein by a ubiquitin-protein ligase (E3). The E3
ligase can be a RING-type enzyme that binds to both the substrate and a ubiquitin-
charged E2 enzyme and directly transfers the ubiquitin moiety to the target protein,
or a thioester-bound HECT-type and RBR-type E3 that forms ubiquitin-E3 intermedi-
ates. The regulatory mechanism of the ubiquitination process has been described in
other chapters and reviews. This chapter focuses on the ubiquitin system involved in
protein transport to peroxisomes based on findings in Arabidopsis thaliana.

2. Components of the ubiquitin system on the peroxisomal membrane
in plants

There are two types of protein transport to peroxisomes, peroxisome targeting
signal (PTS) 1-dependent protein transport and PTS2-dependent protein transport.
PTS1, which consists of 3-4 amino acid residues located at the C-terminal end of
each protein, is recognized by the cytosolic receptor PEX5. On the other hand,
PTS2-containing proteins are translated as larger precursors containing the extension
sequence; PTS2 is present in the N-terminal extension sequence and is recognized by
its receptor, PEX7. This extension sequence is cleaved after import into peroxisomes,
and the PTS2-containing proteins become the mature form [17-19]. However, dif-
ferent species require different PEXs or use the same PEX in different ways. In yeast,
the PTS1- and PTS2-dependent transport systems function independently from each
other (Figure 2a). PTS2-dependent transport requires additional proteins that act as
co-receptors to facilitate the import process. These include Pex18p and Pex21p in S.
cerevisiae [20] and Pex20p in Pichia pastoris [21]; Pex5p and Pex20p are ubiquitinated
and recycled to the cytosol [21, 22]. In mammals, two types of PEX5, PEXSL, and
PEX5S are generated by alternative splicing from a single gene. PEX5L is involved
in both PTS1- and PTS2-dependent protein transport, whereas PEX5S transports
only PTS1 proteins (Figure 2b). As in yeast, ubiquitination of PEXS is required for
receptor export [23, 24], and the AWP1 (associated with PRK1) protein stimulates
PEXS export by interacting with PEX6 [25]. In plants, on the other hand, PTS1- and
PTS2-dependent protein transports are interdependent; proteins containing PTS1
and PTS2 are transported as a single complex (Figure 1) [10, 11, 26]. Thus, although
there are differences in the way PEXs are used by different organisms, they all share
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a common need for the ubiquitin system in protein transport. As detailed below,
proteins involved in the ubiquitin system are present on the peroxisomal membrane
and are required for protein transport to peroxisomes [10, 14-16]. Of these, PEX4
possesses ubiquitin-conjugating (UBC) activity [15, 16, 27-30], and PEX2, PEX10,
and PEX12 function as ubiquitin ligases [31-33]. PEX1 and PEX6, which belong to the
ATPases associated with diverse cellular activities (AAA+) family (AAA ATPases),
are responsible for the energy required for the receptor to dissociate from the peroxi-
somal membrane [34, 35]. PEX22 and Pex15p/PEX26/APEMO tether PEX4 and the
PEX1-PEX6 complex to the peroxisomal membrane, respectively [36, 37].

This section outlines the function of PEX proteins involved in ubiquitination
on plant peroxisomal membranes, based primarily on the analysis of Arabidopsis
mutants.

2.1 Advances in plant peroxisome research achieved using Arabidopsis mutants

Analysis of Arabidopsis mutants such as apem and ibr led to dramatic advances
in plant peroxisome research. The apern mutants were isolated from a pool of ethyl
methanesulfonate (EMS)-mutagenized Arabidopsis seeds expressing the peroxi-
some marker GFP-PTS1 as the parent plant. The apem mutants show alterations in
the pattern of GFP fluorescence as follows: (i) elongated peroxisomes, (ii) enlarged
peroxisomes, (iii) mislocalization of the GFP-PTS1 protein to the cytosol, and (iv)
altered distribution of GFP-labeled peroxisomes [15, 38-42]. Among apem mutants,
apem2, apem4, apem7, and apem9 show GFP fluorescence not only in peroxisomes but
also in the cytosol, indicating that the efficiency of PTS1-dependent protein transport
to peroxisomes is reduced (Figure 3) [15, 39, 41]. Furthermore, PTS2-dependent
protein transport is disturbed in these mutants [15, 39, 41]. Identification of APEM
genes and analysis of their gene products revealed that APEM2, APEM4, APEM7, and
APEM9 encode PEX13, PEX12, PEX4, and the functional homolog of Pex15p/PEX26,
respectively [15, 39, 41]. PEX4 and PEX12 function as a UBC enzyme and a ubiquitin
ligase, respectively, and Pex15p/PEX26 is responsible for tethering the AAA ATPase
complex, PEX1-PEX6, to the peroxisomal membrane [15, 39, 41]. APEM4/PEX12,
APEM7/PEX4, and APEM9/Pex15p/PEX26 thus constitute a ubiquitin system on
the peroxisomal membrane, which suggests that ubiquitination on the peroxisomal
membrane is required for efficient protein transport to peroxisomes.

A screening based on peroxisome function contributed to the identification of
several peroxisome-related genes encoding proteins associated with the ubiquitin
system. Mutants were isolated based on the conversion of indole-3-butyric acid
(IBA) to indole-3-acetic acid (IAA), an endogenous auxin, by peroxisomal fatty acid
p-oxidation, an exclusive function of peroxisomes in plants. The Arabidopsis pex1,
pex4, pex6, pex12, and pex26 mutants were isolated because they exhibited abnormal
conversion of IBA to IAA [30, 43-45]. A pex1-1 mutant was isolated as a suppressor
that restores metabolic and physiological defects in the pex6 mutant [46]. Arabidopsis
PEX?2 was identified as a suppressor of the de-etiolated 1-1 (det1-1) mutant, which is
defective in photomorphogenesis [47], and a different allele of pex6 was identified
as a pfl (persistent GFP-ICL fluorescence) mutant showing a different pattern of GFP
fluorescence from the parent plant expressing the GFP-ICL fusion gene [48].

Many plant PEX mutants with T-DNA insertions are lethal because they show
complete protein dysfunction. However, the apem, ibr, and pfl mutants have a milder
loss of function and thus provide a tool to analyze the function of the causative gene
product because these are EMS-induced nucleotide substitution mutants. Analysis of
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GFP-PTS1

Figure 3.

GFgP  fluorescence patterns in root cells of the parent plant, GFP-PTS1, and apem mutants expressing the
peroxisome marker GFP-PTS1. GFP is transported via a PTS1-dependent pathway, and peroxisomes are
visualized as spherical structuves. In the apema4, apemy, and apem9 mutants, GFP is detected in the cytosol in
addition to peroxisomes. These phenotypes indicate a defect in PTS1-dependent protein transport. Bay, 50 um.

these EMS-treated Arabidopsis mutants led to research into the role of peroxisomal
membrane ubiquitin in plants. Below is an overview of the components of the ubiqui-
tin system that regulate protein transport to peroxisomes.

2.2 PEX4 functions as a ubiquitin-conjugating enzyme

PEX4 has only been identified in yeast (also called Ubc10p in S.cerevisiae) and
plants, and proteins with amino acid sequence homology to PEX4 have not been
found in mammals. PEX4 genes were originally identified in a screening of mutants
showing growth defects when cultured under carbon-limited conditions in yeast
[27-29]. In plants, the Arabidopsis pex4 mutant was isolated separately as the pex4-
1 and pex4-2 mutants and the apem7 mutant [15, 30, 49]. PEX4 proteins in yeast
and plants have a putative active-site cysteine residue that is essential for forming
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a thioester bond with ubiquitin. The UBC activity of PEX4 was identified only in
yeast, where it was reported to function as an E2 enzyme in the ubiquitination
process [27]. A recent analysis using rabbit reticulocyte lysate and i vitro ubiquitin
assays with recombinant wild-type PEX4 and mutant PEX4, which has an amino
acid substitution at position 123 from proline to leucine, suggests that both PEX4
forms have UBC activities, although the activity and specificity of mutant-type
PEX4 are reduced [15, 16]. However, the thioester bond between mutant PEX4

and ubiquitin is cleaved iz vitro under reducing conditions, such as the addition of
p-mercaptoethanol, whereas in vivo cleavage is incomplete [15]. This may be due to
an alteration in the interaction of PEX4 with other factors on the peroxisomal mem-
brane and/or in the conformation of PEX4 itself caused by the apem7/pex4 muta-
tion. Although Arabidopsis PEX4 is difficult to purify as a soluble protein, it can be
purified by expressing it as a PEX4-PEX22 fusion gene and can then be crystallized
and have its structure elucidated (PEX22 is described in the next section) [16].
Crystallographic analysis indicates that the pex4-1 mutation site is located on a loop
near the active-site cleft and it is thought to alter the residue immediately following
the “gateway residue” involved in regulating ubiquitin access to the active site [16].
In other words, the proximity of the pex4-1 mutation site to the active-site cysteine
likely affects the UBC activity of mutant-type PEX4.

2.3 PEX22 functions in tethering PEX4 to the peroxisome membrane

Similar to PEX4, which has not been found in mammals, PEX22 has not been
found in mammalian genomes. Analysis of the apem7 and pex4-1 mutants indicated
that PEX4 localizes to the peroxisomal membrane [15, 30]. PEX4 does not have an
obvious transmembrane domain, suggesting that it requires other factors for localiza-
tion to the peroxisomal membrane. In yeast, Pex22p was identified as a factor that
anchors Pex4p to the peroxisomal membrane [36, 37], and the cytosolic domain of
Pex22p is involved in Pex4p activity [50]. In plants, Arabidopsis PEX22 was identi-
fied from the Arabidopsis cDNA library in a yeast two-hybrid analysis, which showed
that it interacts with Arabidopsis PEX4 [30]. Arabidopsis PEX22 has high amino acid
sequence homology with other plant homologs, but only 6-12% sequence identity
with the yeast Pex22p protein; however, there are similarities in the sequence of the
N-terminal transmembrane domain, the molecular weight, and the topology of the
proteins [30]. S. cerevisiae Pex22p does not interact with Pichia pastoris Pex4p [36]. In
addition, although coexpression of the Arabidopsis PEX4 and PEX22 genes comple-
ments the defects in the yeast pex4 pex22 double mutant, PEX4 or PEX22 alone do not
restore the phenotype of the corresponding yeast mutant, indicating that Arabidopsis
PEX4 does not interact with yeast Pex22p and vice versa [30].

The crystal structure of Pex4p bound to the soluble portion of Pex22p has been
reported in S. cerevisiae, and binding of Pex4p to Pex22p increases the ability of Pex4p
to transfer ubiquitin to its substrates [51, 52]. In plants, the Arabidopsis PEX4-PEX22
complex was crystallized and its structure was elucidated, as described in the previ-
ous section [16]. Comparison with yeast Pex22p shows that PEX22 maintains a similar
Rossmann fold structure, with several salt bridges and long unstructured tethers in
positions that contribute to the specificity of PEX22 for PEX4 and the ubiquitination
of peroxisomal membrane targets away from PEX4 without dissociation from PEX22
[16]. These results indicate that the interaction between PEX4 and PEX22 has been
acquired with species specificity.
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2.4 PEX2, PEX10, and PEX12 function as ubiquitin ligases

There are three RING-finger domain-containing ubiquitin ligases on the peroxi-
somal membrane, PEX2, PEX10, and PEX12, and they have been identified in various
organisms including plants [9, 10, 14]. They function as E3 ubiquitin ligases during
ubiquitination on the peroxisomal membrane [14, 31, 32]. In plants, Arabidopsis PEX2,
PEX10, and PEX12 possess in vitro ubiquitin ligase activity [33]. These three RING E3
ligases depend on each other for stability, and deletion or partial loss of function of one
component induces instability of the other two components [44, 53-55].

Arabidopsis PEX2 was originally identified in an analysis of a suppressor of the
det1-1 mutant [47]. DET1 is a global repressor of photomorphogenesis, and the det1
mutant grows in the dark with the phenotype of a light-grown plant [56]. The pex2
mutant, originally known as ted3 for reversal of the det phenotype, was identified
as one of the ted mutants [47]. The ted3 mutant has an amino acid substitution at
position 275 from valine to methionine in the RING-finger domain that suppresses
the phenotypic defect of the det mutant [47]. Overexpression of the PEX2 RING
domain in the det1 mutant also partially suppresses the det1 phenotype, suggesting
that peroxisomes are involved in photomorphogenesis [57]. The Arabidopsis pex2-1
mutant was isolated by screening for abnormal degradation of the peroxisomal matrix
protein [55]. Knockdown of the PEX2 gene by RNA interference [8] showed that the
pex2-1 mutant is defective in protein transport to peroxisomes [55].

The Arabidopsis PEX10 gene was identified as a gene encoding a protein with
47-56% sequence similarity to the product of the PEX10 gene from mammals and
yeast [58, 59]. Analysis of T-DNA insertion mutants of the PEX10 gene showed
that loss of PEX10 affects normal embryo development and viability [58, 59].
Furthermore, the pex10-2 mutant was isolated as one of the ibr mutants, and further
analysis showed that the pex2-1 pex10-2 double mutant has more severe growth
defects than the respective single mutants, indicating that PEX2 and PEX10 func-
tion in a coordinated manner [55]. The pex10 mutant, which was generated by RNAi
interference, shows defects in ER morphology and cuticular wax accumulation [60].

For PEX12, a T-DNA knockout mutant of PEX12 and a pex12 partial loss-of-
function mutant were generated using RNA interference, and the phenotypes of
individual plants were analyzed [61]. These mutants show developmental arrest,
plant growth inhibition, and reduced lethality in early embryogenesis [61]. In addi-
tion, the apem4 (previously known as apm4) mutant, which shows a decrease of both
PTS1- and PTS2-dependent protein transport to peroxisomes, was isolated as having
a mutation in the PEX12 gene [39]. The apem4 and other Arabidopsis pex12 mutants
show defects in PTS1- and PTS2-dependent protein transport [39, 44], suggesting
that the ubiquitin ligase activity of PEX12 is required for efficient protein transport
to peroxisomes. Indeed, Arabidopsis PEX12 can bind to PEX7 [62], suggesting that
PEX12 is involved in receptor recycling from peroxisomes to the cytosol, as discussed
below. The apem4 and pex12-1 mutants are characterized by the replacement of the
arginine at position 170 by lysine and that of glutamic acid at position 171 by lysine,
respectively [39, 44]. The mechanism by which these mutations affect the ligase activ-
ity and conformation of PEX12 remains to be elucidated.

2.5 PEX1 and PEX6 function as AAA ATPases

PEX1 and PEX6 are type 2 AAA+ ATPases containing two conserved ATPase
domains, D1 and D2, preceded by an N-terminal domain that interacts with substrates
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and adaptor proteins. They assemble to form a heterohexamer in which nucleotide-
binding pockets form at the interface between adjacent subunits in the ring [34, 35].
In mammals and yeasts, PEX1 and PEX6 form a heterohexamer that functions as
an unfoldase for the retrotranslocation of PEX5 from the peroxisomal membrane
[63-65]. Arabidopsis PEX1, an ortholog of S. cerevisiae Pex1p, was cloned and its
cDNA was used to generate transgenic A. thaliana harboring luciferase under the
control of the PEX1 promoter. The transgenic plants showed that PEX1 gene expres-
sion is upregulated in response to physiological levels of hydrogen peroxide, wounds,
and pathogen infection [66]. The Arabidopsis pex1 mutant pex1-1 was isolated because
of its ability to suppress the pex6-1 mutant phenotype (Arabidopsis pex6 mutants are
described in the next paragraph) [67]. The pex1-1 mutant has an amino acid substitu-
tion from glutamic acid to lysine at amino acid 748, near the AAA1 domain, and this
mutation ameliorates the metabolic and physiological defects of pex6-1 [67]. Two
additional pex1 mutants, pex1-2 and pex1-3, were isolated from a pool of ibr mutants
[45]. The mutations in both pex1-2 and pex1-3 are located in the AAA2 domain. The
pex1-2 mutant has reduced PEX1 and PEX6 levels, suggesting that PEX1 enhances
PEX®6 stability and vice versa [45]. In the pex1-3 mutant, peroxisomes are larger than
those in the wild type, and GFP-PTS1 is detected in the cytosol as well as in peroxi-
somes; it also displays embryonic lethality [45]. These findings indicate that PEX1 is
involved in peroxisome biogenesis and protein transport and that peroxisome-related
functions are required for embryogenesis in plants.

The Arabidopsis pex6-1 mutant was isolated as one of the ibr mutants [43]. The
pex6 mutation results in an amino acid substitution from arginine to glutamine at
position 766, which is conserved in plants, humans, and yeast. Introduction of human
PEX6 into the Arabidopsis pex6 mutant functionally complements its phenotype
[43]. The pex6-2 mutant was subsequently isolated as one of the pfl (persistent GFP-
ICL fluorescence) mutants [48]. Isocitrate lyase (ICL) is a peroxisomal protein that is
transported via a PTS1-dependent pathway. The pfl mutants show a GFP fluorescence
pattern that differs from that of the parent plants expressing the GFP-ICL fusion gene
[48]. Novel alleles of the pex6 mutant, pex6-3 and pex6-4, were also isolated from
the pool of ibr mutants [46]. Of the four pex6 alleles, pex6-2 has a mutation near the
N-terminus of AAA1, and pex6-1, pex6-3, and pex6-4 have mutations at or near the
AAA2 domain. The mutant phenotypes affecting plant growth and peroxisomal pro-
tein transport are similar to those of the wild type in pex6-2, whereas pex6-1, pex6-3,
and pex6-4 show more severe defects, indicating the importance of the AAA2 domain
[46]. In PEX1 described in the previous paragraph, the importance of the AAA2
domain is suggested by the fact that of the three Arabidopsis pexI mutants, pex1-2 and
pex1-3, were isolated as mutants with mutations in the PEX1 AAA2 domain [45, 46].

2.6 Pex15p/PEX26/APEM9 tether the PEX1-PEX6 complex to peroxisome
membranes

The ubiquitination of proteins as a signal for protein transport requires energy
from ATP hydrolysis on the peroxisomal membrane, which is provided by the PEX1-
PEX6 complex. However, PEX1 and PEX6 do not have a membrane association
domain. In yeast and mammals, Pex15p and PEX26, which are tail-anchored proteins,
are located on the peroxisomal membrane and are involved in recruiting the PEX1-
PEX6 complex to the peroxisomal membrane from the cytosol [68, 69]. The homolog
of Pex15p/PEX26 in plants was identified after the isolation of the apem9-1 mutant
and based on the sequence of APEMY, the T-DNA insertion mutant was identified as
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apem9-2. Similar to apem4 and apem7, the apem9 mutant phenotype is characterized
by the accumulation of peroxisomal proteins in the cytosol and impaired PTS1- and
PTS2-dependent transport (Figure 3) [41]. APEM9 encodes a protein of unknown
function that is found only in plant genomes; however, hydropathy profile analysis of
APEMD suggests that it is similar to Pex15p and PEX26 [41]. Although APEMY, Pex15p,
and PEX26 have low amino acid sequence similarity except in the transmembrane
domain, their secondary structures are similar [41]. Analyses suggest that APEM9
tethers the PEX1-PEX6 complex to the peroxisomal membrane, and the apem9-1 muta-
tion disrupts the peroxisomal localization of APEM9 and the PEX1-PEX6 complex
because the mutation is located in the transmembrane domain of APEMOY; this suggests
that the role of APEMO is the same as that of Pex15p in yeast and PEX26 in mammals
[41]. The Arabidopsis dayu mutant is characterized by abnormal pollen maturation
and germination [70]. DAYU encodes APEM9. DAYU/APEMO binds to PEX13, a factor
of the import complex (Figure 1), suggesting that DAYU/APEM9 is involved in the
import of both PTS1- and PTS2-containing proteins in addition to mediating receptor
export by the ubiquitin system [70]. Moreover, the pex26-1 mutant, which was isolated
as one of the ibr mutants [46], shows a more severe phenotype than apem9-1. This is
likely because the apem9-1 mutation causes an amino acid substitution, whereas the
pex26-1 mutation triggers a splicing defect that prevents translation of the C-terminal
transmembrane domain of PEX26, which in turn prevents the PEX1-PEX6 complex
from localizing to the peroxisomal membrane [46].

3. Molecular mechanism underlying the role of ubiquitination in
peroxisomal protein transport

Regulatory mechanisms for the ubiquitination of peroxisomal proteins as a signal
for transport exist in mammals, yeast, and plants. However, their components and
usage differ slightly, and there is no unified model that can be adapted to all organ-
isms. For example, a protein with amino acid sequence homology to PEX4 has not
been identified in animals; instead, UbcH5a/b/c act as UBC enzymes [23]. As shown
in Figures 1 and 2, peroxisomal protein import systems differ between animals, yeast,
and plants, suggesting that the mechanism underlying receptor export, the latter step
of protein transport triggered by the ubiquitin signal, may also vary from organism
to organism. This section outlines the similarities and differences in the regulatory
mechanisms according to the components of the ubiquitin system introduced in
Section 2, the proteins targeted for ubiquitination, and the protein degradation that
occurs when ubiquitin signaling is disrupted by another type of ubiquitination on the
peroxisomal membrane.

3.1 Similarities and differences in the proteins involved in the ubiquitin system in
animals, yeast, and plants

The presence of three RING-finger ubiquitin ligases, PEX2, PEX10, and PEX12, as
E3 enzymes is common to yeast, mammals, and plants. Another common mechanism
among the three organisms is the formation of a heterohexamer between PEX1 and
PEX6 with AAA ATPase activity; this PEX1-PEX6 complex is recruited to the peroxi-
somal membrane by a tail-anchored protein: Pex15p in yeast, PEX26 in mammals,
and APEMY in plants [41, 68, 69]. However, the three tail-anchored proteins show
low amino acid sequence identity. Indeed, although APEM9 could not be identified by
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sequence comparison with Pex15p or PEX26, it was identified as a functional homolog
of Pex15p and PEX26 in plants because its secondary structure is similar to that of
Pex15p and Pex26, especially in the location of the predicted single transmembrane
domain and the hydrophilic region consisting of 35-60 residues immediately before
the transmembrane domain [41].

There are significant differences between mammals and yeast/plants with regard
to the UBC enzyme, namely, the E2 proteins of the ubiquitin system. In yeast and
plants, Pex4p and PEX4 serve as E2 enzymes. However, proteins with a similar amino
acid sequence to that of Pex4p or PEX4 have not been found in mammals. Instead,
three UbcH5-family proteins, UbcH5a, UbcH5b, and UbcH5c, act as UBC enzymes
[23]. As discussed in the next section, the peroxisomal protein transport-related
target of the UbcHS5 family is PEX5; however, the UbcHS5 family also targets proteins
unrelated to peroxisomes, such as IkBax and BRCA1 [71, 72]. In yeast and plants,
Pex4p and PEX4 are UBCs involved only in peroxisomal protein transport, whereas,
in animals, UBCs involved in other biological processes also function in peroxisomal
protein transport. Proteins corresponding to Pex22p in yeast and PEX22 in plants
have not been identified in animals. This is not surprising in animals, where homologs
of Pex4p and PEX4 do not exist, and considering that Pex22p and PEX22 are respon-
sible for tethering Pex4p and PEX4 to the peroxisomal membrane.

3.2 Proteins targeted for ubiquitination involved in peroxisomal protein transport

In yeast and mammals, the PTS1 receptor PEX5 is recycled from the peroxisomal
membrane to the cytosol by monoubiquitination of the conserved cysteine near the
N-terminus [24, 32, 73-75]. However, the final target proteins remain undefined in
plants. Although Arabidopsis PEXS also has a cysteine residue at position 13, there
is no direct evidence indicating that PEXS is recycled via monoubiquitination of the
cysteine residue in plants. However, although PEXS5 is detected in both the cytosolic
and membrane fractions, membrane-associated PEXS5 is slightly larger than soluble
PEXS5 [15]. Furthermore, membrane-associated PEXS is increased in apem and ibr
mutants, which are characterized by defects in the factors involved in ubiquitination
related to peroxisome protein transport [15, 16, 39, 43, 67]. In addition, the mutant
phenotype associated with protein transport defects can be partially rescued by
overexpression of the PEX5 gene [43, 48, 67], supporting that PEX5 may be a target
for ubiquitination in plants.

In yeast, the PTS2 receptor Pex7p requires a co-receptor such as Pex18p, Pex20p,
and Pex21p to function in peroxisomal protein transport. The N-terminal cysteine
residue of Pex18p is monoubiquitinated during the recycling process of Pex7p and
Pex18p [76]. In mammals, PEX5L, one of the longer splice variants alternatively
produced from the PEX5 gene, functions as a co-receptor for PEX7. The conserved
cysteine at the N-terminus of PEX5L is also monoubiquitinated, resulting in the return
of both PEX5L and PEX7 to the cytosol from the peroxisomes [77]. As shown in
Figure 1, in plants, PEX5 and PEX7 are transported as a single complex after recogniz-
ing PTS1 and PTS2, respectively, suggesting that if PEXS is ubiquitinated and recycled
to the cytosol, PEX7 is also returned, similar to PEX5L and PEX7 in mammals.

3.3 A different ubiquitination process on the peroxisomal membrane

Abnormal peroxisomal protein transport is associated with a type of ubiquitination
on the peroxisomal membrane that differs from the monoubiquitination of PEX5
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and Pex18p. In yeast, inhibition of monoubiquitination-dependent protein transport
induces the polyubiquitination of Pex5p [22, 78, 79]. In this case, ubiquitin is conju-
gated to the 2 N-terminal lysine residues, but not to the cysteine residue, by another
UBC enzyme, Ubc4p (and the partially redundant UBCs, Ubclp, and Ubc5p) rather
than Pex4p [22, 78, 79]. Polyubiquitinated Pex5p is then degraded by the 26S protea-
some. With regard to PTS2-dependent protein transport, Pex18p and Pex20p, co-
receptors for Pex7p, are lysine polyubiquitinated and degraded [76, 80]. In mammals,
dysfunctional PEX7 is degraded via a ubiquitin-dependent pathway for PEX7 quality
control [81].

In plants, the ubiquitination-dependent degradation of PEX5 and PEX7 has
not been identified to date. However, Arabidopsis PEX4 catalyzes the formation of
lysine48-linked ubiquitin chains [16], suggesting that PEX4 is involved in the deg-
radation as well as recycling of PEXS. Dominant suppressors of KAR 2a, DSK2a and
DSK2b, are ubiquitin-binding receptor proteins that specifically bind to the RING
domain of PEX2 and PEX12, suggesting that the E3 ligases associated with DSK2s are
involved in ubiquitination on the peroxisomal membrane [33].

Suppressors of plastid protein import locus 1 (SP1) and SP1-like 1 (SPL1) are
RING-type ubiquitin ligases that are located on the peroxisomal membrane [82,
83]. SP1 physically interacts with PEX13 and PEX14, components of the import
machinery, and with PEX2, thereby contributing to the destabilization of the protein
import machinery [82]. However, SP1 was originally discovered as a component of
the chloroplast protein import machinery and is involved in the degradation of the
chloroplast protein transport complex by the ubiquitin-proteasome system [84]. SP1
localizes to peroxisomes and mitochondria as well as chloroplasts [84, 85]. SPL1 is the
closest homolog of SP1, and similar to SP1, localizes to chloroplasts, mitochondria,
and peroxisomes; however, SP1 shows a stronger peroxisomal localization than SPL1
[83]. SPL1 antagonizes SP1 function during peroxisomal protein import, suggesting
that the balance of SP1 and SPL1 activities regulates the protein import machinery
[83]. Thus, ubiquitination is required for the import of peroxisomal proteins as well
as the export of receptors in the protein transport process. A protein with amino acid
sequence similarity to SP1 and SPL1 is the human mitochondrial anchored protein
ligase (MAPL) protein [86]. MAPL has not been identified in yeast. In mitochondria,
it functions in mitochondrial fission by regulating dynamin-associated protein 1.
Whether it functions in peroxisomes such as SP1 and SPL1 as potential regulators of
docking proteins remains unknown [86]. Peroxisomes interact with multiple organ-
elles, such as chloroplasts and mitochondria, to form metabolic pathways. Therefore,
E3 ligases localized to multiple organelles may play an important role in coordinately
regulating processes related to organelle biogenesis, such as protein transport, by
recognizing interactions between organelles.

4, Conclusions

Proteins involved in ubiquitination on the peroxisomal membrane have been
identified in plants, and their molecular mechanisms have been elucidated. As
described above, the regulatory mechanisms in plants are similar to those in animals
and yeast, but with species-specific fine-tuning that may have been acquired dur-
ing evolution. Disruption of this ubiquitin system can lead to abnormalities in plant
processes such as growth and embryogenesis, similar to the inability of yeast to use
carbon sources for growth and the occurrence of genetic diseases in humans.
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Several issues related to the role of ubiquitin signaling in peroxisomal protein
transport in plants remain to be addressed. Proteins targeted for ubiquitination in this
system remain to be identified in plants. Whether PEXS5 is ubiquitinated as in plants is
a subject for further study. In yeast and animals, ubiquitinated PEXS5 is released from
the peroxisomal membrane to the cytosol, where it is deubiquitinated before engaging
in the following transport cycle. The enzyme responsible for PEXS5 deubiquitination
is ubiquitin-specific protease 15 (Ubpl5p) in yeast and ubiquitin-specific protease
9X (USP9X) in mammals [87, 88]; however, the deubiquitinase in plants has not been
identified. Moreover, the mechanism underlying polyubiquitination-induced protein
degradation on the peroxisomal membrane, when protein transport fails, is not as
well understood in plants as in yeast and animals, including whether a similar mecha-
nism exists in the first place. Next-generation sequencing and mass spectrometry will
contribute to the identification of ubiquitin-related factors and ubiquitinated proteins
in various nonmodel plants. Analysis using a variety of plants, including the liverwort
Marchantia polymorpha, mentioned in the next section, will facilitate the elucidation
of the molecular mechanisms of the ubiquitin system in plants and help clarify the
issues discussed above.

5. Future perspectives

The current knowledge of peroxisomal protein transport in land plants presented
in this chapter is based primarily on studies using Arabidopsis. However, these
findings may not apply to all plants. In yeast, although the ubiquitin system involved
in peroxisomal protein transport has been preserved through the course of evolu-
tion, the factors involved and their functions have changed; for example, proteins
from S. cerevisiae do not complement their corresponding mutants in Pichia pasto-
ris. Similarly, ubiquitin factors may have diverged during plant evolution. In this
regard, the liverwort M. polymorpha is a good experimental plant for the study of
peroxisomes. M.polymorpha is an early diverging land plant and thus retains features
of ancestral land plants. The genome of M. polymorpha has been determined and
compiled into genome databases (https://marchantia.info) [89]. Methods for genetic
transformation, as well as various resources such as vectors suitable for M. polymor-
pha and genome editing by CRISPR/Cas9 have been established, which has enabled
the collection of information on different mutants [90]. One of the advantages of
using M. polymorpha is that it has a low gene duplication rate. The details of this
process are beyond the scope of this chapter, and several reviews are available [12, 90,
91]. We have successfully visualized the peroxisome of M. polymorpha using a fusion
gene of PTS1 or PTS2 and a fluorescent protein [12, 92]. The results show that both
PTS1- and PTS2-dependent protein transport have been present from the beginning
of the evolution of land plants. Bioinformatics analysis detected the presence of genes
orthologous to Arabidopsis PEX1, PEX2, PEX4, PEX6, PEX10, PEX12, PEX22, and
APEM? in the genome of M. polymorpha [12], indicating that the ubiquitin system
is involved in peroxisomal protein transport in M. polymorpha [the PEX genes we
have identified, including the ubiquitin system-related PEX genes, are registered in
MarpolBase (https://marchantia.info)]. However, the molecular mechanisms under-
lying the roles of the gene products need to be analyzed. Genome editing of ubiqui-
tin-related genes identified by bioinformatics analysis of M. polymorpha transgenic
plants with visualized peroxisomes will help clarify the ubiquitin signaling pathways
regulating protein transport to peroxisomes in land plants.
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Chapter 3

Prenylated Proteins: Structural
Diversity and Functions

Aravind Kamath and Kantharaju Kamanna

Abstract

The cell membranes consist of lipid bilayers that are semipermeable. The
semipermeable nature enables the cell membranes to regulate the transport of
materials entering and exiting the cell. Apart from providing protection and
a fixed environment to the cell, the cell membrane has several functions. The
covalently linked proteins to lipids on the surface of the cell membranes are the
Lipid-anchored proteins. The function of the protein to which the lipid is attached
depends on the type of the lipid. Prenylated proteins, fatty acylated proteins, and
glycosylphosphatidylinositol-linked proteins (GPI) are the three main types of
lipid-anchored proteins on the cell membrane. In particular, the prenylated proteins
are very important for cell growth, differentiation, and morphology. The dynamic
interaction of prenylated proteins with the cell membrane is important for their
signaling functions and is often deregulated in disease processes, such as cancer. An
understanding of the prenylated proteins and their mechanisms is important for
drug development efforts to combat cancer.

Keywords: Prenylation, lipid-anchored proteins, cell signaling, cancer, drug development

1. Introduction

The diversity in living organisms is primarily characterized by the proteins found
in them. Proteins are large, complex, and diverse in their nature. Their abundance
is approximately 50% of the dry tissue weight of the organism. Proteins play several
critical functional roles in the body, like providing the structural basis, functional,
and regulatory activities in the body’s cells, tissues, and organs. Proteins form a
very important part of the cell membranes, acting as receptors that trigger specific
responses in cells. The semipermeable lipid bilayer of the cell membranes enables
the regulation of the materials entering and exiting the cell. On either side of the cell
membranes, we can find the lipid-anchored proteins. The lipid-anchored proteins on
the surface of the cell membranes have diversity in their function depending not only
on the type of the lipid covalently attached to the protein but also on the site where
the lipid binds to the protein. The three main types of lipid anchored proteins on the
cell membrane are prenylated proteins, fatty acylated proteins, and glycosylphospha-
tidylinositol-linked proteins (GPI). These proteins play a very important role in cell
interactions due to the diversity of the lipid groups attached to them. The lipid groups

51 IntechOpen
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Figure 1.
Prenylation substrates.

alter the molecular hydrophobicity and allow the interaction of cell membranes and
protein domains with the lipid-anchored proteins [1].

Proteins are formed as a result of the translation of the nucleic acid sequence to
polypeptide sequence. But this simple translation is insufficient to cater to the ever-
expanding need for the protein functions necessitated by the complex environmen-
tal stimuli [2]. The organisms have thus evolved a vast repertoire of co-translational
and post-translational modifications to the protein architecture. Prenylation and/or
lipidation are the major post-translational modifications that control the localiza-
tion and activity of several proteins having crucial regulatory functions. Critical
changes in the structure and physicochemical properties of proteins are brought
about by the attachment of the lipid groups to the protein. This modification affects
the cellular localization, stability, and biological activity of the modified proteins.
The lipid modifications in proteins were first discovered by Folch in 1951 [3]. A
mating factor in fungus Rhodospiridium toruloides was found to be S-farnesylated
peptide, a class of prenylated protein in 1978 [4]. Nuclear lamin proteins namely,

B lamins and prelamin A were the first prenylated proteins that were identified in
mammalian systems [5, 6]. Since then several proteins and peptides known to be
modified with prenylation are reported and their number is increasing. Prenylation
has been studied extensively owing to its role in the function of the proteins in
several cellular activities. Prenylation of proteins include the farnesylation and
geranylgeranylation, with the farnesyl pyrophosphate (FPP) or geranylgeranyl
pyrophosphate (GGPP) as substrates respectively (Figure 1). These hydrophobic
prenyl groups anchor the proteins to the cellular membranes and can trigger several
cells signaling pathways.

2. Prenylation: its mechanism

The five-carbon (C5) isopentenyl pyrophosphate (IPP) and its isomer dimeth-
ylallyl pyrophosphate (DMAPP) (Figure 2) are termed as isoprene units are the
building blocks of isoprenoids also called as terpenoids. These lipophilic molecules
are ubiquitous and exist in all living organisms. They represent the largest and most
diverse group of natural compounds [7]. Thousands of isoprenoids are synthesized by

HO
" )\/\ : -0, /OH
)]\/\ P/O“ IOH = O’F\)\ /,P\OH

WP~ o}
(@} 0 g OH @)
Isopentenyl pyrophosphate (IPP) Dimethylallyl pyrophosphate (DMAPP)

Figure 2.
Building blocks of isoprenoids.
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“head to tail” or “head to head” addition of either IPP or DMAPP. All living organisms
can synthesize isoprenoids. But the mevalonate (MVA) pathway (Figure 3) is exclu-
sively used by animals, fungi, and archaebacteria for the synthesis of isoprenoids

[8]. A series of reactions beginning with the conversion of acetyl-CoA to MVA and
further to IPP and DMAPP constitutes the MVA pathway. With the synthesis of IPP
and DMAPP, further head to tail condensation of two IPP molecules with DMAPP
gives FPP (C15) catalyzed by Farnesyl pyrophosphate synthase (FPS; EC 2.5.1.10).
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Subsequent addition of another molecule of IPP to FPP catalyzed by GeranylGeranyl
diphosphate synthase (GGPPS; EC 2.5.1.29) gives GGPP(C20). The enzymes involved
in the conversion of acetyl-CoA to IPP and DMAPP have been identified in peroxi-
somes [9] as well as in the cytosol [10].

The biosynthesis of the isoprenoids was once thought to occur exclusively by the MVA
pathway. But the identification of a non-MVA pathway in plants and micro-organisms
was suggested by the experimental data and this pathway was named as methyleryth-
ritol 4-phosphate pathway (MEP) after the precursor (Figure 4) [11, 12]. While most
eubacteria and Plasmodium falciparaum, the malarial parasite uses the MEP pathway,
archaebacteria, fungi, and animals use the MVA pathway to synthesize the isoprenoids.

It is the plants that use both the pathways albeit in different compartments [13, 14]. Since
the majority of the pathogenic bacteria employ the MEP pathway and the same is miss-
ing in the mammalian system, the enzymes of the MEP pathway are potent targets for
the new anti-infective drugs [15]. In recent years following the discovery that FPP and
GGPP could modify the structure and function of unique groups of proteins, which are
implicated in cancer and other disorders, through the process of protein prenylation, the
interest in isoprenoids and related pathways has increased substantially [16].

The attachment of a lipophilic isoprenoid group covalently to a molecule is referred
to as prenylation. FPP and GGPP, generally referred to as prenyl groups are the most
relevant isoprenoids relevant to protein prenylation. Protein prenylation is an irre-
versible covalent post-translational modification comprising of the addition of FPP
or GGPP covalently to the cysteine residue at the C- terminus of the protein. Protein
prenylation through a thioether linkage (C-S-C) is a relatively stable bond. The cyste-
ine residue located at the C-terminus consists of “CAAX” consensus sequence, with C
being cysteine, A being any aliphatic amino acid except alanine, and X being serine,
alanine, methionine, or glutamine in case of farnesylation and X being leucine or
isoleucine, in case of geranylgeranylation. Either farnesylation or geranylgeranylation
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C terminal consensus C A X Prenylation
sequence of amino acids

CAAX cysteine anyaminoacid  serine, alanine, farneysylation
except alanine methionine, or
glutamine
leucine or isoleucine geranylgeranylation
phenylalanine Either farnesylation or

geranylgeranylation

Table 1.
Consensus sequences and prenylation.

is possible if X is phenylalanine. Thus “X” residue is largely responsible for determin-
ing which isoprenoid is attached to the protein target Table 1 [17].

Farnesyltransferase (FTase), geranylgeranyltransferase type 1 (GGTase-I)
Geranylgeranyltransferase type 2 (GGTase-II), and Geranylgeranyltransferase type 3
(GGTase-III) are the enzymes collectively referred to as the prenyltransferases. These
prenyltransferases catalyze the addition of the prenyl groups to the proteins which is
crucial for their activities Table 2.

FTase and GGTase-I are aff heterodimeric proteins and share a common
a-subunit (FNTA) and different p-subunits (FNTB and PGGT1B, respectively)

[18, 19]. GGTase-II is also a heterodimer, having distinct a and p subunits
(RABGGTA and RABGGTSB, respectively). A third subunit denoted as Rab escort
protein (REP) forms a very important functional part of GGTase-II [20]. The
cytosolic fraction of all tissues including the brain contains all these three enzymes.
The active sites of FTase and GGTase-I completely cover the isoprenoid and major
parts of the C-terminus of the substrate protein and their three-dimensional
structures exhibit high similarities. Recent reports point out that the FTase can
prenylate cysteine residues efficiently at C-terminus position number five instead of
the usual four [21]. This raises the possibility of the number of prenylated proteins
to be larger than the one already envisaged. FTase is more selective compared to
GGTase-I. While GGTase-I accepts many of the FTase substrates, the converse is
generally not true with very few exceptions [22].

In addition to the CAAX, GGTase-II can also recognize CC, CXC, CCX, CCXX,
and CCXXX at the C- terminus [23, 24]. Both cysteine residues within the sequences
noted above are geranylgeranylated by GGTase-II.

The substrate specificities determined for GGTase-I and GGTase-II suggested that
a third type of enzyme GGTase III may be found to catalyze the geranylgeranylation
of the CXC terminating proteins [25, 26]. GGTase-III consists of prenyltransferase o

Prenylation reaction Enzyme Examples of prenylated substrates
Farnesylation FTase Ras proteins, lamin A, lamin B, CENP-E,
CENP-F, transducin y subunit
Geranylgeranylation GGTasel Rho proteins, Rac proteins, Ral proteins, Rap proteins, Gy subunit
GGTaseII Rab proteins

GGTase III Ykt6, FBXL2

Table 2.
Prenyl-modifying enzymes and their protein substrates.
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subunit repeat-containing 1 (PTAR1) and the  subunit of RabGGTase. GGTase-III has
been identified using a biotinylated geranylgeranyl analogue, the Golgi SNARE protein
Ykt6, and ubiquitin ligase FBXL2 as a substrate. GGTase-III transfers a geranylgeranyl
group to mono-farnesylated Ykt6, generating doubly prenylated Ykt6 [27].

Generally, the proteins after prenylation with few exceptions, get localized in the
endoplasmic reticulum for further processing [28]. The two proteases namely Ras
converting enzyme (Rcel) or Zinc metalloproteinase Ste24 (ZMPSte24) cleave the
“AAX?” residues from the CAAX-box on farnesylated proteins [29, 30].

2.1 Farnesylation

Zinc is used to coordinate the binding of farnesyl moiety to the thiol or sulfhydryl
group of the cysteine in the CAAX box, thus pointing to the fact that FTase is a metal-
loenzyme. The FPP is bound by the FTase first, which is then followed by the binding
of the protein. The release of the farnesylated protein occurs only after the farnesyl
moiety is transferred to the protein. Farnesylation is a very essential modification in
proteins to enable them to bind to membranes and thereby mediate signal transduc-
tion, both in normal as well as malignant cells [31].

Farnesylated proteins need a second signal for binding to the membrane since
the farnesyl moiety is not sufficiently hydrophobic to stably anchor a protein to the
membrane. The essential second signal is either in the form of one or two palmitate
moieties attached to the cysteine upstream to the farnesylated cysteine residue or a
polybasic K-Ras4B motif [32]. The movement of farnesylated K-Ras4B in the cytosol
of the cell is regulated by the farnesyl electrostatic switches [33].

2.2 Geranylgeranylation

Unlike the farnesyl moiety the geranylgeranyl moiety is sufficiently hydro-
phobic. This makes the membrane binding of the modified protein more stable.
A mechanism to extract the geranylgeranylated Rab and Rho proteins from the
membrane using protein-protein interactions is observed, though the geranylgera-
nyl moiety is not removed from the modified protein all through its lifetime. The
GTP- bound forms of Rab and Rho proteins are bounded to the soluble Guanine
Dissociation inhibitor (GDI) proteins. The hydrophobic cavity of the GDI binds to
at least one isoprenoid moiety. The inactivation of the activated Rab and Rho in the
cytosol is preceded by their removal from the membrane as a result of isoprenoid
sequestration [32].

3. Diversity of prenylated proteins and their functions

A large number of proteins have been identified which have undergone prenyl-
ation including several important intracellular proteins like heterotrimeric G protein
subunits, nuclear lamins, Ras superfamily of small GTPases comprising of more than
150 known members [34]. This superfamily is divided into five subfamilies based on
sequence and functional similarities: Ras, Rho, Rab, Ran, and Arf [35, 36]. During
signal transduction, these proteins act as molecular switches cycling between “on”
and “off” states. They regulate a variety of cellular functions like growth, differen-
tiation and proliferation, vesicular trafficking by interacting with the downstream
effectors. Each subfamily interacts with multiple effector proteins downstream. The
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activation of the downstream signaling pathway is dependent on its association with
the cellular membrane which in turn relies on prenylation [37]. The prenylation of the
small GTPases impacts its structure and function and in turn, affects the functions of
the effector proteins downstream.

3.1 Nuclear lamins

The major architectural proteins of the animal cell nucleus are constituted by
the lamins, which line inside the nuclear membrane and provide a platform for the
binding proteins. They belong to the intermediate filament (IF) family of proteins
and constitute an important part of the cytoskeleton. Based on the genomic structure
and nucleotide sequence the nuclear lamins represent type V of the six types of IF
superfamily. Based on the structural and protein features and expression patterns
the nuclear lamins are divided into A and B types. Type A lamind are generally
expressed in developmentally regulated temporal patterns but the Type B is expressed
ubiquitously. Lamins contain a CAAX box at the C-terminus with few exceptions.
These CAX boxes serve as sites of post-translational farnesylation. The isoprenylation
of the cysteine is followed by the proteolytic cleavage of the AAX motif. Carboxy
methylation of cysteine is the last of the three successive steps in the modification.
After the cell division, the nuclear reassembly is mediated by the lamins. Type A
lamins are distributed in the cytoplasm as they are easily solubilized whereas Type B
lamins are closely associated with the nuclear membrane. The differential farnesyl-
ation of the lamin protein leads to their differences in membrane attachment during
mitosis. During mitosis, the mature Type B lamins are anchored to the membrane by
the farnesyl moiety and the Type A lamins are more soluble in the cytoplasm as the
farnesyl moiety is removed [38].

3.2 Ras superfamily of small GTPase

The H-Ras, K-Ras, and N-Ras are the best-studied Ras isoforms owing to their
oncogenic roles. They undergo the three-step modification namely prenylation,
proteolysis, and carboxymethylation at the membrane of the endoplasmic reticulum.
The important biological functions of Ras-like interaction with regulatory proteins,
effector protein downstream including the signal transduction occur at the plasma
membrane. Regulated by sophisticated mechanisms, the Ras proteins switch between
inactive GDP-bound or active GTP-bound forms at the plasma membrane. In response
to the stimulation by the extracellular signals through the cell surface receptors, the
Ras proteins are switched on by guanine nucleotide exchange factors (GEFs), which
catalyze the release of GDP and the binding of GTP. The Ras proteins are switched
off by the GTPase-activating proteins (GAPs) which accelerate the intrinsic GTPase
activity of Ras for hydrolysis of GTP. This Ras GDP/GTP switch is further regulated
by guanine dissociation inhibitors (GDIs) and GDI-like proteins. A conformational
change in Ras proteins is induced by the replacement of GDP for GTP which allows
them to interact with their downstream effectors and execute their multiple signaling
functions [39]. The selective interaction of K-Ras with membrane lipids leads to the
formation of “nanoclusters” that determine it signaling output. The lipid specificity
and signaling output of the K-Ras can be altered by subtle changes to its membrane
anchor sequence or prenylation [39]. The importance of the prenylation in the
functional regulation of Ras renders the isoprenoids and prenyltransferases as viable
targets for therapeutic purposes.
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4. Prenylated proteins and their functional regulation

The intracellular GTP-binding proteins are the largest family of prenylated pro-
teins. They transduce extracellular signals into intracellular changes via downstream
effectors. These proteins include the heterotrimeric G protein subunits and the small
G protein superfamily. Despite the fact that both heterotrimeric and small G proteins
have GDP/GTP-binding and GTPase activity only the small G proteins are com-
monly referred to as GTPases. The small G proteins are monomeric proteins and they
are structurally and functionally distinct from the heterotrimeric G proteins. The
heterotrimeric G proteins are activated by agonist-bound G protein-coupled recep-
tors (GPCRs). GTP exchange on small G proteins is controlled by GEFs that catalyze
the exchange of GDP for GTP. The functions of many of the small G proteins can be
classified broadly as follows: regulation of gene expression by Ras subfamily; regula-
tion of both cytoskeletal reorganization and gene expression by the Rho/Rac/Cdc42
proteins of the Rho family; regulation of intracellular vesicle trafficking the Rab and
Sar1/Arf proteins, and regulation of nucleocytoplasmic transport during the G1, S
and G2 phases of the cell cycle the Ran family members [40].

4.1 Guanine dissociation inhibitors (GDIs)

The pivotal regulators of small G protein function are the GDIs. The activation
of the G proteins is prevented by Rho GDIs via three distinct mechanisms. The
isoprenoid group of the GTPase is inserted into the hydrophobic pocket formed by
the immunoglobulin-like p sandwich of GDI and thus shielded from the solvent.
This enables the GDIs to maintain the Rho GTPases as soluble cytosolic proteins
forming high-affinity complexes. The dissociation of GDP from Rho proteins is
inhibited by GDIs, preventing GTPase activation by GEFs. Finally, the GDIs are able
to interact with the GTP-bound form of the GTPase to prevent interactions with
effector targets [41, 42].

4.2 Guanine nucleotide exchange factors (GEFs)

After dissociation from the GDlIs, an extremely slow process catalyzed by the GEFs
is the association of small G proteins with plasma membranes and exchange of GDP
for GTP. The general mechanistic features of GEF-catalyzed GDP dissociation from
Rho family proteins appear to be conserved for Ras family proteins and their GEFs.
The GDP-GTP exchange reaction is thought to be the rate-limiting step in the GTP-
binding/GTP hydrolytic cycle of GTPases and the GEFs have therefore are the key
regulators of the GTPases.

4.3 GTPase-activating proteins (GAPs)

The action of the intrinsic GTpases converts GTP-bound forms of the GTPases to
the inactive GDP-bound forms. Hydrolysis of GTP by intrinsic GTPases occurs slowly
under normal circumstances, but a further group of regulatory proteins known as
GAPs can accelerate this process. These proteins have important and widespread roles
in the regulation of the small GTPases. GAPs are classified according to their GTPase
subfamily (Ras-GAP, Rap-GAP, etc.) with sequence homology within subfamilies but
not between families [43].
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5. Prenylation and cancer

The prenylated proteins are ubiquitous in nature and have diverse roles in cellular
biology. Detailed research on the oncogenic potential of prenylated proteins has been
stimulated by the fact that mutations within the Ras family could be identified in as
many as 10-15% of all human cancers [44, 45]. New insights into the role of farne-
sylated proteins in neoplasia have been provided by the use of farnesyl transferase
knockout mouse by showing that farnesylated proteins apparently are not required for
the initial malignant cellular transformation but are critical for tumor progression and
maintenance. Of the GTPase regulatory proteins, a number of GEFs have also been
associated with human malignancy. A gene rearrangement of GEF gene has also been
identified in a patient with acute myelogenous leukemia. The drug discovery endeav-
ors are directed towards the development of farnesyltransferase inhibitors (FTIs) as
novel anticancer drugs owing to the central role of prenylated proteins in malignancy
[46-48]. Many CAAX peptidomimetics, as well as FTIs and geranylgeranyltransferase
inhibitors (GGTIs) have been developed that are highly potent and with low toxicity
[49, 50]. The anchorage independent growth of cancer cells is inhibited by FTIs causing
changes in cell cycle progression which further induce the apoptosis of cancer cells and
inhibition of their attachment to extracellular substratum [51]. It has been shown that
FTIs can also inhibit GGTase-II along with FTase, resulting in the blocking of post-
translational modification of Rab proteins, leading to cell death [52]. This interference
with endosomal trafficking is attributed as a novel action of FTIs. A number of prenyl-
ated proteins have been shown to be involved in the initiation, invasion, and progres-
sion of cancer in addition to the Ras proteins [53]. A search for important enzymes
within the prenylation pathway as potential anticancer therapeutics is underway.
Prenylated proteins also appear to play a role in both benign and malignant bone dis-
ease. The bisphosphonates are drugs that inhibit farnesyl diphosphate synthase result-
ing in effects on osteoclasts and tumor cells. Inhibition of protein prenylation and Ras
signaling within osteoclasts leads to defects in intracellular vesicle transport that result
in the imperfect formation of the tight-sealing zones or ruffled borders required for
bone reabsorption [54]. Aside from their antiproliferative effects via inhibition of Ras,
bisphosphonates also appear to have important proapoptotic effects that may be medi-
ated by the accumulation of isopentenyl diphosphonate. Isopentanyl diphosphonate can
be metabolized to Apppi (triphosphoric acid 1-adenosine-5’-yl ester 3-[3-methylbut-
3-enyl] ester), an intracellular ATP analogue that can directly induce apoptosis [55]. To
suppress the activity of the oncogenic Ras proteins to achieve the antitumor activity, the
inhibition of prenylation and related pathways are being extensively investigated.

6. Conclusion

Prenylation is an irreversible post-translational modification during the lifetime of
the protein. It is responsible for the correct cellular localization, activity, and protein—
protein interactions of a number of signaling proteins. Over the years, the structural
and mechanistic features of the prenyltransferase enzymes have been probed using
a large number of isoprenoid analogs. The enzymology of prenyltransferases is well
understood with extensive studies using these analogs. The malignant activity of
oncogenic Ras proteins can be suppressed by using prenyltransferase inhibitors. But
much remains to be learned concerning the roles of prenylated proteins in living cells,
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and this remains an intense area of current investigation. Site-specific modifications
of proteins are a new possibility with prenylation. Overall, the challenges in the inves-
tigation of protein prenylation will keep this vibrant field of inquiry an active exciting
endeavor in the near future.
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Chapter 4

Protein Prenylation and Their
Applications

Khemchand R. Surana, Ritesh B. Pawar,
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Abstract

Prenylation is a universal covalent post-translational modification found in all
eukaryotic cells, comprising attachment of either a farnesyl or a geranylgeranyl iso-
prenoid. Prenyl group is important for protein-protein binding through specialized
prenyl-binding domains. Farnesylation and geranyl geranylation are very important
in C-terminal anchoring of proteins to the cell membrane. These post-translational
modification are most often catalyzed by either protein farnesyl transferase (FTase)
or protein geranyl geranyl transferase-I (GGTase-I). These enzymes typically rec-
ognize a CaaX motif, where “C” is the cysteine to be prenylated and the remainder
of the motif leads to recognition by FTase and/or GGTase-I. Prenylation plays vital
role in diversification of natural products flavonoids, coumarins, and isoflavonoids.
Many prenylated compounds have been identified as active components in medicinal
plants with biological activities, such as anti-cancer, anti-spasmodic, anti-bacterial,
anti-fungal, anti-inflammatory, and anti-androgen activity. Due to their benefi-
cial effects on diseases, prenylated compounds are of particular interest as lead
compounds for producing drugs and functional foods. In this chapter, we concise the
prenylation reactions of aromatic compounds such as indole, ketones, and aldehydes
that may results to lead molecules discovery. Prenylation reactions are applied on
azoles, anilines, thioles, indole, a-carbonyl bromides, and aryl bromide. There are
several drugs that are obtained from prenylation, i.e. (-)-17-hydroxy-citrinalin,
(+)-stephacidin, prenylated. In this text there is no referencing, it is a chemical
name, so keep as it is.

Keywords: prenylation reaction, prenylating agent, farnesyl, geranyl, natural products

1. Introduction

Prenylation is class of modification of molecules involving irreversible covalent
bonding of isoprenoid unit to chemical compound or protein. Prenylation is known as
lipidation or isoprenylation (Figure 1) [1].

Prenylation of protein is required to make protein fully functional. In a three-step
process, farnesyl (15-carbon) or geranylgeranyl (20-carbon) group is transferred to
protein, which occurs on carboxyl terminal of cysteine residues of protein. The RAM
mutant, a Saccharomyces cerevisiae mutant, was used to characterize the location of
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MCHS

Isoprenyl group

Figure 1.
Structure of isoprenyl group.

prenylation in proteins changed by these substituents. This mutant was found to be
defective in the post-translational processing of both the ras gene product and the
yeast a-mating factor. A common carboxy terminal region was discovered when the
predicted amino acid sequences of these two proteins, other Ras proteins and mating
factors, and the known prenylated proteins lamin B and prelamin A were compared.
A CAAX box is a carboxy terminal amino acid sequence in which C is cysteine, A is an
aliphatic amino acid, and X is the carboxy terminal amino acid. The three AAX amino
acids were removed from the structure of yeast mating hormone a-factor, which was
discovered to be farnesylated and carboxymethylated at the carboxy terminal cysteine
("). This discovery anticipated that a carboxy terminal cysteine in mammalian ras
protein would be prenylated with farnesyl. The modifications of proteins by prenyl-
ation increase lipophilicity of prenylated proteins for efficient anchoring on plasma
membranes or organellar membranes. Prenylated proteins plays role in a number of
signaling and regulatory pathways that are responsible for basic cell operations [1, 2].
The first prenylated polypeptide to be discovered in late 1970 and early 1980 which
is the mating factor from the fungus Rhodosporidium toruloides which is an unde-
capeptide containing a C-terminal S-farnesyl-cysteine methyl ester. These mating
factors are found as farnesyl group attached to cysteine residue of short peptide [3, 4].
Farnesyltransferase and geranylgeranyl transferase type 1 (GGTase-I) are enzymes
that catalyze the attachment of a single farnesyl (15 carbon) or geranylgeranyl (20
carbon) isoprenoid group to proteins. The addition of two geranylgeranyl groups to
two cysteine residues in sequences such as CXC, CCXX near the C-terminus of Rab
proteins is catalyzed by geranylgeranyl transferase type 2 (GGTase-II or Rab geranyl-
geranyl transferase) (Figures 2 and 3) [5, 6].

Natural chemicals can be prenylated to add structural variety, change biological
activity, and improve medicinal potential. Prenylated natural products are a large
class of bioactive molecules with demonstrated medicinal properties such as
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Figure 2.
Structures of 1 (farnesyl diphosphate, FPP) and 2 (geranylgeranyl diphosphate, GGPP).
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Reactions catalyzed by prenyl transferase enzymes.

anti-emetics, anticonvulsants, antidepressants, and analgesics. Examples include
prenyl-flavonoids, prenyl-stilbenoids, and cannabinoids. Prenyl transfer of natural
products catalyzed by enzymes has high regio- and stereo-specificity, but it requires
expensive isoprenyl pyrophosphate substrates [4]. In prenylated natural products, the
carbon lengths of the prenyl side chains differ. Based on the size of the carbon, four
different forms of prenyl side chains have been identified: C5 (isopentenyl), C10 (gera-
nyl), C15 (farnesyl), and C20 (isopentenyl) (geranylgeranyl) [5]. Prenyltransferases
catalyze the fundamental isoprenoid chain-elongation reaction, resulting in pre-

nyl diphosphate with a variety of chain lengths and stereochemistries. All of the
compounds are made up of linear isoprenoid diphosphates, which are made up of
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate, two isomeric 5-carbon
unit intermediates (DMAPP). According to the specificities of particular prenyltrans-
ferases, the reactions are regulated to run continuously and to cease exactly at certain
chain lengths [7].

2. History behind protein prenylation

Rhodotorucine A, a mating factor peptide of the yeast Rhodosporidium toruloides,
was found in 1979 in Japan as the first example of prenylation of a carboxy-terminal cyste-
ine residue. A S-farnesyl cysteine was discovered near the carboxy-terminus of the mature
form. Over the next five years, more fungal peptidyls will be discovered. sex hormones
covalently modified by a farnesyl group on a C-terminal cysteine were made public This
modification's function was unknown, but it was stoichiometric and stable, indicating
that it is a key component of the function. a list of mate-inducing variables Prenylation
in mammals was discovered independently for the first time. Compactin, a cholesterol
production inhibitor was discovered to have a negative effect on cells in 1984 [1].
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Compactin inhibits 3-hydroxy-3-methylglutaryl-CoA-reductase (HMG-CoA
reductase), an enzyme that produces mevalonic acid, a key step in the isoprenoid
pathway. Compactin treatment of cultured cells resulted in cell cycle arrest and
morphological changes. The fact that these effects could be reversed by giving the
cells mevalonate but not cholesterol, dolichol, ubiquinone, or isopentenyl adenine,
the principal products of isoprenoid biosynthesis, demonstrated that one or more
non-sterol isoprenoids play a significant role in cell cycle and shape. Covalent incor-
poration of an isoprenoid derivative into cellular proteins was seen following the
destiny of radiolabeled mevalonate in cultured 3T3 fibroblasts with their mevalonate
production suppressed by lovastatin [3].

Isoprenylation was shown to be a common process in mammalian cells, including
proteins from several compartments such as the nuclear envelope, plasma membrane,
and cytoplasm. In 1986, a novel gene from the yeast Saccharomyces cerevisiae was
discovered that was necessary for posttranslational modification of both the RAS
proteins and an a-mating factor termed RAM. Except for the C-terminus, which
consists of a cysteine followed by two residues with aliphatic side chains and an
ultimate C-terminal amino acid residue, there was no evident sequence similarity
between the yeast RAS proteins and the precursor polypeptide for a-factor. This so-
called CaaX motif was discovered in a number of other proteins as well, although at
the time, it was thought to communicate palmitoyl group alteration. New eukaryotic
protein carboxyl methylation processes, such as modification of the subunit of cGMP
phosphodiesterase and nuclear lamin B, were identified in 1985. These responses did
not fall into any recognized activity category. The discovery of the CaaX-motif in the
aforementioned proteins, as well as the carboxymethylation of several fungal mating
factors at the C-terminus, led to the notion that the CaaX sequence signal related
prenylation, proteolytic cleavage, and methylation.

The discovery in 1988 that the yeast a-factor contains a C-terminal farnesylcys-
teine methyl ester and the discovery in 1989 that all mammalian Ras proteins are
isoprenylated on the conserved cysteine residue supported this hypothesis. Upstream
cysteine residues in a subset of Ras proteins could be assigned to palmitoylation,
which was previously thought to modify this amino acid. At the same time, lamin B
was discovered to be the first isoprenylated protein. In 1990, trans, trans-farnesyl,
and all-trans-geranylgeranyl were found as the primary isoprenoids bound to mam-
malian protein. The discovery that nuclear lamin B, mammalian Ras, and yeast
RAS are farnesylated was followed by the discovery that a -subunit of a mammalian
heterotrimeric G-protein is geranylgeranylated. The finding that Ras farnesylation is
essential for oncogenic forms to convert cells spurred research efforts in this sector,
resulting to the identification of the farnesyltransferase enzyme and the creation of
particular protein prenylation inhibitors for cancer treatment [8].

3. Classes of prenylated proteins

The growing realization that the presence of a CAAX motif at a protein’s carboxyl
terminus indicated that it was a candidate for prenylation sparked a flurry of effort
aimed at detecting the prenylation status of such proteins. Initial searches of protein
sequence databases yielded 40 such possibilities; unexpectedly, the majority of these
proteins were members of the GTP-binding protein class (sometimes known as
“small G proteins”), which is linked to the ras proteins. Furthermore, the majority
of the remaining possibilities (e.g., the subunits of heterotrimeric G proteins, cGMP
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phosphodiesterase) were recognized to have a role in cellular signaling. Almost all

of the potential proteins that have been thoroughly examined have been discovered

to be prenylated. Only the 15-carbon farnesyl and 20-carbon geranylgeranyl groups
have been shown to alter proteins so far, with geranylgeranyl being the most often
attached isoprenoid. The COOH-terminal amino acid (“X”) of the CAAX box is now
known to dictate which isoprenoid is linked to a candidate protein, which is of great
interest to researchers investigating the enzymology of the prenylation processes

(see below). The protein includes the farnesyl isoprenoid if this residue is a serine,
methionine, or glutamine, whereas a leucine at that location drives geranylgeranyl
addition. On proteins with the CAAX-motif, prenylation is not the sole posttransla-
tional modification. The three COOH-terminal amino acids (the “AAX”) are missing
from the mature versions of these prenylated proteins. These three amino acids

are removed by a cellular peptidase, leaving the prenylated cysteine as the COOH-
terminal residue. Furthermore, a significant percentage of prenylated proteins have
the carboxyl group of this cysteine residue methylated in all situations where the
prenylated proteins have been thoroughly investigated. The end outcome of these
three seemingly unrelated processing processes is a mature protein with a highly
hydrophobic COOH-terminus, significantly improving the protein's inherent hydro-
phobic characteristics. It has recently been discovered that prenylation is not confined
to proteins with the COOH-terminal C U X - motif, but also occurs on the rablYPT1
family of GTP-binding proteins. The COOH-terminal sequences of the majority of
these proteins finish in Cys-Cys or two cysteines separated by another amino acid
(Cys-X-Cys). The rab/YPTI proteins appear to have the ability to reversibly connect
with membranes and have been involved in the modulation of intracellular membrane
trafficking pathways. Furthermore, both cysteine residues are prenylated with the
geranylgeranyl isoprenoid in many (if not all) of these proteins. No proteolytic pro-
cessing is necessary to expose the carboxylate of the prenylated cysteine residue for
methylation because these alterations occur at the extreme COOH-terminus, although
this methylation of the carboxyl group has been proven to occur [9].

4. Isoprenoid analogs

To examine various aspects of the prenylation reaction and prenyltransferases, a
significant number of isoprenoid analogues with varied functions have been pro-
duced. Photo affinity probes like compounds 6 through 4 were employed extensively
to investigate the structural properties of yeast and mammalian forms of FTase and
GGTase-I before the crystal structure of FTase was discovered. These analogues
revealed the role of the subunit of FTase and GGTase-I in isoprenoid substrate
recognition and binding, as well as changes in active site layout between mammalian
and yeast FTases. Similar tests using GGTase-II were later carried out, leading to
the discovery of proteins with which Rab5 interacts via the isoprenoid group. While
three was recognized as a substrate by FTase, four, which included one more isopren-
oid unit, was found to be a powerful inhibitor of yeast FTase. A novel photoactive
isoprenoid probe with a diazirine group was recently published, with a size that is
closer to that of FPP. In cross-linking investigations of Icmt, peptides containing that
photoactive isoprenoid were employed. Phosphonate 6 and related analogues 66 have
been particularly effective in crystallographic investigations that have demonstrated
that the isoprenoid binds in an extended conformation and that isoprenoid bind-
ing causes many active site residues to rearrange when compared to the unliganded
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Figure 4.
Structures of isoprenoid analogs used to study structure, mechanism and isoprenoid substrate specificity of FTase
and GGTase-1.

enzyme. Isoprenoid substrate specificity of prenyltransferase enzymes has been
investigated recently using isoprenoid analogues. Gibbs and colleagues created a vari-
ety of all-trans FPP and GGPP geometric isomers. They discovered that whereas most
of the analogues were substrates for mammalian FTase, they were not accepted as
substrates by mammalian GGTase-I. Molecule 7 inhibited GGTase-I, showing a more
rigorous selectivity for the enzyme's isoprenoid substrates. The binding site of FTase
is very plastic, according to Spielmann and colleagues. Analog 8, for example, was an
effective FTase substrate because all isoprene units were substituted with aryl groups.
The anilinogeranyl-based isoprenoid analogues 9 and 10. The downstream enzymes
Rcel and Iemt processed proteins changed with these analogues, but the resulting
modified proteins were not physiologically active, showing the necessity of enhanced
hydrophobicity during prenylation. They also discovered that some anilinogeranyl-
based analogues, such as 11, were substrates for FTase when a peptide-based on K-Ras
C-terminal sequence, dansyl-GCVIM, was used, but that they were potent inhibitors
of the enzyme when dansyl-GCVLS (IC50 of 16 was 3.0 nM), a sequence based on
H-Ras C-terminal sequence, was used (Figure 4) [10].

Gibbs and colleagues synthesized a significant number of analogues with altera-
tions at the 3- or 7-positions of FPP. They concluded that even minor modifications in
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the functionality incorporated at these points can result in significant and surprising
differences in incorporation efficiency. For example, they discovered that the 3-vinyl
analogue 12, which is a slow FTase substrate in cells, and the 3-allyl analogue, which
is an FTase inhibitor, is both slow FTase substrates. During the screening of analogues
against an eight-sequence CaaX library, the 7-allyl analogue 14, could only farnesylate
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The synthetic biochemistry platform for the production of prenyl natural products.

73



Modifications in Biomacromolecules

the CVIM sequence, whereas 15 was an exceptionally efficient substrate for practically
all of the sequences in their library. These minor differences are likely due to the fact that
when bound to FTase, the protein and isoprenoid substrates interact over a large surface
area thus, small changes in one of the substrate structures necessitate compensatory
changes in the other substrate to achieve optimal complementarity (Figure5) [11, 12].

First, glucose is broken down into pyruvate through a glycolysis pathway modified
to regulate NADPH levels (12 enzymatic steps). Then, either PDH or the PDH bypass
converts pyruvate into acetyl CoA. Acetyl-CoA is converted into GPP via the meva-
lonate pathway (eight enzymatic steps). By varying the aromatic prenyltransferase
(aPT) and aromatic substrate we can produce various prenyl-flavonoids and prenyl-
stilbenoids using the same central pathway. We developed the prenyltransferase
NphB (dNphB) variants to produce CBGA or CBGVA. CBGA is converted to cannabi-
diol and CBGVA is converted to cannabidivarin acid via cannabidiolic acid synthase
(CBDAS). It is possible to produce other cannabinoids by using different cannabinoid
synthases (THCAS and CBCAS) [13].

5. Mechanism of protein prenylation
5.1 Binding mechanism

There is currently a substantial body of knowledge about the role of the active
site Zn** in PFTase. Mutagenesis of the protein-derived Zn** ligands resulted in
significantly reduced Zn** binding and activity [14]. The replacement of Co** for Zn**
provided more direct proof of Zn”" in catalysis. Comparisons of the Co’* ~PFTase
absorbance spectrum to that of model compounds revealed the presence of one thio-
late ligand, possibly Cys2998, in the metal's inner coordination sphere. When peptide
substrate was added, the spectrum resembled that of two thiolate ligands. This means
that the cysteine in the peptide substrate is directly thiolate-coordinated to the metal.
Cysteine ligation was later crystallographically verified with a Zn**“sulfur bond length
of 2.5.52. Although the spectra of the Co®* —PFTase—product complex differed from
that of the ternary complex containing substrates, the Co’* —~PFTase—product complex
showed more sulfur-cobalt coordination than the free enzyme. The farnesylated
peptide interpreted the UV spectrum in terms of thioether coordination to Co**. Co*"~
PFTase has similar activity to the conventional Zn** enzyme. Single turnover tests
utilizing absorbance stopped-flow spectrophotometry produced a two-exponential
trace whose rates and extinction coefficient changes corresponded to the develop-
ment of a Co’* —PFTase-FPP—peptide ternary complex and subsequent conversion
to the Co”* —~PFTase—product complex. On a time scale consistent with catalysis, the
creation and disappearance of Co** —thiolate species were established [15].

5.2 Chemical mechanism

The molecular mechanism of the prenyltransferase reaction is currently being
researched, and a better knowledge of the reaction's transition state should aid in
the development of inhibitors for these enzymes. The diphosphate moiety in the
prenyl substrate is displaced by the sulfur in the peptide/protein substrate in this
reaction. It could happen through an associative mechanism in which the peptide
thiolate attacks the C1 site of FPP directly, causing the diphosphate to be displaced
(Figure 6).
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Figure 6.
Possible reaction mechanisms for protein prenyltransferases.

The reaction would continue through a single transition state in this situation. An
associative mechanism can take a variety of forms, ranging from an early transition
state with little positive charge growth in the allylic moiety of the prenyl substrate to a
late transition state with significant positive charge development. The nucleophilicity
of the substrate thiolate provides much of the “driving power” for an associative mech-
anism with an early transition state. The nucleophilicity of the thiolate and the capacity
of the isoprene moiety to stabilize the growing positive charge are critical for a mecha-
nism with a later transition state. An allylic carbocationic intermediate would be used
in a dissociative process (Figure 6). The production of the pyrophosphate anion-allylic
carbocation ion pair in the active site would result in significant charge separation.
There would be two distinct transition states in this reaction. The stabilization of the
allylic carbocation by resonance provides a significant portion of the “driving power”
in this mechanism. L-b-farnesylaminoalanine (faA), a transition state analogue, was
designed to mimic the charge and shape of a putative alkylated thiol intermediate
formed by adding the prenyl group to a protonated sulfur [16]. The faA (IC50 = 51
mM) and tetrapeptide faA-VIA (IC50 = 14 mM) derivatives showed modest inhibi-
tory activity. The IC50 of faA-VIA was reduced to 370 nM in the presence of inorganic
pyrophosphate. This class of books has minimal binding. The fact that the thiolate form
of cysteine is the species that assaults FPP is easily explained by subsequent research.
Several fluorine derivatives of FPP were used to study the evolution of positive charge
in the transition state. As the quantity of fluorines in the C3 methyl grows, a cationic
intermediate becomes increasingly unstable. This approach produced an excellent
Hammett plot for the rates of solvolysis Ksolv (a dissociative reaction) vs the rates of
prenyl transfer in the reaction catalyzed by FPP synthase where the nucleophile is a
carbon-carbon double bond, with a slope of 1 [17]. The enzyme-catalyzed reaction’s
response to substitution was thus very similar to a dissociative solvolysis reaction
involving allylic carbocationic intermediates. Increased fluorine substitution revealed a
high Hammett connection with the solvolysis hypothesis in the instance of PFTase. The
slope, on the other hand, was significantly smaller than unity. Hammett plots of kcat
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vs the rate of associative displacement between allylic reactants and azide showed a
considerably better correlation. The most obvious explanation of these findings is that
the PFTase-catalyzed reaction'’s transition state is electrophilic, but the mechanism is
associative with a late transition state with significant electrophilic character. The dif-
ference between PFTase and FPP synthase could be due to the thiolate prenyl acceptor's
higher nucleophilicity when compared to a carbon-carbon double bond.

Weller and Distefano have mentioned measurement of the secondary kinetic
isotope effect for prenylation of dansyl- GCVIA with [1-2H2] FPP [9]. They discov-
ered kH/KkD 1. If fully expressed, a dissociative mechanism should have a kH/kD of
1.2, and an associative mechanism with an early transition state should have a small
inverse impact. The partial suppression of a kinetic isotope effect is predicted by com-
mitment factors estimated from yeast PFTase rate constants. The lack of a detectable
isotope effect supports an associative process, albeit it is unclear whether the experi-
ments were done precisely enough to detect a minor isotope effect. R- and S-[1-2H]
FPP were used to investigate the stereochemistry of the PFTase reaction [18]. The
reaction preceded with inversion of configuration at C1 of FPP, according to the 1H
NMR spectra of the products. While the stereochemical conclusion is compatible with
an associative reaction, it could simply reflect the substrate's orientation in the active
site prior to catalysis [19] Inversion of configuration has also been found for FPP
synthase and dimethylallyl tryptophan synthase, both of which have strong evidence
for a dissociative prenyl transfer mechanism. As a result, the stereochemical findings
are compatible with either process. There is no precedent for an associative enzyme-
catalyzed prenylation process other than PFTase. Dissociative alkylations appear to be
catalyzed by FPP synthase and dimethylallyl tryptophan synthase, which prenylate
weakly nucleophilic carbon-carbon double bonds and aromatic rings, respectively.
Two copies of the highly conserved DDXXD or DDXXXXD motifs are found in FPP
synthase and closely related chain elongation prenyltransferases [20].

The magnesium complexes of the allylic and homoallylic diphosphate substrates
are recognized by these patterns. The aspartate-rich motif in FPP synthase has been
subjected to site-directed mutagenesis, which suggests that these residues are critical
for both catalysis and substrate binding. Although it is possible that a distinct struc-
tural pattern evolved for a dissociative alkylation, the absence of related aspartate-
rich motifs in the active site of protein prenyltransferases could indicate that the
mechanism for sulfur alkylation is different. A shift from the dissociative process
reported in FPP synthase to an associative reaction for protein prenylation is consis-
tent with a cysteine thiolate's high nucleophilicity [21].

6. Reagents for prenylation reaction and their applications

Prenylating reagent plays a significant function in bioactive and synthetic sub-
stances because it has a high binding affinity for proteins and increases membrane
permeability, enhancing bioactivity and bioavailability of prenylated drugs. Through
a specific prenyl-binding domain, the prenyl group plays an important role in protein-
protein binding [22, 23].

6.1 Prenyl ester

Prenyl ester is used for the synthesis of prenyl alcohol. Prenyl ester is synthesis
from alkanoic acid and isoprene. When alkanoic acid (it is a mixture of carboxylic
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Figure7.
Preparation of prenyl ester.

acid RCO,H) Where R is a (C1-C2) alkyl group reacted with 3-Methyl but-1-3-ene
(isoprene) in the presence of an inorganic acid catalyst to a mixture at room tempera-
ture or applying gentle heat to the reaction mixture will formation of Prenyl ester
(Figure 7) [24].

When strong acidic condition giving to the reaction then reaction will occur
however it will yield prenyl ester (Ex. Sulfuric acid or p-toluene sulfonic acid).

6.2 Prenyl acetate

Prenyl acetate is a derivative of prenyl ester. Prenyl ester is insoluble in water and
soluble in heptanes and octane. Prenyl acetate is synthesized from alkanoic acid and
isoprene.

When alkanoic acid (it is a mixture of carboxylic acid RCO,H) Where R isa
(C1-C2) alkyl group preferably acetic acid in molar excess is used for alkanoic acid,
reacted with 2-methyl-1, 3- butadiene (isoprene) in the presence of phosphoric
acid as the catalyst and reaction occurs at room temperature heating is not essential.
However, absent heating, the reaction is slow.

Hence, gentle heating is giving to the reaction (about 40°C to about 100°C) of the
reaction mixture under pressure (due to the volatility of isoprene). Then yield is form
Prenyl Acetate (Figure 8) [25].

Formation of prenyl alcohol is one of the applications of Prenyl acetate. Prenyl
acetate is saponified using Sodium hydroxide or Sodium carbonate in the presence of
aqueous methanol to yield prenyl alcohol (Figure 9) [26].

Prenyl alcohol is known as prenol, 3-Methyl-2-butenyl alcohol, 3,
3-Dimethylallyl alcohol, 3-Methyl-2-buten-1-ol, 3-Methyl-2-butenol, butenol
methyl, Methyl-3-but-2-en-1-ol. Prenol is used in the manufacturing industries as
an intermediate in pharmaceutical companies and aroma compounds it is also used
in the manufacture of Vitamins A and E, the anti-acne drugs tretinoin and isotreti-
noin [27-29].

Formation of citral is the application of prenol. Citral is an acyclic monoterpene
aldehyde with two isoprene units, making it a monoterpene. Citral is a generic word
for two geometric isomers, each of which has its own name; the E-isomer is known
as Geranial (trans-Citral) or Citral A, or Neral (cis-Citral) is the name given to the

(Catalytic amount) ICI)
(Molar excess) Gentle heating
Alkanoic acid 2-methyl-1, 3- butadiene (30 to 70°C) Prenyl acetate
Figure 8.

Preparation of prenyl acetate.
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_ n NaOH (or NaCOj)
(H3C),C=CHCH,0CCH; ————— @ (H3C),C=CHCH,O0H + CH,COONa
CH40H, H,0

Prenyl acetate Prenyl alcohol

Figure 9.
Formation of prenyl alcohol.

HaPO, (catalyst)
(H4C)eC=CHCH=0 + 2 (H3C);C=CHCH,OH ———————® (H3C)QC=CH(|3HOCH20H=C(CH3}2
Toulene OCH2CH
” 5] "
Prenal Prenyl aleohol C(CHs),

3 Add potassium acetate
to neutralize HyPO, and
contiunue heating at
125°C to 140°C (Y0mm)

GHa b, FHs Q
H C/CQ‘C/C\C/CQ‘C/CH
R R, H

Figure 10.
Synthesis of Citral from prenol by one pot process.

Z-isomer [8, 9]. Citral is used for to hide the smell of smoking; Citral is utilized in the
manufacture of vitamin A, lycopene, ionone, and methylionone [30].

Synthesis of Citral from prenol by one pot process: One pot process means it is a
method of increasing the effectiveness of a chemical reaction by exposing a reactant
to many chemical reactions in a single reactor. Chemists prefer this because it saves
time and money while enhancing chemical yield by eliminating a long separation
procedure and purification of intermediate chemical compounds (Figure 10) [31].

Formation of prenylated indole derivatives: Prenylated indole alkaloids are a
vast class of fungal secondary metabolites that include cytotoxic, insecticidal, and
antifungal properties. Antibacterial and anthelmintic properties make them a grow-
ing subject of study for synthetic and biological researchers [32].

6.3 Prenyl sulfate

Geranyl sulfate, triethylammonium salt and Neryl sulfate, triethylammonium salt
these two-reagent system was created for the S-Prenylation of thiols. As alkylating
reagents, prenyl sulfate was utilized, allowing the S-Prenylation processes to be car-
ried out in aqueous solutions at room temperature [33].

Synthesis of Geranyl sulfate and Neryl sulfate: Geraniol and Nerol (C10-Prenol)
treated with the molar excess of pyridine-SO; complex with triethylamine the
intended prenyl sulfate precipitated together with the non-consumed prenols when
the reaction mixtures were treated with water. The latter were subsequently separated
from the residue using cold n-heptane to get yield of triethylammonium salts of pure
geranyl sulfate (75 %) and neryl sulfate (72 %) (Figure 11) [34].

6.4 Application of Geranyl sulfate and neryl sulfate

Synthesis of benzenethiol derivative: Benzene thiol is known as thiophenol. The
thiophenolate is very nucleophilic, implying a high rate of alkylation [35]. Thiophenol
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>—/_>=\_ PySO3.EtsN >=/_>=\_
OH » OSO3H.Et;N

Geraniol Geranyl sulphate
OH PYSO3Et3N >_/—>JOSO3H.Et3N
)= - =)=
Nerol Neryl sulphate
Figure 11.

Synthesis of prenylated sulfates.

are used to make medications such as sulfonamides. Butoconazole and Merthiolate,
both antifungal medicines, are thiophenol derivatives [36].

Synthesis of Geranyl cysteine: Reaction proceeds through S-Prenylation. When
L-cysteine is treated with sulfate in the presence of aq. KOH then reaction mixture
was extracted with diethyl ether to remove triethylamine and geraniol (which
was generated, most likely, due to incomplete hydrolysis of sulfate), as per usual
S-prenylation technique. It was simple to purify and isolate the required geranyl
cysteine as a potassium salt 43% yield (Figure 12) [37].

6.5 Prenyl benzaldehyde

The IUPAC name of prenyl benzaldehyde is 4-Chloro-5-(1, 1-dimethylallyl)-
2-methoxybenzaldehyde. The synthesized benzaldehydes are being utilized to make
a variety of new analogues of Licochalcone A, a well-known antibacterial molecule,
as well as to investigate the pharmacophoric components required for antibacterial
action (Figure 13) [38].

Application of prenyl benzaldehyde: The prenylated benzaldehydes were
employed to discover the pharmacophoric components responsible for Licochalcone
A as an antibacterial action. It was discovered that the hydroxyl group at position 4’ of
the A ring was important for action [39].

6.6 Prenyl bromide

Prenyl bromide is also known as 3, 3-Dimethylallyl bromide, 1-Bromo-3-methyl-2-
butene, and Prenyl bromide (Figure 14).

0O

HO/U\’/\SH + >=/_>=\7 KOH %
NH, 0803HEt3N — s NHz
L-cysteine Geranyl sulfate Geranyl cysteine \;OK
(@]
Figure 12.

Synthesis of Geranyl cysteine.
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Figure 13.
Structure of prenyl Benzaldehyde.

Figure 14.
Structure of Prenyl Benzaldehyde.

Prenyl bromide is soluble water and other organic solvents like ether and acetone.
Propyl bromide (n-PB) is used as an intermediate in organic synthesis and in the
manufacture of Agrochemicals and Pharmaceuticals. N-PB and n-PB formulations are
also used as organic cleaning solvent for precision cleaning, degreasing, electronics
and metal cleaning applications [40].

Applications:

Synthesis of N-Prenylation of (-)-indolactam-V: N-prenylation with an elec-
trophilic group. Deprotonation of N-unsubstituted indoles with NaH or, more rarely,
KH in DMF, DMSO, THF, or acetone, followed by reaction with prenyl bromide or
chloride, is a common method for making N-prenyl indole derivatives. Yields are
typically greater than 80%. If electron withdrawing groups (Ac, CHO) were present
at C3, alkali hydroxides in the presence of crown ethers, phase transfer catalysts,
or K,CO; were utilized as bases. When dealing with NaH/DMF, N-unsubstituted
diketopiperazines and phthalimide protected tryptophan derivatives underwent
partial epimerization. Alternatively, the disodium salt of tryptophan could be used to
selectively N-prenylate unprotected tryptophan by treating it with prenyl bromide/
Na in liquid ammonia (Figure 15) [41].

ZT

~0OH 1) Ac;0, Pyridine

H
—N —N N ~0H
0 2) i) NaH, THF, 0°C, 30 min 0
| N i) /g/\ - | N
H Br N
ﬁ

Vindol v iii) 2N KOH, rt, 3h
(-)-indelactam- 36%

Figure 15.
N-Prenylation of (-)-indolactam.
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A series of 5-arylidene-2, 4-thiazolidinediones and its geranyloxy or prenyloxy
derivative were synthesized by using Prenyl bromide.

Flavonoids synthesize with prenyl bromide chains, in the presence of anhydrous
potassium carbonate using two different methodologies, one based on conventional
thermal heating and other by MAOS.

Total Synthesis of (-) Rosiridol and (-)-Bifurcadiol by Catalytic Asymmetric
Aldehyde Prenylation:

Synthesis of (-) Rosiridol: Primary alcohol is treated with trityl group as protect-
ing group and triethlamine in the presence of DMAP (acyl transfer reagent) yield
compound. The compound undergoes standard allylic oxidation to form alcohol. The
obtained compound treated with MnO, gives substrate. The catalytic asymmetric pre-
nylation of compound treated with prenyl boronic ester was undergoes the optimized

conditions to form homoprenyl alcohol. Removing the protecting group of reaction

gives the (-) Rosiridol (Figure 16) [42, 43].

Trityl chloride (TrCl)

Se(,, t-BuQ,H
TrO d 2 TrO
HO\/‘\\|/ ELN,DMAP \/\r Salicylic acid \/\\\]/\OH
DCM, 1, 24 h DCM, 11, 46h o
Prenyl boronic ester 969, DMAP 0% Alcoholic intermidate
yel
B
o . OH
MnO, o 2 7 o TrO
—_—» r - ~ ~
j = H
D(Sii\;l rt, 36h \/\T)j\ Conditions as in table 1,
5% 3
enwy 12 (32h) Homoprenyl aleahol
89%,
OH 99% ee
HOTf 10
—_—
T = e
MeOIL rt, 26 h
5% .
(-)-rosiridol
Figure 16.

Synthesis of (-) rosiridol.

TrCl,
HOL x [LN,DMAP 10
e
2
DCM, rt, 32h
Primary alcohol £5%
W Mn(),
DfT\4 Tt,
38h, 95%
OH
HOTYE
HO{_ S “
? MeOH, rt,

24h, 80%
93% yield, 99% ce

Figure 17.
Synthetic route of (=) Bifurcadiol.

81

Se0),, Salicylic cid

x 1-BuO,H .

2 DCM, rt, 45h
45%

e

W 7o
Substrate (34 h)

OH

N ~ =

1

(-)-biturcadiol



Modifications in Biomacromolecules

Synthetic route of (-) Bifurcadiol: Primary alcohol is treated with trityl group as
protecting group and triethlamine in the presence of DMAP (acyl transfer reagent)
yield compound. The compound undergoes standard allylic oxidation to form alcohol.
The obtained compound treated with MnO, gives substrate. The catalytic asym-
metric prenylation of compound treated with prenyl boronic ester was undergoes the
optimized conditions to form homoprenyl alcohol. Removing the protecting group of
reaction gives the (-) Bifurcadiol (Figure 17) [44].

Biogenetic type synthesis of chromanochalcones from prenylated chalcones:
By regioselective cyclization using BF;—Et,0, we have established a simple and con-
venient process for the synthesis of chromanochalcones from prenylated chalcones
in high yields. Use of BF;-Et,0 to form a complex with the chelated hydroxyl group
(C-2) and o, b-unsaturated carbonyl group of the prenylated chalcone for regioselec-
tive cyclization. The production of a flavanone is prevented by this complexation. The
chromanochalcone is formed by cyclization of the prenyl group by the second mole of
the reagent (Figure 18) [45].

OMe BFsEL0/3h

Dioxane
975

Chromochalcone

Figure 18.
Biogenetic type synthesis of chromanochalcones from prenylated chalcones using BF;-Et,0.

OAc
Genistein 7.4 -diacetoxy-3-hydroxyisoflavone V7 . o

7.4 -diacetoxy-5-(3-methyl-
but-2-enyloxy)isoflavone

7, and 4 -diacetoxy-5-hydroxy-8 prenylisoflavone Lupiwighteonc

Figure 19.
Synthesis of lupiwighteone.
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Synthesis of lupiwighteone: The presence of a prenylated side chain (i.e. prenyl,
geranyl) on the flavonoid skeleton separates prenylated flavonoids from other natu-
rally occurring flavonoids. Claisen rearrangements are a highly effective approach for
regioselective prenylation of isoflavonones compounds.

The 5-hydroxy group in genistein was treated with the two equivalents of acetic
anhydride in pyridine gives 7, 4 -diacetoxy-5-hydroxyisoflavone, when condensation
of 7, 4 -diacetoxy-5-hydroxyisoflavone with 3-methyl-2-buten-1-ol in the presence of
triphenylphosphine and diethyl azodicarboxylate in dry THF will gives the desired
ether 7, 4 -diacetoxy-5-(3-methyl-but-2-enyloxy)isoflavone. The compound 7, 4
-diacetoxy-5-(3-methyl-but-2-enyloxy) isoflavone was dissolved in minimum dry
CHCI; solvent and heated at 60°C. Will form the para-rearrangement product, 7, and
4 -diacetoxy-5-hydroxy-8 prenyl isoflavone, this compound get hydrolysis with 10%
aqueous NaHCO; at 60°C gives the lupiwighteone (Figure 19) [46].

7. Biotechnology application

The ability of FTase to change a single cysteine residue in the C-terminal CaaX
motif and incorporate isoprenoid analogs with bioorthogonal functions has been
utilized for site-specific protein modifications in recent years. This is feasible because
the presence of a CaaX-box at the C-terminus of practically any protein is enough to
make it an effective FTase substrate. Functionalization of the resultant proteins by
bioorthogonal processes provides a simple way for producing a large range of site-
specific protein conjugates.

For immobilization of proteins (GFP or GST) onto solid surfaces such as glass
slides or agarose resin, both the Poulter and Distefano groups employed azide- and
alkyne-functionalized FPP analogs in FTase-catalyzed reactions followed by click
reactions or Staudinger ligations. Maynard and colleagues used a similar technique to
immobilize mCherry protein tagged with 25 onto a patterned azide-functionalized
surface produced by microcontact printing. Waldmann and colleagues used a photo-
chemical thiol-ene reaction between farnesylated recombinant proteins and surface-
exposed thiols from functionalized surfaces to immobilize functional proteins in an
orientated and selective manner (mCherry and Yptl) Poulter and colleagues have
immobilized the glutathione S-transferase enzyme and antibody-binding protein G
to self-assembled monolayers on gold surfaces in a highly organized, regioselective
manner. They also developed immobilized recombinant antibody-binding protein
L sandwich antibody arrays for trapping antibodies for direct and sandwich-type
immunofluorescent detection of ligands in a microarray manner. In general, where
oriented protein immobilization is required, the prenylation-based immobilization
strategy has several potential biomedical and biotechnology applications, such as
protein arrays and diagnostic applications based on immunoassays, Surface Plasmon
Resonance (SPR), or electrochemical methods.

Alexandrov and colleagues used a fluorescent analog of FPP and phase partition-
ing to establish a simple and effective approach for the derivatization and purification
of recombinant proteins (such as YPT7, Rab7, and GST). Distefano and colleagues
recently reported using an aldehyde functionalized FPP analog in combination with
a hydrazide resin-based catch-and-release technique to purify and functionalize
proteins containing groups such as a fluorophore or PEG moiety.

The production of site-specific protein modifications such as protein-DNA
conjugates, PEGylated proteins, and dually labeled proteins is one key use of the
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prenylation-based labeling method. A nanoscale-sized defined tetrahedron archi-
tecture composed of four oligonucleotides and four GFP molecules, therapeutically
relevant proteins GIP and HIV NC attached to oligonucleotides, and DNA-protein
cross-links as DNA lesions to study DNA repair and replication are just a few of the
protein-DNA conjugates that have been synthesized using this method.

Prenylation of a recombinant protein called ciliary neurotrophic factor (CNTF)
with an isoprenoid analog modified with an aldehyde group, followed by oxime
ligation-based catch-and-release, resulted in PEGylated CNTF, with the PEG group
potentially increasing the serum half-life of this biomedically important protein.
Rashidian et al. describe multifunctional macromolecular protein self-assembly made
up of an antibody nanoring structure with a single chain anti-CD3 antibody as the
targeting element, as well as a model cargo protein and a fluorophore, in a separate
paper. The essential multifunctional fragment comprising of a cargo protein, fluoro-
phore, and protein dimerizer was created using a trifunctional FPP analog including
both aldehyde and alkyne activity. This high-avidity “effector-antibody-fluorophore”
combination was endocytosed by T-leukemia cells, indicating that it might be useful
in the development of protein-drug conjugates for therapeutic protein administration
and monitoring [47].

8. Conclusions

In conclusion, we have described the prenylated reagent as important for enhanc-
ing the protein binding and membrane permeability of compounds. Prenyl alcohol,
prenyl ester, prenyl acetate, prenyl bromide, prenyl benzaldehyde and prenyl sulfate
are act as a prenyl side chain in the reaction. Prenyl bromide is applicable in synthesis
(-) indolactum for their pharmacological studies. (—)-Rosiridol inhibits monoamine
oxidase B (MAO B), which is included in neurodegenerative diseases and (—)bifur-
cadiol displays anti-ulcer and anti-tumor activities. Prenyl esters are utilized to make
prenyl alcohol both are used in synthesis of citral by one-pot process and prenylated
indole derivatives. Prenylated chalcone is used for the synthesis of chromochalcone
because it is an easy and appropriate method for high yield of the compound and
catalyzed para-Claisen-Cope rearrangement represents an excellent method for the
synthesis of lupiwighteone with the help of a prenylated side chain and gives a simple
and high yielding procedure. In the further studies, lot of prenylated molecules
developed with the help of a prenylated reagent for giving a better therapeutic effect.
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Chapter 5

Prenylation of Natural Products:
An Overview

Kanthavaju Kamanna and Avavind Kamath

Abstract

Natural products with varied functional attributes are available in large abundance
in nature. Nature has been an infinite repository of resources leading to drug develop-
ment, discovery of novel chemicals, pharmacophores, and several invaluable bioactive
agents. Natural products play a critical role in modern drug development, especially
for antibacterial and antitumor agents. Their varied chemical structure, composi-
tion, solubility, and synthetic pathways bestow upon them a high level of diversity.
Prenylation is a covalent addition of hydrophobic moieties to proteins or any other
chemical compounds. Generally, the hydrophobic moieties are farnesyl or geranylgera-
nyl isoprenyl groups. Prenylation of flavonoids, alkaloids, terpernoids, etc., leads to
gain of varied functionalities to the natural products in addition to the already existing
functions. The ever-increasing need for the discovery of new drugs finds a new avenue
through the prenylation of natural products. Cell-free synthesis of the prenylated
natural products can be seen as a new alternative for the natural synthesis, which war-
rants time-consuming isolation and purification techniques.

Keywords: prenylation, natural products, antibacterial, antitumor, alkaloids

1. Introduction

Anything that is produced by life including biotic materials such as silk, hair,
bio-based materials such as bioplastics, cornstarch, bodily fluids such as blood,
milk, and other natural materials that were once found in living organisms such as
shell, soil, coal, can all be called as natural products. They are products from various
natural sources such as plants, microbes, and animals. The whole of the organism, a
part of an organism, an extract from an organism, or pure compounds isolated from
the organisms such as alkaloids, coumarins, flavonoids, steroids, lectins, lignans,
terpenoids, nonribosomal polypeptides, and polyketides can all be termed as natural
products. A limited scope of the definition of natural product can be any molecule
synthesized by a living organism. Organic chemistry as we know today has its roots in
the study of natural products. The semisynthetic chemistry is an offshoot of organic
chemistry wherein the natural products are modified to alter/improve and enhance
their activities.

The natural selection and evolutionary processes over millions of years have
bestowed the natural products with high structural diversity and unique pharmaco-
logical or biological activities. Natural products exhibit structural diversity that is
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far exceeding the variety that could be synthesized in a laboratory. Classification of
natural products is often based on their biological function, biosynthetic pathway, or
their source. Primary metabolites and secondary metabolites are the two major classes
of natural products. The substances required for an organism to survive are termed

as primary metabolites, whereas the substances that are not required for an organism
to survive are termed as secondary metabolites. Secondary metabolites confer the
organism with advantage in growth and survival within its environment. In practice,
the term natural products generally refers to the secondary metabolites and small
molecules with molecular weight < 1500 amu.

Natural products have been used for medicinal purposes since ancient times as
herbal remedies. Natural products and their structural analogues have a strong impact
on human culture and have been used throughout human history as condiments,
pigments, and pharmaceuticals. Many of the natural products are potential drug
candidates due to the prevailing increased antibiotic resistance. In comparison to the
standard combinatorial chemistry, the natural products provide distinct structural
diversity and functions. Limited by the lack of cost-effective production methodolo-
gies, the study and therapeutic potential of natural products have not been optimally
explored. The similarities in the structures and variation in the sources of isolation
make it difficult to isolate the natural products. The challenges associated with
isolation/production of natural products are circumvented by development of several
semisynthetic chemical syntheses.

Due to the safety and efficacy of the natural products, they have been the drugs
of choice in improving the human health despite facing a tough competition from
compounds derived from computational and combinatorial chemistry. Their impor-
tance in drug discovery has been enhanced owing to their largely untapped structural
diversity [1]. Natural products containing prenyl side chains represent a rare class
in themselves. For several decades now prenylated natural products are recognized
as interesting and valuable biologically active phytochemicals [2]. Simple modifica-
tions by biological or chemical approaches produce a variety of prenylated aromatic
compounds with added structural diversity, altered biological activity, and enhanced
therapeutic potential.

A covalent addition of any hydrophobic moiety to protein or any other chemical
compound can be termed as prenylation. In case of proteins, generally it is the addi-
tion of farnesyl or geranylgeranyl moiety to the cysteine residue via a thioester linkage
at the C-terminus. This addition of prenyl moiety bestows novel hydrophobic proper-
ties on proteins that leads to the localization of prenylated proteins to the plasma
membrane or organellar membranes. It has been shown that well-characterized
prenylated proteins are major players in most of the cell signal transduction pathways.

Prenylation of natural products enhances various biological activities as compared
with the respective nonprenylated compounds. Due to their versatile and promising
pharmacological properties and health benefits on multitarget tissues, the prenyl-
ated forms have gained prominence [3, 4]. The increased lipophilicity of prenylated
natural products as compared with nonprenylated forms leads to high affinity with
cell membranes and enhanced biological activities or significant pharmacological
effects [4, 5]. A multitude of biological activities offered by these compounds justi-
fies their enhanced pharmacological investigation. Recent in-depth investigation of
prenylated natural compounds with the prenyl substituents playing a key role in the
molecular activity has led to discovery of promising anticancer, anti-inflammatory,
antioxidant, and neuroprotective compounds. The prenylation of natural compounds
is catalyzed by the several enzyme groups of prenyltransferases (PTases), including
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membrane-embedded UbiA-type, bacterial and fungal ABBA-type, and fungal
dimethylallyl tryptophan synthase (DMATS)-type PTases [6-8].

2. Different classes of natural products

Natural products belong to several different classes of molecules. On the basis
of their biosynthetic origin, they can be classified as: alkaloids, phenylpropanoids,
polyketides, and terpenoids. Prenyl groups appear in a wide variety of these natural
products of microbial and plant origin, including amino acids, stilbenes, alkaloids,
polyketides, and phenylpropanoids such as flavonoids, creating natural product
hybrids with altered or enhanced bioactivities.

2.1 Alkaloids

The term “alkaloid,” introduced in 1819 by the German chemist Carl Friedrich
Wilhelm MeifSner, is derived from Latin root alkali (which, in turn, comes from
the Arabic al-qalwi meaning potassium-carbonate-containing ashes of plants).
Heterocyclic nitrogen-containing compounds biosynthesized from amino acids can
be termed as alkaloids, though for reasons historical and/or otherwise, there are
many exceptions to this rule. Alkaloids represent one of the biggest classes of natural
products, and due to the large number and structural diversity, they offer a vast field
of investigation. Based on their biosynthetic precursor and heterocyclic ring system,
alkaloids are classified into diverse categories (Figure 1), namely indole (1), purine
(2), quinolone (3), isoquinoline (4), tropane (5), imidazole (6), etc. [9].

Prenylated indole alkaloids are a large family of secondary metabolites containing
indole/indoline and isoprenoid moieties or structures derived thereof. These alkaloids
generally contain a diketopiperazine (7) or a bicyclo [2.2.2] diazaoctane ring (8) asa
core structure and are biogenetically derived from tryptophan (9) (Figure 2), a cyclic
amino acid, and one or two isoprene units [10]. From filamentous fungi, especially
from the genera Penicillium and Aspergillus, numerous prenylated indole alkaloids
including asperparalines (10), brevianamides (11), marcfortines (12), notoamides
(13), paraherquamides (14), stephacidins (15), and versicolamides (16) (Figure 3)
have been isolated [11]. They are attractive targets for chemical synthesis, biosyn-
thesis, and biological activity studies due to the fact that they exhibit a diverse range
of relevant biological activities such as insecticidal, cytotoxic, anthelmintic, and
antibacterial properties.

Asterriquinones (17a and 17b) are a large group of the prenylated indole alkaloids
containing two tryptophan moieties with a bis (indolyl) benzoquinone structure
(Figure 4). They exhibit remarkable pharmacological activities such as antiretroviral,

“ XN

N X X

Co U OO a0 )
NH N N

. : Tropane Imidazole
Indole Purine Quinolene Isoquinolene g 6
1 3 4
2
Figure 1.

Diverse categories of alkaloids.
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Figure 2.
Prenylated indole alkaloids core structure.
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Figure 3.
Different classes of prenylated indole alkaloids.

antitumor, and antidiabetic properties [12]. In prenylated indole alkaloids (18),
the prenyl moiety is connected at either C1 or C3 to an aromatic nucleus, which are
referred to as regular or reverse prenylation, respectively (Figure 5).

Prenylated purine alkaloids isolated from the seeds of Gleditsia japonica have been
identified as prenylated purine alkaloid glucosides and named as the locustoside
(19) (Figure 6). The plant cytokinin N°-isopentenyladenine (20) (Figure 7) and

94



Prenylation of Natural Products: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.104636

Regular C2-prenylation Regular NI-prenylation

Asterriquinones
17a 17b

Figure 4.
Asterriquinones with a bis (indolyl) benzoquinone structure.

3
5 , 4 5 4
N\ 1
3

6 m 1 "LLLN)\ '77_L>3</ 1

7 H 2 S 2

Indole/Indoline Regular prenyl moiety reverse prenyl moiety
Indole alkaloids
18
Figure 5.

Regular or reverse prenylation of indole alkaloids.

N3—prenylated purine alkaloids, e.g., triacanthine (21) (Figure 7), from the leaves of
Gleditsia triacanthos have been reported [13, 14]. Triacanthine (21) shows hyperten-
sive activity, also cardiotonic, antispasmodic, and a respiratory analeptic. It has also
been reported to exert antitumor effects in bladder cancer in vitro and in vivo [15].
The cytokinin, N°-(A-isopentenyl) adenine, is found to be 3.3 times as active as N°-
(A’-isopentenyl) adenosine in promoting the growth of cytokinin-requiring tobacco
(Nicotiana tabacum) callus [16].

Prenylated quinolinone alkaloids, aspoquinolones (22, 23) (Figure 8), and prenyl-
ated isoindolinone alkaloids, aspernidines (24, 25, 26) (Figure 8), have been isolated
and characterized from the fungus Aspergillus nidulans. These compounds exhibit
varied cytotoxicity against various human cancerous cells. Aspoquinolones differ at
the configuration of cyclopropyl ring pointing to the fact that the specific configura-
tion of the cyclopropyl ring is essential for their cytotoxic activity [17].

Prenylated alkaloids isolated from plants and fungi are a good example of high
structural diversity from only a limited array of structurally nondiverse start-
ing materials. The assembly of complex carbon skeletons is mediated by enzyme
catalyzed selective C-H oxidation reactions. The ambivalent reactivity of the

95



Modifications in Biomacromolecules

Locustoside
19

Figure 6.
Prenylated purine alkaloid.
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heteroatom is exploited in the diverse condensation chemistry during the prenyl-
ated alkaloid biogenesis [18].

2.2 Phenylpropanoids

A diverse family of secondary metabolites synthesized by plants, bacteria, and
fungi from the amino acids phenylalanine and tyrosine are termed as phenylpro-
panoids. The term “phenylpropanoid” is generally used to refer to any compound
bearing a 3-carbon propene chain attached to 6-carbon aromatic phenyl ring (C6-C3
compounds). Most of the phenylpropanoids are formed from cinnamic or p-coumaric
acids. Several pharmacological activities including antimicrobial, antioxidant,
anti-inflammatory, antidiabetic, and anticancer activities have been attributed to
these diverse groups of compounds that can be found to be present in spices, herbs,
fruits, vegetables, and cereal grains. Owing to their antioxidant property, they exhibit
renoprotective, neuroprotective, cardioprotective, and hepatoprotective effects [18].

The prenylations of umbelliferone (27) in the 6 or 8 position yield demethylsu-
berosin (28) and osthenol (29) (Figure 9) and give access to the branch pathways to
linear or angular furano and pyranocoumarins, which are predominantly found in the
Umbelliferae [19]. The hydrolysis of the secondary signal messengers’ cyclic adenosine
monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) is catalyzed
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Prenylated quinolinone alkaloids (22, 23) and isoindolinone alkaloids (24, 25, 26).
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Figure 9.
Prenylated umbelliferone.

by the phosphodiesterases (PDEs). PDE inhibitors are therapeutic targets of high
interest for central nervous system (CNS), inflammatory, and respiratory diseases.
The prenylated coumarins (30, 31) from Toddalia asiatica (Figure 10) exhibit wide
range of inhibition against the PDEs [20].

Marianins are the prenylated phenylpropanoids, isolated from the fungus
Mariannaea camptospora. Marianin A (32) is a 5-methylcoumarin bearing two
prenyloxy groups, whereas Marianin B (33) is an orcinol derivative substituted with
a 3, 3-dimethyl-4-pentenoyl chain (Figure 11). Marianins show a weak antimicrobial
activity and lack any significant anticancerous activity [21].

Flavonoids are valuable natural phenylpropanoids products and widely distributed
in the plant kingdom bestowing a self-defensive strategy to the plants. Flavonoids
are categorized on the basis of their oxidative states and substituents, into chalcones
(34), flavones (35), flavanones (36), isoflavones (37), dihydroflavonols (38), antho-
cyanidins (39), etc. [22]. Flavonoids consist of C6-C3-C6 skeleton with two aromatic
rings A and B and a (dihydro) benzopyran ring C adjacent to A (Figure 12).

Prenylation at the two benzene rings, or a, p carbons in chalcones while enhancing
the structural diversity, increases their bioactivities as well. The cytotoxic activ-
ity of the 3-hydroxylated derivative of xanthohumol (40) is much higher than its
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Figure 11.
Prenylated phenylpropanoid.

nonprenylated analogue 3-hydroxyhelichrysetin (41) (Figure 13). Diverse biological
and pharmacological activities such as antimicrobial and antiviral (C5-prenylated
derivatives), antioxidant (the C—H bonds of the prenyl substituents are the most
thermodynamically preferred sites for free radical attack, and thus play an important
role in the antioxidant activity) cytotoxic, chemopreventive, and estrogenic activities
are attributed for prenylated chalcones [23].

The success of cancer therapy is largely impeded by the development of multi-
drug resistance (MDR) by tumor cells. The MDR conferred to the cancer cells by the
overexpression of the P-glycoprotein (Pgp) [24]. In comparison to the flavanones,
isoflavones, and glycosyl derivatives, chalcones, flavones, and flavonols bind more
strongly to Pgp cytosolic site. For the ability of these modulators to mimic the adenine
moiety of ATP, the hydroxylation at position 5 is essential, in addition to the presence
of a ketone at position 4 [25]. Interestingly, the modulating effects of C-prenylated
derivatives produced by nontoxic concentrations suggest that these compounds
should be investigated in vivo as potential Pgp modulator in tumor cells.

2.3 Polyketides

Polyketides are produced by bacteria, fungi, plants, and few marine organisms.
These secondary metabolites exhibit a high degree of structural diversity, even though
they are synthesized from simple acyl building blocks. They form a chain of either
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Figure 12.
Flavonoids with C6-C3-C6 skeleton with two aromatic rings A and B and a (dikydro) benzopyran ring C
adjacent to A.
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Figure 13.
Prenylated chalcone, 3-hydroxylated derivative of xanthohumol (40) and its nonprenylated analogue
3-hydroxyhelichrysetin (41).

alternating ketones or reduced ketones and methylene groups. Polyketides, owing to
their structural diversity and acute toxicity, find applications in medicine, agricul-
ture, and industry. The substitution with prenyl moieties either at a carbon atom of
the polyketide nucleus or connection via an ether linkage is a prominent feature in
most of these metabolites.

Epoxyphomalin A and B (42, 43) (Figure 14) are the prenylated polykedtides
isolated from marine fungi Phoma sp and have strong cytotoxic properties toward
six cancer cell lines [26]. Arugosins G and H (44, 45) (Figure 15) are prenylated
polyketides isolated from marine fungus Emericella nidulans var. acristata. Arugosin
H may be derived from chrysophanol anthrone, which undergoes oxidative cleavage
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Figure 14.
Prenylated polyketides—Epoxyphomalins.

to form the aldehyde function, followed by C-prenylation and hydroxylation. The
aldehyde function can be converted to a hemiacetal function, as seen in the tricyclic
arugosin G. Arugosins C, D, E (46, 47, 48) (Figure 15) also occur in Aspergillus spp.,
whereas arugosin F (49) is found in Ascodesmis sphaerospora [27].

Prenylated phenyl polyketides named peplidiforones A-D (50, 51, 52, 53) (Figure 16)
are isolated and characterized from Hypericum peplidifolium. Unusual carbon skeleton
consisting of a furan ring substituted by a 2, 2-dimethylbut-3-enoyl moiety possessed by
Peplidiforone C (52) is the first example of a prenylated furan derivative isolated from
the genus Hypericum. The peplidiforones are reported to possess antimicrobial, cytotoxic,
antidepressive, antioxidant, and anti-inflammatory effects [28].

Three novel and unusual prenylated polyketides, namely oumarone (54), bissaone
(55), and aissatone (56) (Figure 17), have been isolated from Harrisonia abyssinica
[29]. Extracts of the bark and the root of this plant exhibit in vitro antiviral, antibac-

terial, antifungal, and molluscicidal activities [30].
2.4 Terpenoids

The organic compounds derived from the 5-carbon compound isoprene (57) and
their polymers known as terpenes are collectively called as terpenoids. They are pro-
duced by various genera of plants, algae, sponges, and fungi. Terpenoids constitute
about 60% of the secondary metabolites produced by plants, known till date. Due to
their broad spectrum of medicinal applications, the terpenes have gained significant
pharmaceutical value. Without clear distinction, the terms, terpene and terpenoid
are usually used interchangeably in the literature. The tree resin terpentine (German:
Terpentin; Latin: Balsamum terebinthinae) contains a repeating hydrocarbon isoprene
unit as a monomer. The etiology of the term “terpene” stems from this tree resin [31].
Generally, in a live plant one can find a terpene, whereas the terpene upon modifica-
tion with different functional groups and addition or removal of oxidized methyl
group makes it a terpenoid. The biological activity of the terpenoids depends on the
variation in their structures. The structural unit of a terpene and terpenoid is a five-
carbon unit called isoprene (57). These isoprene units are arranged in head-to-head,
head-to-tail, and tail-to-tail fashion to give different terpenoids, namely monoter-
penes (58), sesquiterpenes (59), diterpenes (60), sesterpenes (61), and triterpenes
(62) etc. (Figure 18) [32].
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Prenylated polyketides—Arugosins.

About 1000 prenylated phenolic composite-type terpenoid compounds have been
identified to date in plants. The prenylated flavonoids constitute the active components
of various medicinal plants. They show sustained biological activities in humans and
therefore have been actively investigated as pharmaceuticals [33]. Coumarin deriva-
tives are a group of lactonized phenylpropanoids. The isoprenoid units are not seen
in the basic structure of the Furanocoumarins (FCs); therefore the FCs, which are a
subgroup of coumarin core with an attached furan ring, are not generally recognized
as terpenoid derivatives. However, their furan rings are derived from prenyl chains,
followed by the cleavage of a C3 unit to yield the atypical terpenoid derivatives [34].

Two rare antioxidative prenylated terpenoids from loop-root Asiatic mangrove
Rhizophora mucronata have been isolated. These terpenoids include one new prenyl-
ated guaiane sesquiterpenoid (63) with an uncommon five-membered lactone ring
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Prenylated phenyl polyketides—Peplidiforones.
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Unusual prenylated polyketides.
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Different classes of terpenoids.

and prenylated oleanane-type triterpenoid (64) (Figure 19). These prenylated
terpenoids have a potential as lead molecules for use in pharmaceutical and functional
food industries [35].
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3. Prenyltransferases (PTs)

All those enzymes that catalyze the transfer of prenyl groups to a wide variety of
acceptors such as proteins, isoprenoid groups, aromatic compounds, etc., are termed
as prenyltransferase (PT). PTs are distributed widely in all the living kingdoms and
participate in a variety of the metabolic routes [36]. Of late, with increased inter-
est in isoprenoid chemistry, PTs have gained more recognition. The importance of
prenylation for the regulation and targeting of bioactive compounds in the cell has
been recognized. Among these, the farnesylation of proteins in signal transduction
cascades involved in carcinogenesis has been very prominent instance [37].

PTs are unique enzymes in that, apart from creating new C—C bonds, they are also
successful in introducing a double bond in the end product. The activation as well as
enhancement of the biological activity is generally associated with such features. PTs
are peculiar enzymes because they not only create a new C-C bond, a reaction that
only some aldolases and lyases have been previously used for [38], but also introduce
a double bond in the framework of the final product, a feature that is often associated
with the activation or the enhancement of biological properties [39].

The regiospecific/stereoselective chemical synthesis of prenylated aromatic
compounds is an arduous task to achieve in good yield, besides the usage of protective
groups. But the essential feature in a molecule to exhibit biological activity is its regio-
specificity/stereoselectivity. Therefore, an interesting tool for the organic synthesis
of biologically active compounds is by the possibility of manipulating enzymatic
catalysts such as PTs.

Generally, depending upon the stereochemistry of the resulting prod-
ucts, PTs are divided into two classes, namely cis (or Z) and trans (or E).
Dimethylallyltranstransferase is an example of trans-prenyltranferase, whereas
dehydrodolichol diphosphate synthase is an example of cis-prenyltransferase.

The transfer of a C5 (dimethylallyl), C10 (geranyl), or C15 (farnesyl) prenyl group
derived from the corresponding isoprenyl diphosphate metabolites onto a variety of
electron-rich aromatic acceptors is catalyzed by aromatic prenyltransferases. By increas-
ing the affinity for biological membranes and interactions with cellular targets, prenyl-
ation provides a higher level of bioactivity compared with the nonprenylated precursor
[40]. In a Friedel-Crafts-like reaction, aromatic compounds such as hydroxybenzoic acids
and hydroxyphenylketones are prenylated by phenol-oligoprenyldiphosphatase [41]. The
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role of regiospecific catalysts in widening the horizon of diversity and biological activities
of many classes of natural products both iz vivo and in vitro has taken huge interest with
recent identification of these enzymes.

4, Conclusion

The prenylated natural compounds exhibit a broad spectrum of interesting molecu-
lar, biological, and pharmacological activities. There is a definite consonance between
the structure-activity relationship and bioactivities of prenylated natural compounds.
The prenyl-moiety increases the chemical diversity and makes the backbone com-
pound more lipophilic, which leads to its high affinity with cell membranes. The
prenylation enhances the antibacterial, anti-inflammatory, antioxidant, cytotoxicity,
larvicidal as well as estrogenic activities of several natural compounds. Therefore, to
fully explore the health-promoting potential, more research is required in the future.
Especially the prenyl groups seem to be crucial for the anticancer activity of the natural
compounds, possibly leading to enhanced cell membrane targeting and thus increased
intracellular activity. Today, cancer prevention is an increasingly important social issue,
and the identification and characterization of dietary components or natural products
with distinct cancer-preventive qualities and possibly even therapeutic properties,
while bearing only low toxicity, are a promising research approach.
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Glycosylation on Spermatozoa,
a Promise for the Journey to the
Oocyte
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Abstract

Spermatozoa experience a long and tough transit in male and female genital tracts
before successful fertilization. Glycosylation helps spermatogenesis, epididymal
maturation, passing through cervical mucus, avoiding killing of the female immuno-
logic system, and shaking hands between sperm and egg. Changes in glycosylations
along the transit ensure that the right things happen at the right time and place on
spermatozoa. Aberrant glycosylations on spermatozoa will negatively affect their
fertility. Thus, we developed a lectin array method to examine the glycocalyx of
spermatozoa, which will help observe glycosylations occurring on spermatozoa in a
normal or abnormal conditions, such as spermatozoa with DEF126 mutation and poor
freezability. Intriguingly, binding levels of ABA (Agaricus bisporus agglutinin), a lectin
marking the inner layer of the glycocalyx, were changed in these subfertile sperma-
tozoa, which indicates that the integrity of glycocalyx is critical for sperm fertility. In
this chapter, we reviewed the impacts of glycosylations on sperm fertility, the lectin
array method, and its potential application for sperm function assessment.

Keywords: spermatogenesis, sperm maturation, transit through genital tract, glycan
profile, lectin microarray

1. Introduction

Before mating the oocytes, mammal spermatozoa go on a long adventure,
experiencing a series of complicated events along the male and female reproductive
tracts [1]. From spermatogonia, spermatozoa develop in the testis, with dramatic
changes in morphology and chromatin structure. However, spermatozoa in testis
could not fertilize oocytes since their motility and capabilities of recognizing and
binding zona pellucida are underdeveloped.

Spermatozoa then enters into the epididymis, several meters long male reproduc-
tive tract, and undergo an additional maturation. During the epididymal maturation,
also called post-testicular maturation ranges from 1 to 21 days depending on species
[2], spermatozoa acquire not only capacities for progressive motility, acrosome reac-
tion, zona pellucida binding and recognition, and spermatozoon-oocyte fusion [3-7],
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but also further morphology changes [8-11], such as chromatin condensation, head
size decrease, acrosome reshaping, and droplet migration.

After ejaculation, spermatozoa are transferred into the vagina. Passing through
the cervix, uterus, and uterotubal junction, spermatozoa stop at a storage reservoir
in the oviduct until ovulation. During ovulation, spermatozoa escape the reservoir,
complete the capacitation, migrate to the site of mating, and finally achieve insemina-
tion. Despite facilitation guiding to the site of fertilization, a successful spermatozoon
faces big challenges in the female genital tract, such as selection, which ensures
the fittest one to fertilize, and immune defense, which fights evasion of microbial
pathogens [12, 13].

2. Glycosylations on mammal spermatozoa and their physiological
functions

Along the journey of spermatozoa, events, such as sperm development, matura-
tion, transit, and fertilization, are mediated by cell-cell interaction, and interaction
between spermatozoa and the microenvironment [1]. Providing promises to these
events, dramatic modifications on sperm surface occur along the transit of sperma-
tozoa [14]. For instance, high sialylation provides a negative charge surrounding the
sperm surface, which results in a repulsive interaction against negatively charged
mucins for bypassing cervix mucus [15]; a shell, which protects sperm antigens from
immune surveillance in the female genital tract [16]; and an anchor, which helps the
epithelial cells hold spermatozoa at the oviductal reservoir [17]. However, during
capacitation, lipid component changes resulting in a high membrane fluidity for
sperm hyperactivation [18], and desialylation occurs on the sperm surface [19, 20],
both of which ensure spermatozoa reach the oocyte and fertilize successfully.

2.1 Glycoconjugates on mammal spermatozoa

A dense glycoconjugate coat with a thickness of 20-60 nm called glycocalyx on
animal cells [21], is one of the major surface components on spermatozoa, which
participate in such modifications and play critical roles in those interactions along the
sperm’s journey to the oocyte [22, 23]. The glycocalyx is synthesized during spermato-
genesis in testis and is remodeled through epididymal maturation, the mixing process
of sperms and seminal plasma secreted by the accessory glands during ejaculation and
transit through the female genital tract [21]. Two of three types of glycoconjugates are
identified in sperm glycocalyx: glycoproteins and glycolipids [24], which are classified
corresponding to types of glycan-bearing carriers, proteins, or lipids. Besides those gly-
coconjugates inserted or anchored in the plasma membrane, others are non-covalently
attached to the membrane via inter-molecule or hydrophobic interaction [21].

2.1.1 Glycoproteins

Glycosylation is a ubiquitous posttranslational modification on proteins, more
than half of human proteins are deduced as glycoproteins according to their amino
acid sequences [25]. By exploiting their covalently linked glycans, membrane or
surface glycoproteins play roles in intercellular signaling, cell-cell interaction,
and cell adhesion [26]. With nucleoside diphosphate or monophosphate glycans as
precursors, glycosyltransferases create a glycosidic bond between glycan and peptide
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backbone. Three types of covalent linkages exist naturally between glycans and
polypeptide backbone: N-glycosylation, O-glycosylation, and GPI glycosylphosphati-
dylinositol [27].

As the most common posttranslational modification in the endoplasmic reticu-
lum (ER) [28], N-linked glycosylation attaches glycans to the amide nitrogen of
asparagine or arginine residues within the consensus amino acid sequences or called
“sequons,” Asn-X-Thr/Ser, which direct protein folding. In a manner of protein-, cell-,
or species-specificity [29], remodeling in Golgi apparatus endows N-glycan structural
and functional varieties, which ensure functional complexity of cell surface proteins,
such as cell-cell, cell-matrix interaction, or immune responses. N-glycosylation is
a prominent posttranslational modification of the protein, about 50% of the pro-
teins have N-glycans [30, 31]. N-glycans are also major carbohydrates on the sperm
glycocalyx, which are composed of three types of N-glycans, high mannose, hybrid
N-glycans, and complex N-glycans [32]. High mannose N-glycans are essential for
Sertoli-germ cell attachment during spermatogenesis, which is a critical cell-cell
adhesion for sperm development in testis [33].

Initially in the ER then Golgi apparatus, O-glycosylation covalently links glycans
to the oxygen atom at the hydroxyl group of serine, threonine, tyrosine, hydroxyly-
sine, or hydroxyproline residue on the peptide backbone [27]. O-glycosylation has
no sequon and core structure, and O-glycan moieties range from monosaccharides
to sulfonated polysaccharides. p-defensin 126 (DEFB-126) is a well-known O-linked
glycoprotein [34], which is acquired through epididymal maturation and is also an
important component of sperm glycocalyx. On the surface of DEFB-126 knock-out
sperm, the level of O-glycosylation significantly decreased, and the spermatozoa are
male infertility [35].

Glycosylphosphatidylinositol (GPI)-anchor is glycolipid, containing a
Manal-6Manal-4GlcNal-6PI motif [36]. Performed by ER-situated transami-
dase in ER, the carboxyl-terminus of proteins is connected to the ethanolamine
moiety of GPI-anchor via an amide bond. Located on the extracellular side of the
cytoplasmic membrane, the protein is bound to the cell membrane through GPI-
anchoring. Structures and functions of GPI-anchored protein are widely diverse
and play important roles in many biological processes. During sperm migration
in the epididymis, various GPI-anchored proteins are obtained on the surface
under the mediation of epididymosomes in the epididymal fluid. A well-studied
GPI-anchored protein is sperm adhesion molecule 1(SPAM1/PH-20). The SPAM1
secreted by the epididymis exists in both epididymal fluid and epididymal exo-
somes; SPAM1 in the latter can be attached to the epididymal sperm surface by GPI
anchoring [37].

2.1.2 Glycolipids

In addition, to proteins, lipid moieties are another type of glycan carrier.
Glycosphingolipids are major glycolipids in the cell membrane of animals, which
are primarily synthesized in the endoplasmic reticulum, and whose carbohydrate
moieties are further modified in the Golgi apparatus [38]. Glycosphingolipids contain
one or more carbohydrate residues linked to a specific hydrophobic lipid moiety,
sphingoids, or ceramides (N-acylated sphingoid), through a glycosidic bond [39].
According to their glycan structures, glycosphingolipids are classified into the follow-
ing, namely, ganglio-, isoganglio-, lacto-, neolacto-, lactoganglio-, globo-, isoglobo-,
muco-, gala-, neogala-, mollu-, arthro-, schisto- and spirometo-series.
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Glycolipids participate in cellular functions in animals, and their biosynthesis and
distribution change corresponding to different physiological functions and stages
[40]. Glycolipids are essential for many processes of male reproduction [41]. Via
manipulated deficiency of galactosyl transferase or sulfotransferase, mouse models
with targeted deletion of seminolipid, a sulfoglycolipid, show suspension of sper-
matogenesis at the stage of meiosis [42]. And, a mouse model with complex ganglio-
side deficiency resulting from targeted deletion of N-acetylgalactosaminyl transferase
is reported to be male infertility [43].

2.2 Physiological functions of sperm glycoconjugates
2.2.1 Spermatogenesis

Occurring in seminiferous tubules of testis, spermatogenesis is a highly regulated
series of sperm development, involving in the proliferation of spermatogonia, dif-
ferentiation, and maturation into spermatozoa. Sertoli-germ cell interaction is vital
for spermatogenesis [44], which supports, transports, and protects germ cells. Mouse
model studies targeted deletion of N-acetylglucosaminyltransferase-II (GnT-II)
and a-mannosidase IIx (MX) suggested that a specific sperm N-glycan, GlcNAc-
terminated triantennary, and fucosylated N-glycan, mediates the adhesion of germ
cells to Sertoli cells via protein-carbohydrate interaction [45, 46].

Although N-glycans play a role in spermatogenesis has been widely admitted
[32, 33], proteins containing, such as, glycans remain little known. Leukocyte differ-
entiation antigen (basigin, BSG, also known as CD147) is an essential protein during
the process of spermatogenesis, and embryo implantation [47, 48]. which is expressed
in various stages of spermatogenic cells (spermatogonia, spermatocytes, and sperma-
tids), Sertoli cells, Leydig cells, and epididymis [49]. Mature spermatozoa are absent
in the testis of a mouse model with targeted deletion of BSG. Mass spectrometry and
lectin studies reported that N-glycans containing fucosylated high-mannose moieties
with terminated N-acetylglucosamines were identified in BSG [49-51], which is
reasonably believed that BSG may participate in Sertoli-germ cell adhesion.

As sulfated glycoconjugates, seminolipids are predominant glycolipids on
the plasma membrane of mammalian male germ cells [52]. With a very high cell
specificity, seminolipids are synthesized in primary spermatocytes and exist in
the subsequent male germ cell types [53]. Seminolipid-deficient mice illustrate
male infertility and suspension of spermatogenesis before first meiotic division
[42], which might result from failure of uptake of lactate for spermatocytes [54].

In vitro studies indicated that Sertoli membrane protein could bind seminolipids,
which suggests that seminolipids may take part in Sertoli-germ cell adhesion during
spermatogenesis [55].

Gangliosides are sialic acid terminated glycolipids. Complex ganglioside defi-
cient mice showed male infertility, which might result from failure of testosterone
transportation in Leydig cells [43]. Due to their reported functions on carbohydrate-
dependent cell adhesion [56], gangliosides are also supposed to play roles in Sertoli-
spermatocyte interaction [55].

2.2.2 Epididymal maturation

Through the maturation along the epididymal tract, spermatozoa acquire not
only fertility, including progressive movement,, but further modifications of
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morphology (especially, migration of the cytoplasmic droplet), molecular compo-
nents and cell surface.

During the transit from caput down to cauda epididymis, a significant change
in sperm surface is an increase in surface sialylation [56, 57]. Sialic acid is a strongly
negatively charged acidic oligosaccharide, sialylation occurs on the terminus of N- or
O-glycans. Due to the sialylation on the surface, spermatozoa are covered with a nega-
tive charge [58], which could facilitate sperm transit along the genital tracts, shield
sperm antigens, and protect spermatozoa from an immune response in the female
genital tract [24].

Integrating the sialylated glycoproteins or glycopeptides secreted from epididymal
epithelium to the cell surface is a major means to sialylate the sperm surface. Several
epididymal sialylated proteins have been reported to be associated with the sper-
matozoa during epididymal maturation, including proteins D and E, basigin, CD59,
fertilin, HE2, HE4 [59], and HE5/CD52 [59, 60].

Secreted from the epididymal epithelium into the epididymal lumen, recent
studies showed its significance in the sialylation of sperm surface [61]. CD52 is
N-glycosylated mainly in a form of three-antennary oligosaccharides with a terminus
of sialylation, which results in a negative charge on CD52. CD52 protects sperm from
complement-dependent immune responses, facilitates the process of sperm glyco-
calyx remodeling, and prevent sperms from agglutination with each other [61, 62].
CD52 is a GPI-anchored protein [61], which is transported and integrated to the
sperm surface via epididymosome [63].

Acquisition of membrane lipids from epididymal epithelium also exploits epididy-
mosome [64], relative quantities of cholesterol and sphingomyelin increase during
the epididymal maturation. However, other strategies are also applied for the remod-
eling of sperm surface components.

Originated in the epididymal epithelium and secreted into the lumen, DEFB-126
is also a highly sialylated O-linked glycoprotein, which tightly associates with the
surface of human and macaque spermatozoa. It is believed that DEFB-126 is a major
component of sperm glycocalyx, and a predominant contributor to the negative
charge of sperm surface [34, 35, 65].

The majority of glycosyltransferase activities are found within the epididymal
lumen [66]. High activities of both fucosyltransferase and sialyltransferase exist in
caput epididymis and decrease gradually at cauda epididymis. It is suggested that
further glycosylation may occur on the sperm surface.

2.2.3 Transit along the female genital tract

After ejaculation, spermatozoa will encounter not only selection pressure, which
knocks out spermatozoa with poor motility or morphology via retrograde flow in the
female genital tract [67], but immune pressures, which eliminates “foreigners,” such
as microbial pathogens, and even spermatozoa.

Like CD52 mentioned above, CD55, also a GPI-anchored protein, is a type of
complement-regulating protein on the plasma membrane of human sperm against
immune attack [68]. CD59 is an inhibitory molecule of the membrane attack complex
of the complement system, which is also localized in the sperm plasma membrane
[69]. These three GPI-anchored proteins with N-glycans protect spermatozoa from
immunological attack in the female genital tract [70].

DEFB-126 is an O-linked glycoprotein. Like CD52, CD55, and CD59, DEFB-126
is integrated to sperm surface during epididymal maturation, but in a different
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way [65]. High sialylation on DEFB-126 not only protects spermatozoa from phago-
cytosis in the female genital tract, but helps penetrate through cervix mucus. It is
supposed that tri- and tetra-antennary glycans with Lewis-X and Lewis-Y sequences
on these glycoproteins acquired in epididymis may help escape immune detection
[71], and suppress antigen-immune responses [72].

Besides pressures, the female genital tract also conducts facilitation and regulations,
which help spermatozoa do the right thing at the right time, right place. Glycodelin is
a secretary protein with N-glycans, which is composed of four glycoforms, namely,
glycodelin-A (amniotic fluid) [73, 74], glycodelin-F (follicular fluid) [75], glycodelin-
C (cumulus matrix) [76], and glycodelin-S (seminal plasma) [77], according to the
tissues and fluids where the isoforms are identified. By fucosyltransferase-5 on sperm
surface, glycodelin isoforms bind to spermatozoa with a spatiotemporal specificity
[78], and perform diverse functions [79], with their different glycan moieties [80].

After ejaculation, spermatozoa bind glycodelin-S on the whole head [75], an
abundant protein in seminal plasma secreted from the seminal vesicle, which inhibits
albumin-induced cholesterol efflux and prevents sperm capacitation. After cervix
penetration, glycodelin-S on spermatozoa is displaced by glycodelin-A, which
is secreted from maternal endometrial epithelial cells into uterine and amniotic
fluid [80], and covers the sperm acrosomal region. Glycodelin-A inhibits sperm
capacitation and protects spermatozoa from immune attack. In the fallopian tube,
glycodelin-F binds to spermatozoa in the acrosomal region and inhibits the progester-
one-induced acrosome reaction. GAC in the cumulus matrix displaces sperm-bound
glycodelin-A and -F during sperm cumulus penetration, covers spermatozoa in the
equatorial region, and promotes the zona binding capacity of the spermatozoa.

Glycodelin-A carries high mannose, hybrid, and complex-type structure [73].
Whereas, glycans on glycodelin-S are much different, which are highly fucosylated,
and contain a complex-type structure of bi-antennary glycans with Lewis-X and
Lewis-Y antennae. Glycodelin-A, -F, -C have a similar topology of carbohydrate moi-
ety, with different degrees of sialylation. Glycodelin-A and glycodelin-F are diversely
sialylated, which are immunosuppressive, while non-sialylated glycodelin-S works
on inhibition of capacitation, and low-sialylated glycodelin-C as successful singleton
insemination [79].

In the female genital tract, spermatozoa also take part in the remodeling of the
sperm surface. Ovulation triggers the release of sperm at the oviductal reservoir and
sperm capacitation. During their last stage of the journey to the oocyte, spermatozoa
carry out a series of desialylation on the sperm surface, including releasing high-
sialylated DEFB-126 from spermatozoa to free the latter in the oviductal reservoir
[17], the release of two neuraminidases (NEU1 and NEU3) to remove sialic acids
on sperm surface [81], and release of sialylated GPI-anchored glycoprotein via raft
redistribution due to cholesterol efflux, such as CD52 [82]. Desialylation and raft
redistribution joined by glycolipids, such as ganglioside GM1and seminolipids, help
present functional surface proteins for cumulus penetration, such as SPAM1 [83],
for sperm-zone pullucide recognition and binding, such as dicarbonyl/L-xylose
Reductase (P34H) [84], and cysteine-rich secretory protein-1 (CRISP1) [85].

3. Lectin microarray, a “sugar decipher” for sperm surface glycoconjugates

Glycosylation ubiquitously exists in cellular biology, however, it is still a poorly
understood posttranslational modification, due to its complexities. One is the vast
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diversity of glycan structure [86]. Due to carbohydrate structural and linkage fea-
tures, it is established that all possible branched or linear oligosaccharide isomers
yield 1.05 x 10" structures.

The other is the complexity of glycan biosynthesis, due to the complicated biosyn-
thesis machinery and no preexisting template molecule. Possibly, 1-2% of the genome
produces glycan biosynthesis-related proteins, such as glycosyltransferases, glyco-
sidases, and transporters. Carbohydrate biosynthesis does not follow “the central
dogma,” [87] but several factors instead [88], such as levels, activities, and trafficking
of glycosyltransferases, availabilities of carriers and nucleotide sugar substrates, dif-
ferent physiological functions and statuses, and a variety of outer stimuli [89], such
as nutrition [89], oxidative stress [90], and so on.

In other words, extreme complexity enables glycans as “the third group of bio-
informative molecules,” [86] which integrate panoramic information on cell biology
[91, 92], including genomes encoding proteins and biosynthesis machinery of lipids
or glycans, and interactions between cell and environmental factors. Glycan pro-
files on cell surfaces help distinguish individuals and physiological statuses. For an
instance, a-linked N-acetylgalactosamine (GalNac) and p-linked GalNac on Sda/GM2
is exploited to identify spermatogonial subpopulations in cattle, pigs, and horses [93].

3.1 The lectins and other glycan-binding proteins

Lectins are a group of glycan-binding proteins that selectively bind different
glycans with specific structures, which are first described back in the late of the nine-
teenth century [94]. As more and more plant lectin-glycan pairings have been identi-
fied [95], a sophisticated, reliable, and convenient tool set emerged (Summarized in
Table 1). Although lectins could not acquire detailed structural information, they are
capable to tell the differences between glycan profiles on different cell surfaces [96].

Animal lectins are endogenous glycan-binding proteins, which are involved
in a variety of biological processes, and could provide more biological function
clues for glycans (Summarized in Table 2). Intriguingly, summarized in Table 3, a
group of sperm-egg receptors on spermatozoa are reported to have the capability of
glycan-binding, including lectin-like proteins, glycosyltransferases, and glycosidases
[132, 133]. We identified a chitobiase, lysosomal di-N-acetylchitobiase (CTBS), on
mouse spermatozoa [Data unpublished]. CTBS is expressed on spermatozoa with spe-
cies specificity and shows the binding ability of Lewis-X, which could inhibit mouse
sperm-egg binding [134].

Microbial nontoxic B subunits and developed antibodies against specific carbo-
hydrate structures are also glycan-binding proteins, which are exploited to probe
the specific glycans [135, 136]. Cholera toxin subunit B (CTxB) is the nontoxic
subunit of CTx, which specially bind to the oligosaccharide moiety of a raft-asso-
ciated glycosphingolipid, ganglioside GM1, and mediates entry of microbe into the
host cells [137]. In male fertility, GM1 localization on human spermatozoa detected
by CTxB is used as a diagnostic tool for evaluating sperm response to stimuli for
capacitation [138].

3.2 Lectin microarray methods

Originated from protein chips, the technique of lectin microarray is established in
2005 for high throughput analysis of glycans [139]. Compared with mass spectrom-
etry-based approaches, analysis of lectin microarray is simple, convenient, and low
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Lectins Carbohydrate specificity Sources

AAA Fucose Anguilla Anguilla

AAL Fucal-2,3,4 Aurentia

ABA Galp1-3GalNAc Agaricus bisporus

ACA Galp1-3GalNAc Amaranthus caudatus

AMA Mana- Arum maculatum

APA Mannose Allium porum

APP GalNAca-, GalNAc- Aegopodium podagraria

ASA Manal-3 Allium sativum

BDA GalNAco-, GalNAcp- Bryonia dioica

BBC GalNAco-, GalNAcp- Phaseolus vulgaris sp.

BPL Galp1-3GalNAc Bauhinia Purpurea

CA Galp1-4GlcNAc, GalNAcp1-4GlcNAc Colchicum autumnale

CAA Complex glycans (GlcNAcf1-2Mana1-3(GIlcNAcp1- Caragana arbovescens
2Manal-6)Manf1-4GlcNAcp1-4GlcNAcp-)

CALSEPA Mannose, Glucose, Glcal-4Glc Calystegia sepiem

CCA Neu5Ac Cancer antennarius

Con A Mana-, Glua- Canavalia ensiformis

CPA Mannose Cicer arietinum

CSA GalNAca- Cytisus sessilifolius

DBA GalNAca1-3GalNAc, GalNAcol-3Gal Dolichos biflorus

DSL Neu5Ac-Gal/GalNAc Datura Stramonium

ECA Galp1-4GlcNAc Erythrina cristagalli

EEA GalNAcg- Euonymus europaeus

GHA Gala-, GalNAca- Glechoma hederacea

GNA Mana- Galanthus nivalis

GS-1 Gala-, GalNAco- Griffonia simplicifolia

GS-1A4 GalNAca- Griffonia simplicifolia

GS-1B4 Galo- Griffonia simplicifolia

GS-II GlcNAca-, GleNAcp- Griffonia simplicifolia

HAA GlcNAca-, GalNAca- Helix aspersa

HHA Mana- Hippeastrum hybrid

HMA GalNAca-, Fuca-, NeuSAc Homarus americanus

HPA GalNAca- Helix pomatia

IAA GalNAc Iberis amara

IRA GalNAca-, GalNAcp- Iris hybrid

Jacalin Gala-, Galp-, GalNAca-O link Artocarpus integrifolia

LAA GIcNACcp-, GIcNAcp1-4GlcNAc Laburnum alpinum

LAL Fucose Laburnum anagyroides

LBA GalNAca-, complex glycans (GalNAcal-3(Fucal-2) Gal) Phaseolus lunatus
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Lectins Carbohydrate specificity Sources

LcA Mannose Lens culinaris

LcH Complex glycans (Man/GlcNAc core with Fucal-6) Lens culinaris

LcHA Mana-, Glca-, GIcNAc Lens culinaris

LcHB Mana-, Glca-, GIcNAc Lens culinaris

LEL (TL) GlcNAc Lycopersicon esculentum

LFA NeubAc Limax flavus

LPA Neu5Ac Limulus polyphemus

LTL Fucal-2,34 Lotus tetragonolobus

MAA Neu5Aca2-3Gal Maackia amurensis

MAL-I Galp1-4GlcNAc Maackia Amurensis

MAL-II NeuSAco2-3 Maackia Amurensis

MNA-G Gala-, Galp- Morniga G

MNA-M Mana- Morniga M

MOA Galal-3 Marasmium oreades

MPA Gala-, GalNAca- Maclura pomifera

NPA Mannose Narcissus pseudo-narcissus

PSA L-Fucal,6GlcNAc Pisum sativum

PHA-E Complex glycans (Galp1-4GlcNAcf1-2(Galpl- Phaseolus vulgaris
4GlcNAcf1-6) Man)

PHA-L Complex glycans (Galp1-4GlcNAcp1-2Man) Phaseolus vulgaris

PMA Manal-3 Polygonatum mulitiflorum

PNA Galp1,3GalNAc Avachis hypogaea

PSL Complex glycans (Neu5Aca2-6Galp1-4 GlcNAc, Polyporus squamosus
Neu5Aco2-6Galp1-4Glc)

PTA Gal Galactose Psophocarpus tetragonolobus

PTA GalNAc GalNAc Psophocarpus tetragonolobus

PWM (PWA) GIcNAcp1-4GlcNAc Phytolacca americana

RCA-I Galp- Ricinus communis

RCA-II Galp-, GalNAcp-, Galp1-4Glc (Lactose) Ricinus communis

SBA GalNAca/p- Soybean

SHA GalNAc Salvia horminum

SJIA GalNAcp- Sophora japonica

SNA Neu5Aca2-6Gal/GalNAc Sambucus nigra

SNA-I Neu5Aca2-6Galp1-4GlcNAc, Neu5Aca2-6 Galpl-4Glc Sambucus nigra

SNA-II Galp-, GalNAcp- Sambucus nigra

SSA GalNAc-O link Salvia sclarea

STL (PL) GIcNAc, Neu5Ac Solanum Tuberosum

Succinyl-Con A

Mannose

C. ensiformis

TKA

Galp-, Galp1-4Glc (Lactose)

Trichosanthes kirilowii
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Lectins Carbohydrate specificity Sources

TL a-GalNAc, B-GalNAc, GalNAc, Galatose, Fucose Tulipa sp.

UDA GalNAcp- Urtica dioica
UEA-I Fuca-, Fucal-2Galp1-4GIcNAc Ulex europaeus
UEA-II GlcNAcp- Ulex europaeus
VAA Galp- Viscum album
VFA Mana- Vicia fava

VGA Galp1-3GalNAc Vicia graminea
VRA Gala-, Vigna vadiata
VVA GalNAca-, GalNAcal-3Gal Vicia villosa
VVA Man Mannose Vicia villosa
WFA GalNAca/p- Wisteria floribunda
WGA GIcNAcp- Triticum vulgaris

The lectin carbohydrate specificities were summarized from: 1, the Consortium for Functional Glycomics
(http://functionalglycomics.org); 2, Product information from EY or Vector Laboratories, Inc.

Table 1.

Incomplete list of commercial plant lectins.

time-consuming [140]. Due to its non-quantitation and incomplete determination
of glycan structures, lectin microarray is more appropriate for analyzing differences
between glycan profiles.
We first established the methodology of lectin microarray for the glycan profiling
of sperm surface [141]. The major process is summarized in Figure 1. Briefly, the
process includes the following steps:

1. Pre-treatment of lectin microarray and propidium iodide (PI)-labeling of fixed

spermatozoa

2.Incubation of spermatozoa with the microarray

3.Rinsing the microarray to remove the excess or unbound spermatozoa

4. Air-drying the microarray, and record the signals on the chip

5.Data analysis

6. Verification of the results by using flow cytometry with fluorescence-labeled

lectins.

3.3 Sugar codes on spermatozoa with lectin microarray

By using a chip with 91 plant lectins following a previous study [142], we com-
pared surface glycan profiles of five mammalian spermatozoa, human, boar, bull,
goat, and rabbit [143]. Roughly, 50 lectins were observed to bind to spermatozoa of 5
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Species Sperm receptor Reference
Mouse f-1,4-galactosyltransferase ($-1,4-GalT) [132]
a-D-mannosidase [132]
sulphoglycolipid immobilizing protein (SLIP1) [132]
56 kDa galactose binding protein (sp56) [132]
a-fucosidase [133]
fructosyltransferase [133]
di-N-acetylchitobiase (CTBS) Data unpublished
Rat a-D-mannosidase [132]
galactose receptor [132]
Human mannose-binding protein [132]
a-D-mannosidase [132]
f-1,4-galactosyltransferase (B-1,4-GalT) [132]
galactose lectin [132]
selectin-like molecule [132]
PH-20 [133]
a-fucosidase [133]
fucosyltransferase-5 (FUT5) [78]
dicarbonyl/L-xylulose reductase (DCXR) [133]

Table 3.
Sperm surface glycan-binding receptors.

all mammalian species, which illustrates a diversity of glycan structures on sperma-
tozoa. Although lectin binding profiles showed a similarity among the five species, a
subtle difference was discovered. SBA, HPA, and VVL (binding to GalNac) and GSL

I (recognizing galactose) showed strong binding to spermatozoa of boar, bull, goat,
and rabbit, while MAL II, PHA-L, PHA-E + L, PHA-E and SNA bound to human sper-
matozoa strongly. The results suggested that complex glycan structures (recognized
by MAL II, PHA-L, PHA-E + L, and PHA-E) and terminal sialic acids (recognized by
SNA) are richer in human spermatozoa.

DEFB-126 is an O-linked glycoprotein, which is a major component of human
sperm glycocalyx. It is postulated that DEF-126 carries terminal sialylation that is
critical for sperm penetration through cervix mucus. We compared glycan profiles
between human DEFB-126 mutant and wild-type spermatozoa with lectin microarray
analysis [143]. Intriguingly, compared with wild-type spermatozoa, binding of ABA
and Jacalin (both are O-linked glycosylation specific lectins) decreased dramatically,
while binding of SNA (a lectin recognizing sialic acids deleted) did not change on
DEFB-126 mutant spermatozoa. It is suggested that deficiency of DEFB-126 will cause
a decrease of O-linked glycans, while the level of sialylation around spermatozoa does
not change, which indicates that a more complicated mechanism may happen for
subfertility resulting from DEFB-126 mutation.

We also studied the impacts of cryopreservation on sperm fertility [144].
Decreased MAA (a sialic acid-specific lectin) and increased ABA (O-linked glyco-
sylation specific lectin, generally recognizing the inner layer of glycocalyx) were
discovered. Which suggested that cryopreservation may destroy the outermost layer
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Figure 1.
Scheme of lectin microarray analysis on spermatozoa.

of sialylation on sperm glycocalyx. Furthermore, we found a weak ABA binding to
cryopreservation tolerant human spermatozoa, which indicates the importance of the
integrity of sperm glycocalyx on cryopreservation tolerance [145].

Due to the significance of glycan structural specificity and biological function, we
utilized 60 human lectins and lectin-like proteins for microarray analysis of human
spermatozoa [146]. Strong bindings were observed for 5 lectins, galectin-1, 7, 8,
GalNAc-T6, and ERGIC-53 (LMAN1). Among them, galectin-8 has definite sperm
physiology, which could significantly enhance the acrosome reaction.

4. Conclusion

In modern society, concerns are rising on male fertility. About 10-15% of couples
worldwide suffer from infertility, of which male factors account for 50% [147].
Although spermatogenesis is a complicated process, involving in more than 2300
genes that are regulated tempo-spatially to develop spermatogonia to spermatozoa
[148], only 30% of male infertility are associated with genetic abnormalities
[149, 150]. Furthermore, about 50% of infertility are idiopathic [151, 152], whichisa
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long-term unsolved andrological question, resulting from many possible factors, such
as environmental factors, lifestyle, and so on [153]. Thus, a comprehensive andrologi-
cal assessment is required for a male infertility work-up, including a detailed history
analysis, physical examination, well-established semen analysis, endocrine assess-
ment, DNA and epigenetic deficiencies, and so on [154].

The specific molecular mechanism of sperm development, maturation, capacita-
tion, and fertilization could provide clues to solve male reproductive problems.
As discussed above, glycan profiling covers panoramic information about genetic
background, previous and current environmental impacts, and biological functions
of spermatozoa [92]. Due to the universality of glycosylation modifications along the
journey of spermatozoa, it is of great significance to study the physiological function
of glycosylation on spermatozoa, which could reveal the targets for diagnosis and
treatment of male infertility. As a post-genome technique platform, lectin microar-
ray is capable to decode the “sugar code,” the glycoconjugate characteristics of cells
[139, 155], and its research on spermatozoa can provide new ideas for diagnosis and
management of male reproductive system diseases and infertility.

Acknowledgements

We would like to express our special thanks to our all family members and friends
who supported us a lot during this harsh lockdown time. We are really thankful for
them.
Author contributions

SJW, YDL, AJX, and YY wrote the manuscript; SCT conceived the part of lectin
microarray; YHG and HJS are joint corresponding authors.
Conflict of interest

The authors declare no conflict of interest.

Abbreviations

BSG Leukocyte differentiation antigen basigin also known as CD147
CRISP1 Cysteine-rich secretory protein 1

CTBS Lysosomal di-N-acetylchitobiase

CTx Cholera toxin

CTxB Cholera toxin subunit B

DEFB126 p-defensin 126

ER Endoplasmic reticulum

GalNac N-acetylgalactosamine

GalNAc-T6 Polypeptide N-acetylgalactosaminyltransferase 6
GM2 Gangioside GM2

GPI Glycosylphosphatidylinositol

GnT-II N-acetylglucosaminyltransferase-II
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LMAN1 Lectin mannose-binding 1, endoplasmic reticulum-Golgi intermedi-
ate compartment protein 53

MX a-mannosidase IIx

NEU Neuraminidases

P34H Dicarbonyl/L-xylose Reductase

PI Propidium Iodide

Sda Sid blood group antigen

SPAM1/PH-20 Sperm adhesion molecule 1
Abbreviates of plant lectins are listed in Table 1.
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Chapter7

Epigenetics: Science of Changes
without Change in DNA Sequences

Jayisha Dhargawe, Rita Lakkakul and Pradip Hirapure

Abstract

The mechanisms for epigenetic modifications include modification of histone
proteins or modifications of the DNA itself (not affecting the DNA sequence). These
include acetylation, methylation, phosphorylation, SUMOylation, ubiquitylation, etc.
For example, DNA methylation (cytosine methylation) or histone acetylation (lysine
acetylation). Recent studies have indicated that the activity of non-coding RNAs,
such as microRNAs, long non-coding RNAs, and small interfering RNAs also affects
epigenetic mechanisms. In a genome, the collection of all the modifications that
regulate gene expression is called its epigenome. Improper occurrence of the epigen-
etic mechanisms can lead to deleterious health and behavioral effects. For instance,
the most studied epigenetic modification is DNA hypermethylation, which leads
to the silencing of antitumorigenic genes, and this has been shown to cause cancer.
Various techniques are employed for DNA methylation profiling such as pyrosequenc-
ing, bisulfite-PCR, ChIP seq (Chromatin Immunoprecipitation), bisulfite seq, and
specialized RNA seq. This chapter will introduce epigenetics, describe the different
epigenetic mechanisms, and discuss in brief how to study these mechanisms and their
effects on the plant as well as human health.

Keywords: epigenetics, DNA methylation, histone modifications, phosphorylation,
acetylation, ubiquitylation, SUMOylation, DNA methylation

1. Introduction

Epigenetics coined by Dr. Conrad H. Waddington is a branch of biology that
studies the changes occurring in organisms resulting from changes in gene expres-
sion instead of the genetic sequence. Epigenetic mechanisms, some of which are
reversible, can thus alter the phenotype without affecting the genotype. Epigenetic
mechanisms regulate gene expression by affecting mainly the availability of the DNA
for transcription by chemical modifications of the DNA base pairs without directly
altering the DNA sequence, by affecting the architecture of the chromatin, and by the
activity of non-coding RNAs. The DNA undergoes modifications such as methyla-
tion, whereas histones undergo modifications such as acetylation, phosphorylation,
SUMOylation, ubiquitylation, etc. These modifications and other mechanisms govern
the architecture of the chromatin. The architecture of chromatin determines which
portion of the DNA can be expressed, and this depends on histones and non-histone
chromatin-associated proteins such as the High mobility group (HMG) proteins [1].
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Non-coding RNAs such as microRNAs (miRNAs), long non-coding RNAs, and small
interfering RNAs have also been shown to affect epigenetic mechanisms [2-4]. Ina
genome, the collection of all the modifications that regulate gene expression is called
its epigenome.

2. Factors affecting epigenetics
2.1 Histone modifications
2.1.1 Structure of chromatin

The negatively charged DNA, where the negative charge is due to the phosphate
groups of its sugar-phosphate backbone, is electrostatically attracted to the positively
charged lysine of the histone proteins. Two of each H2A, H2B, H3, and H4 histone
proteins come together to form a histone octamer [5]. The DNA forms a complex with
histone octamer to form a nucleosome. The nucleosome consists of about 146 base
pairs of DNAs wrapped around the histone octamer in a superhelical fashion
[6, 7]. Upon addition of H1 histone to the nucleosome, it forms a chromatosome,
which consists of around 166 base pairs of DNAs wound around it. Two chroma-
tosomes are connected by linker DNA [8]. The C-terminal domains of H2A and
H2B, as well as the N-terminal domains of H2A, H2B, H3, and H4 extend from the
globular nucleosome core and are called histone tails [9]. The region of chromatin
where nucleosomes are densely packed is called heterochromatin. It is inaccessible
to the transcription factors and polymerases and thus is a transcriptionally inactive
region. However, the region of chromatin where nucleosomes are loosely packed is
called euchromatin. The DNA in this region is accessible to the transcription factors
and polymerases and thus it can be transcribed. Various modifications to the histone
proteins allow the nucleosomes to be densely or loosely packed. These modifications
shall be discussed below. There exist a variety of cross-talk among various modifica-
tions. This cross-talk is facilitated by “writers”, “readers”, and “erasers” Writers are
enzymes that add a modification to histones or DNA, similarly, erasers are enzymes
that remove the modification. However, readers have a domain that recognizes and
interprets the modified or unmodified site [10]. Histone modifications can be studied
using chromatin immunoprecipitation assays (ChIP). In the presence of high-quality
antibodies, ChIP assays can analyze even minute changes in histone modification and
nucleosome structure [11]. Distribution and levels of endogenous histone H3 lysine
modifications can be monitored using Fabs (fluorescently labeled specific antigen-
binding fragments), without disturbing cell growth and embryo development [12].

2.1.2 Acetylation

Histone acetylation and deacetylation play a significant role in gene regulation.
The N-terminal tail projecting from the histone core of the nucleosome contains
positively charged lysine residues that undergo acetylation or deacetylation catalyzed
by histone acetyltransferase (HAT) and histone deacetylase (HDAC), respectively.
Acetylation removes the positive charges on histones, thus weakening the electrostatic
attraction between histones and the phosphate-sugar backbone of the DNA, resulting
in relaxed chromatin, which is associated with gene expression. Hence, histone acety-
lation is generally considered as an active histone marker. Generally, hyperacetylation
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leads to more relaxed chromatin whereas hypoacetylation leads to more condensed
chromatin. Histone acetyltransferase CBP (cyclic-AMP response element-binding
protein) acts in conjugation with p300, forming CBP/p300 complex, which is capable
of recruiting other HATS, like PCAF (p300/CBP-associated factor) [13]. As many as
25 HATS have been identified so far and classified into five families—CBP/p300, SRC,
MYST, TAFII250, and Gen5-related N-acetyl-transferase. All HATS use acetyl-coen-
zyme A as an acetyl group donor [14]. Most active gene enhancers have been observed
to show high levels of the H3K122ac mark (Table 1) [15].

Humans show 18 HDACs, which are divided into four classes as shown in Table 2.
2.1.3 Application of acetylation

Inactivation of CBP, such as through chromosomal translocation or bi-allelic
mutations, has been observed to be correlated with oncogenic effects, observed to
be involved in leukemia [18]. However, inhibition of CBP/p300 has shown antitu-
morigenic properties in regard to gastric cancers [19]. TATA-box binding protein
associated factor 9 (TAF9) increases fatty acid p-oxidation and reduces lipid droplet
accumulation is reportedly deacetylated by HDAC1, which regulates the capacity of
TAF9 to mediate fatty acid p-oxidation and lipid droplet accumulation in nonalco-
holic fatty liver disease (NAFLD) [20].

2.1.4 Methylation
Methylation of lysine residues of histone proteins (usually H3 and H4) is catalyzed

by lysine methyltransferases (KMTs) and reversed by lysine demethylases (KDMs).
This modification occurs post-transcriptionally. KDMs and KMTs also have shown

Enzymes/Writers Residues modified
HAT1 H4 (K5, K12)
CBP/p300 H3(K14, K18, K122) H4(K5,K8) H2A(K5) H2B(K12, K15)
PCAF/GCN5 H3 (K9, K14, K18)
Table 1.

Examples of HATs and their vesidues modified [15-17].

Class Enzymes/ Properties

Erasers
Class I (Rpd3-like HDAC1to 3 Catalyze zinc-dependent hydrolysis of acetylated histones
proteins) HDAC8
Class I (Hda1-like HDAC4to7 Catalyze zinc-dependent hydrolysis of acetylated histones
proteins) HDAC9

HDAC10
Class III (Sir2-like SIRT (sirtuins) Utilize NAD" during deacetylation to form nicotinamide and
proteins) 1to7 2’-O-acetyl-ADP-ribose (metabolite)
Class IV HDAC 11 Catalyze zinc-dependent hydrolysis of acetylated histones

Table 2.

Various classes of HDACs and their general properties [13].
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roles in the regulation of the cell cycle [21]. In plants, DNA methylation tends to occur
as a heritable epigenetic mark at the C-5 position of cytosine in the context of CG,
CHG, and CHH (where His A, C, or T) to form 5-methylcytosine.

2.1.4.1 Lysine methyltransferase (KMT)

Lysine methyltransferases (KMT) transfer a methyl group from S-adenosyl-
L-methionine (SAM) onto the epsilon amino group of lysine residues of histone
proteins. There are two classes of KMTs based on their catalytic domains: the SET
domain-containing enzymes, and the one lacking SET domain. The latter is rep-
resented by KMT4, which is also known as Dot1L in humans. Both enzyme classes
use S-adenosyl-L-methionine (SAM) as the methyl group donor [21]. The lysine
of histone can be monomethylated, dimethylated, or trimethylated. For instance,
trimethylated lysine 9 of histone H3 is represented as H3K9me3 and its monomethyl-
ated form is represented as H3K9mel.

2.1.4.2 Lysine demethylase (KDM)

Lysine demethylases remove the methyl group from the methylated epsilon amino
group of lysine residues of histone proteins. KDM1A (also known as LSD1)—the first
demethylase to be discovered—contains a flavin adenine dinucleotide-dependent
monoamine oxidase domain that has been known to catalyze the demethylation of
H3K4me2 and H3K4mel. Another class of KDMs employs jumonji (jmj) C domain to
catalyze demethylation by oxidizing methyl groups. The cofactors of JmjC proteins
are alpha-ketoglutarate, molecular oxygen, and Fe (II) [22]. Formaldehyde is one of
the products of demethylase reactions (Table 3) [26].

2.1.5 Phosphorylation

Histone phosphorylation is a posttranslational modification instigated by DNA
damage, entry into mitosis, or extracellular signals. It can trigger the binding of
reader proteins and change the affinity of reader or writer proteins of other his-
tone modifications [27]. Serine (S), threonine (T), and tyrosine (Y) are the sites
of phosphorylation on histones. The mammalian 14-3-3 family of readers of the
H3S10ph mark is composed of seven members that have been demonstrated to show
interaction with around 700 different factors [28], including many chromatin-
modifying proteins and transcriptional regulators, for instance, p53 [29]. 14-3-3 show
increased affinity for the H3S10ph mark when the nearby lysine residues K9 or K14
are acetylated [30]. H3S10 is phosphorylated during mitosis by the action of Aurora B
kinase, where data has suggested that this phosphorylation may function by displac-
ing HP1 (Heterochromatin protein 1) from H3K9me, which otherwise plays a role in

Nature of methylase Enzyme(s)/Writer(s) Histone residue(s)
Mono-demethylases KDM1B H3K4
Di-demethylases KDMS H3K36
Tri-demethylases KDM5A H3K4

Table 3.

Examples of demethylases with their target histone residues [23-25].
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Histone residue Kinase(s)/ Function(s) of the phosphorylation mark

(phosphorylated) Writers

HI1T18ph, CDK2 —

H2AS1ph Ribosomal protein Transcription inhibition.

S6 kinase alpha-5
H2AT119ph NHK-1, Aurora B Mitotic regulation of chromatin structure and function.
H2BS32ph Protein kinase C Probable role in apoptosis-related nucleosomal DNA
(PKC) fragmentation.

H2BS36ph AMPK Direct transcriptional and chromatin regulatory pathways
resulting in cellular response to stress.

H3T3ph Haspin Proper localization of chromosomal passenger complex
(CPC) at centromere.

H3T11ph Death associated Regulation of kinetochore assembly (during prophase to

protein-like kinase early anaphase) [34].
(DIk)
H3Téph PKC beta1 Hormone dependent gene activation:
Phosphorylation-dependent on androgen prevents LSD1-
mediated H3K4demethylation.
H3S10ph AuroraB Dissociates HP1 from chromatin and prevents formation
of condensed heterochromatin. Assists in condensation
during cell-division; involved in transcription of certain
genes.
H3T41ph JAK2 Involved in hematopoietic differentiation.
H3T45ph Protein kinase -C, DNA replication, apoptosis, function in DNA damaged
S-phase kinase cells when DNA is nicked.
Cdc7-Dbf4

H3Y41ph Tyrosine-protein
kinase JAK2

H4S1 CKII Repair of DNA damage, chromatin assembly, and mitosis.

H4H18 & H4H75 Unknown Destabilization of histone octamer to facilitate DNA
replication.

Table 4.

Some mammalian histone sites of phosphorylation [32, 33].

the compaction of chromatin. H3T3 phosphorylation catalyzed by Haspin kinase is
required for appropriate metaphase chromosome alignment [31] (Table 4).

2.1.6 SUMOpylation

Chromatin structure and gene expression are also regulated by small ubiquitin-like
modifier (SUMO) conjugation. Along with altering substrate-protein or substrate-
DNA interactions, SUMO can also block ubiquitin attachment sites [35]. The revers-
ible attachment of mature SUMO proteins to the lysine (K) side chains of substrate
proteins are regulated by an enzyme pathway analogous to the ubiquitin pathway.
SUMO is expressed in all eukaryotes and is evolutionarily conserved. Humans express
five SUMO paralogs, SUMO-1, -2, —3, —4 and — 5. Saccharomyces cerevisiae expresses
only one SUMO ortholog—Smt3, which is similar to human SUMO-1.H4K12 in
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humans undergoes SUMOylation, which results in the recruitment of HDAC1 and
heterochromatin protein 1 (HP1) — affecting transcription. The C-terminal of SUMO
undergoes activation by Aos1/Uba2 SUMO-activating enzyme (E1), post which, it is
transferred to the Ubc9 SUMO-conjugating enzyme (E2). SUMO ligase (E3) often
aids in ligating SUMO to one or more lysine residues of the substrate. This modifica-
tion is reversible by the action of SUMO proteases [36]. Unlike the initial idea of
SUMOylation exclusively affecting transcription negatively, recent studies have
shown that histones of many active genes are SUMOylated. Therefore, SUMO conju-
gation can have either negative or positive effects on transcription [37, 38].

2.1.7 Ubiquitination

Ubiquitination is the reversible process of transfer of ubiquitin to the histone
core proteins (H2A, H2B, H3, H4). It is also known as ubiquitylation. Histone
ubiquitination is involved in nearly all DNA-related processes such as DNA replica-
tion, transcription, and repair. Ubiquitin moiety consists of the 76-amino acid
polypeptide, and hence is a bulky modification. In humans, ubiquitination of histone
mainly occurs on the H2AK119ubl and H2BK120ubl catalyzed by an isopeptide bond
formation between the carboxy-terminal glycine of ubiquitin and the epsilon-group
of alysine residue on the carboxy-terminal tail of histones. Ubiquitin transfer is an
ATP-dependent process. The first step is adenylation of the C terminus of ubiquitin
catalyzed by E1. Two of the known human ubiquitin E1 enzymes are UBA1 and
UBAG. It was observed that UBA1 associates with DNA break by interacting with
poly-ADP ribosylated proteins [39]. UBA1 might be the preferred nuclear E1 [40]. E2
enzyme receives ubiquitin moiety from E1 enzyme and conjugates it to the respective
substrate. It has been observed that in vitro, E2 is capable of E3-independent ubiqui-
tination [41]. E3 ubiquitin ligase acts as a scaffold by positioning the E2-ub complex
close to the target lysine. This target lysine is nucleophilic toward the C-terminus
of ubiquitin, resulting in bond formation [40]. There are about 500-1000 E3
enzymes in humans [42]. The lysine can be both poly or monoubiquitinated.
Polyubiquitylation is irreversible and a signal for proteasomal degradation, however,
monoubiquitination results in a regulatory signal, which is reversible upon the action
of deubiquitinating enzymes (DUBs), which are ubiquitin-specific proteases—USPs/
UBPs. Although histone ubiquitination has largely been correlated with open chro-
matin and active genes, it can have an inactivating effect as well. Another instance of
chromatin cross-talk can be observed in Ref. to histone ubiquitylation. H2A ubiq-
uitylation mediated by PRC1 usually represses gene expression, on the other hand,
H2B ubiquitylation can activate as well as repress gene expression. Ubiquitinated
H2B is required for H3K4 methylation, however, H2A blocks it and thereby results in
chromatin compaction.

2.2 DNA methylation

DNA methylation includes the addition of a methyl group to the DNA at the 5’
position of the pyrimidine ring of cytosine residues. This results in 5-methylcyto-
sine (5mC). DNA methylation usually takes place on CpG dinucleotide sequence.
The region of the genome where CpG residues are concentrated is known asa CpG
island. CpG islands are located on more than half of human gene promoters. Most
CpG dinucleotides are methylated [43] whereas most CpG islands are unmethylated,
especially those located in the promoter region of transcriptionally active genes.
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These CpG islands, upon undergoing methylation can lead to gene silencing through
various mechanisms such as inhibiting or promoting the recruitment of regulatory
elements to their respective binding sites. Cancer cells usually show hypermethylated
CpG islands causing the silencing of tumor suppressor genes. The role of 5-mC does
not merely depend on its abundance but also on its genetic context or surroundings,
and its location within the different regions of a gene. Non-CpG methylation can
be found in a context where CHH or a CHG are present (H being T, A, or C), which
is found in plants and embryonic stem cells. Other DNA methylations such as N°-
methyladenine is being studied as potential epigenetic mark [44]. 5mC is converted
to 5hmC (5-hydroxymethyl cytosine). This has been observed to be catalyzed by ten-
eleven translocation family proteins [45]. DNA is methylated by the action of DNA
methyltransferases (DNMTs), of which DNMT 1 is ubiquitously expressed. It uses
S-Adenosyl-L-methionine as a methyl group donor. Cytosine methylation patterns are
inherited through cell division. This involves DNMT 1 having hemimethylated CpG
dinucleotide specificity. Hence, based on the presence of methylation on the CpG
dinucleotide in the complementary template strand, DNMT 1 can methylate CpGs in
the newly synthesized DNA strand [43]. Studying DNA methylation is centered on
three major approaches: (i) bisulfite conversion-based, (ii) methylation-sensitive-
enzyme-restriction based (MSRE), and (iii) affinity enrichment based. The methyla-
tion signal generated by these assays is then analyzed by either DNA hybridization
or sequencing. Bisulfite converted DNA is most commonly analyzed by microarray
or Next Generation Sequencing [46]. Various techniques are employed for DNA
methylation profiling such as pyrosequencing, bisulfite-PCR, ChIP seq (Chromatin
Immunoprecipitation), bisulfite seq, and specialized RNA seq. [llumina sequencing of
total genomic DNA known as whole-genome bisulfite sequencing (WGBS), is a high-
throughput for DNA methylation analysis [47]. Since bisulfite sequencing results in
the alteration of unmethylated cytosine into uracil, which upon PCR amplification
is replicated as adenine, bisulfite-free approaches have gained traction attributing to
their noninterference with the DNA sequence. Several bisulfite-free methods for the
detection of methylation have been developed recently, such as TAPS (TET-assisted
pyridine borane sequencing) [48] and cfNOMe (cell-free DNA-based Nucleosome
Occupancy and Methylation profiling) [49]. Some key factors to be considered
when choosing a method for DNA methylation analysis have been comprehensively
reviewed in [50]. Additionally, in a recent study, it has been shown that minor
experimental variations can significantly impact epigenome outcome measures and
data interpretation [51].

DNA methylation is capable of altering chromatin structure and by extension gene
expression. Histone modifications, transcription factors, ncRNAs, etc. in concert with
DNA methylation affect chromatin and regulate gene expression [52].

3. Effect of epigenetics on health

Although plants and mammals have significant morphological dissimilarities
and along evolutionary history, the similarities on a fundamental level are striking.
Epigenetic mechanisms discovered in mammals or plants are mostly relevant to both
[53]. Nutrition and environment play a crucial role in the development of phenotypic
characters, from prenatal development to later on in life. The most widely studied
effect of epigenetics on health is in terms of cancer biomarkers that are studied in
the form of DNA methylation. However, epigenetics has a broader impact on health.

145



Modifications in Biomacromolecules

Epigenetics also play a major role in plant growth, development, and reproduction,
especially in plant breeding. Epigenetics of human health has gained traction in
complex disorders such as allergies, autoimmune diseases, memory, cancer, behavior
plasticity, and psychological and neurodegenerative disorders. Some epigenetic marks
can be reversible, and this has funneled researchers’ interest in epigenetic therapy.
Epidrugs are drugs that target epigenetic marks responsible for epigenetic altera-
tions. An example of these is histone deacetylase inhibitors [54]. Histone deacetylase
inhibitors are being used as cancer therapeutic agents, all while some have received
U.S. ED.A. approval for treatment of multiple myeloma, cutaneous and peripheral
T-cell lymphoma. Additionally, HDAC inhibitors are being used as antifibrotic, anti-
inflammatory, and antidiabetic agents.

3.1 Effects of epigenetics on human health

Epigenetics play a significant role in various diseases such as cancers, autoimmune
diseases, neurodegenerative diseases, congenital diseases, etc. HATs and HDACs
modulate the transcriptional activity of nuclear factor-kB that results in downstream
inflammatory gene expression levels that have been identified in the regulation of
several diabetic key genes [55]. Cancer cells usually show hypermethylated CpG
islands preceding promoters, and this leads to the silencing of tumor suppres-
sor genes. This silencing allows cells to grow rapidly, leading to tumorigenesis.
Imprinting, in genetics, delineates a condition where one of the two alleles for a gene
pair is not expressed due to certain epigenetic modifications. This can lead to compli-
cations if the expressed allele is impaired, causing phenotypes such as susceptibility
to certain microbes or chemical substances. Compared to healthy cells, malignant
cells show decreased monoacetylated (H4ac) and trimethylated form of H4 (H4me3)
[56]. DNA methylation patterns show a change in response to inherited genetic
polymorphisms, exposures to environmental chemicals, and diet [57-59]. Histone
acetylase inhibitors are a class of epidrugs. An epidrug Panobinostat, a non-selective
histone deacetylase inhibitor, has been approved by the U.S. F.D.A. for the treatment
of multiple myeloma [60].

Nutrition, being one of the most studied factors, has been understood to play an
important role in epigenetics. Adverse antenatal nutritive conditions and postnatal
health all have been observed to be correlated. Nutrients can either act directly by
inhibiting epigenetic enzymes such as DNMT, HDAC, or by altering the substrate
availability necessary for those enzymatic functions. Low dietary levels of folate,
methionine, or selenium (all involved in methyl group donation or transfer) can lead
to hypomethylation, which has been observed in neural tube defects, atherosclerosis,
and cancer [61-65]. It has been observed that prenatal as well as early postnatal stress
exposure have impacts on disease susceptibility [66]. DNA hypomethylation and
histone acetylation are involved in the induction of gamma-globin expression [67].

A clinical trial is underway that deals with the down-regulation of BCL11A gene,
which suppresses the production of fetal hemoglobin (HbF), resulting in an increase
in the level of HbF, which has been shown to be therapeutic in patients with beta-
hemoglobinopathies [68].

Endocrine Disrupting Chemicals (EDC), man-made chemicals known to alter
endocrine functioning, that has been correlated with lower birth weight in children
induce Adipogenesis. The epigenome is susceptible to the generation of new pheno-
types in response to changes in environmental stimuli (Tables 5 and 6).
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Year Name of the Conclusions drawn/discoveries made
scientist(s)
1996 Korenke et al. Studied monozygotic identical twin for x-linked adrenoleukodystrophy (ALD)

gene and concluded that some non-genetic factors might be responsible for the
difference in ALD phenotype. [69]

2005 Fraga, M. etal. Epigenetic variations arise during the lifetime of monozygotic twins. [70]

Table 5.
A few twin studies that led to the foundation of twin studies in epigenetics [69—70].

Genes/diseases/disorders Epigenetic observation Note
Diabetes HATs & HDACs modulate Show downstream inflammatory
transcriptional activity of nuclear gene expression levels identified
factor-Kb. in the regulation of diabetic key
genes.
Cancer Hypermethylated CpG islands Leads to the silencing of tumor-
preceding promoters. suppressing genes and hence
tumorigenesis.
Cancer Decreased acetylation at H4ac and Seen in malignant cells. [56]

decreased methylation at H4me3.

Neural tube defects, Hypomethylation Caused due to Low dietary

atherosclerosis, cancer levels of folate, methionine, or
selenium (all involved in methyl
group donation or transfer)

[61-65]
Immunity Alterations in levels of acetylation Required to alter DNA
and methylation. accessibility to allow

recombination for antigen
specific responses. [71]

Endocrine Disrupting DNA methylation variance
Chemicals (EDC) that have was also observed along
been correlated with lower with adipogenesis in human.
birth weight in children induce Mesenchymal stem cells [72]
Adipogenesis exposed to EDC.

Table 6.

Summary of effects of epigenetics on human health from the text [56, 6165, 71].
3.2 Effects of epigenetics on plant health

Epigenetic change of plant genomes resembles that of mammals in that there is
an analogous profile of histone marks and the DNA can be methylated at cytosine
residues. Still, plant epigenomes are more susceptible to environmental influence
than those in animals. Transgenerational epigenetic inheritance has a requirement
that the epigenetic marks can be passed to the progeny. The variation in methyla-
tion of the same gene among different plants is known as epialleles [73]. Stable and
heritable stress-induced modifications that cannot be reversed are being referred to
as the epigenetic “stress memory”. Epigenetic marks that are heritable may affect the
inheritable phenotypic variation of plants, impacting fitness, and hence are subject
to natural selection. However, unlike inheritable inheritance, the epigenetic changes
show unstableness and are affected by the climate [74, 75]. DNA hypomethylation
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Epigenetic observation Note
DNA hypomethylation induced by pathogens infections Part of plant defense response.
Hypermethylated genome regions in Arabidopsis accession Tend to preferentially occur in shoots than in
Columbia-0 roots. [77]

Table7.

Few epigenetic observations and their role in plant health [77].

Scientists, Observed effect Probable Cause
Year
Sanoetal, Induction of dwarf plants Demethylation of rice genomic DNA
1990 inrice
Burnetal.,, Induction of flowering Vernalization treatments cause a reduction of DNA
1993 initiation methylation levels.
Table 8.

Few observations having underlying epigenetic mechanisms [78, 79].

induced by pathogen infections acts as a part of plant defense response in many spe-
cies including the model plant Arabidopsis thaliana (Tables7 and 8) [76].

4. Conclusion

Epigenetic mechanisms play a crucial role in the phenotype of an organism.
Epigenetic mechanisms include DNA modifications such as methylation, histone
modifications such as SUMOylation, methylation, acetylation, phosphorylation,
etc.—and action of non-coding RNAs. Recent technological advancements have made
and will progressively make studying such modifications easier, more accurate, and
cost-effective. Studying epigenetic modifications has provided insights into the inter-
individual differences that genetics alone could not account for. Many phenotypes and
diseases in humans and plants show underlying epigenetic marks at play from early on
in the life of the organism, and some conditions or diseases can even manifest later on
in life depending on their nutrition and environment. Histone modification reactivates
gamma-globin gene expression in adults. Down-regulation of gamma-globin suppress-
ing genes, which suppresses the production of fetal hemoglobin (HbF), results in an
increase in the level of HbF, which has been shown to be therapeutic in patients with
beta-hemoglobinopathies. Histone deacetylases are being used to treat various diseases
such as multiple myeloma, cutaneous and peripheral T-cell myeloma. Epigenetics can
be used for selective breeding of crops with desirable traits. As more would be under-
stood about the various regulatory pathways involved in epigenetic mechanisms and
more epigenetic modifications, it could revolutionize human disease prevention.
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CDK2 Cyclin-dependent kinase 2

cfNOMe Cell-free DNA-based Nucleosome Occupancy and Methylation
profiling

ChIP seq Chromatin Immunoprecipitation

CPC Chromosomal passenger complex

DIk Death associated protein-like kinase

DNMTs DNA methyltransferases

DUBs Deubiquitinating enzymes

HAT Histone acetyltransferase

HbF Fetal hemoglobin

HDAC Histone deacetylase

HMG High mobility group

HP1 Heterochromatin protein 1

jmj C Jumonji

KDMs Lysine demethylases

KMTs Lysine methyltransferases

miRNAs microRNAs

MSRE Methylation-sensitive-enzyme-restriction based

NAFLD Non-alcoholic fatty liver disease

ncRNAs Non-coding RNAs

PCAF p300/CBP-associated factor

PKC Protein kinase C

SUMO Small ubiquitin-like modifier

TAF9 TATA-box binding protein associated factor 9

TAPS TET-assisted pyridine borane sequencing

USPs/UBPs Ubiquitin specific proteases

WGBS Whole-genome bisulfite sequencing
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