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Preface

This book describes the fundamental concept of glycosylation and reflects the wide
range of research currently being practiced in the field of proteins. Apart from proteins,
most of the concepts of glycosylation are applicable to other biological macromolecules
including nucleic acids and lipids. Chapter 2 provides an overview of advanced glycation
end products to explain non-enzymatic glycation.

Since the emergence of newer techniques like proteomics and lipidomics, deciphering
the site of glycosylation within proteins and lipids respectively has now enabled us

to identify the targeted site upon which the glycosylation occurred. To give researchers
and non-specialist readers a scientific understanding, this book explains not only the
concept of glycosylation but also discusses recent techniques of glycoproteomics to
screen the sites of glycosylation. Numerous approaches of performing glycosylation
enrichment, which has great importance in medicine and health, are also explained.

Sialylation, similar to glycosylation, also has a role in modifying biological macromol-
ecules, including various intracellular and extracellular proteins. The overview and
understanding of sialic acid, glycans, and glycoconjugates simultaneously with the
mechanism of glycosylation provide additional insights.

Since the introduction of SARS-CoV-2, several new variants of coronaviruses have

been identified. SARS-CoV-2 is a potential threat to the human community, and it is
very important to know every aspect of this virus infection, phage transmission, and its
regulation within the cells. Therefore, in this edition of the book, we include a chapter
describing the role of post-translational modification that has a significant role in
SARS-CoV-2 infection. The book also discusses another post-translational modification
including palmitoylation and phosphorylation of the viral spike and envelope proteins
along with their significance in the pathogenesis of the viral infection phase. Because the
current understanding and knowledge for SARS-CoV-2 is limited, it is very important for
readers to understand its pathogenesis mechanism and post-translational modifications.

We would like to thank the contributing authors for the time they have given in preparing
their chapters and providing essential knowledge and scientific understanding of con-
cepts of glycosylation. We would also like to acknowledge the Author Service Manager at
IntechOpen for assisting at every step of the book publication.

Alok Raghav

Multidisciplinary Research Unit,
GSVM Medical College,

Kanpur, India

Jamal Ahmad

J.N Medical College,
Aligarh Muslim University,
Aligarh, India
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Chapter1

Introductory Chapter: Glimpses of
Glycosylation

Alok Raghav and Jamal Ahmad

1. Introduction

Glycosylation refers to the post translational modification of proteins, lipids
and nucleic acids in the presence of enzymes. The common post translational
modifications of biological importance include N-linked glycosylation, O-linked
glycosylation, phospho—serine glycosylation, as well as C-mannosylation and
glypation (addition of glycophosphatidylinositol. Glycosylation reaction is medi-
ated by glycosyltransferases that conjugate carbohydrate to proteins, lipids and
nucleic acids. Glycosylation is a biological mechanism that aids the protein fold-
ing and help in protein signaling along with cell-cell interaction. Recently mass
spectrometry technique is recently gained attention in quantitative estimation of
glycoproteomics. In COVID-19 infection, the SARS-CoV-2 viral proteins including
spike(S), envelope (C), membrane (M) and nucleocapsid (N) undergo post transla-
tional modification of glycosylation and phosphorylation that plays important role
in virulence and infectivity.

Defined in the broadcast sense, glycosylation is the conjugation process of
joining carbohydrate to the protein’s backbone via enzymatic reaction. Post
modification after this reaction, the protein is termed as glycoprotein. In our
body, the most common glycosylation reaction refers to the N-glycosylation and
O-glycosylation. Among these two post modification process, the N-glycosylation is
frequently occurring mechanism. This mechanism of post translation modification
comes under the domain of glycobiology, which refers to the study of biosynthesis,
structures and biology of saccharides (also known as sugar or carbohydrates).
Glycosylation is a critical mechanism of the biosynthetic-secretory pathway that
occurs in endoplasmic reticulum (ER) and Golgi apparatus [1]. I was a known fact
that nearly half of the eukaryotic proteins undergo modification, which presents
the covalent conjugation of sugar moieties to particular amino acids of interest
[2]. Membrane-bound and soluble proteins along with secreted proteins, ligands,
surface proteins that are transported from the Golgi to the cytoplasm also become
glycosylated [2].

Lipids and proteoglycans are also among the susceptible targets of the glycosyl-
ation that significantly contribute in increasing the number of substrate for the post
translation modification. Carbohydrate plays an important role in the regulation
of multicellular organs and organism’s functions as a resultant several biological
macromolecules possess covalently attached saccharides including monosac-
charides and oligosaccharides which are commonly known as glycans [3]. These
glycans contribute a major role in modulating cell-to-cell interaction, development
and function of cell, interaction between cell and host [4]. Protein bound glycans
are abundant in the nucleus and cytoplasm and serve as the key regulator element

there [4].
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2. N- and O-glycosylation

Several proteins undergoes post translational modification by N-glycosylation that
denote with the attachment of the N-acetylglucosamine (GlcNAc) to the nitrogen
atom present in the Asn side chain of the amino acid by a -1 N linkage [2]. These
GlcNAc2 mannose (Man)3 core containing glycoconjugates shows the tendency to
add/remove several monosaccharides. These conjugation reactions include galactosyl-
ation, sialylation, GlcNAclyation and fucosylation [2]. Moreover, glycosylation occur
on hydroxyl functional group of the amino acids Ser and Thr. The most common
sugars showing conjugation with Ser and Thr are GIcNAc and N-acetylgalactosamine
(GalNAc) [5]. GalNAc associated glycans, often known as mucin-type O-glycans
are abundantly found in extracellular spaces and secreted proteins like mucin [6].
Mucin is characterized with high number of Pro, Ser and Thr residues that makes it
susceptible to the O-linked glycosylation. The participating sugars conjugate with the
protein as it moves through the cis, medial and trans Golgi apparatus. The glycopep-
tide O-glycans are post transnationally modified by glycosyltransferases [5].

3. C-Mannosylation

C-mannosylation is different approach from glycosylation, as in this process
there is reaction forms carbon-carbon bonds rather than carbon-nitrogen and
carbon-oxygen bonds. C-mannosyltransferase is the key enzyme that is involved in
the C-mannosylation. This enzyme conjugates the C1 of the mannose to C2 of the
indole ring present in the tryptophan residue [7]. Moreover, this enzyme recognizes
the specific sequence of Trp-X-X-Trp that further ease the transfer of mannose sugar
from dolichol-P-Man to the first Trp residue present in the given sequence [8-10]. In
another event of the post translational modification (PTM), the phosphoglycosylation
is among the PTM mechanism that is limited to the parasites including Trypanosoma
and Leishmania including slime molds. The mechanism is characterized by the conju-
gation of glycans to the Ser and Thr residues linked by the phosphodiester bonds [11].

4. Glycosylation vs. glycation

Glycosylation and glycation are enzymatic and non-enzymatic reaction respec-
tively, in which glucose and other glucose metabolites show affinity with different
biological macromolecules such as proteins, lipids and nucleic acids. Increased pres-
ence of glucose both intracellular and extracellular possesses threat to the human and
act as risk factor for various metabolic disorders including diabetes mellitus. Both
non-enzymatic glycation and enzymatic glycosylation reaction have been shown to
play important role in human health. Non-enzymatic glycation leads to the formation
of advanced glycation end products (AGEs) that generates as a resultant of protein and
lipid glycation with aldose sugars [12, 13]. Prior to the formation of AGEs, the early
glycation reaction occurs that form Schiff bases and Amadori products. AGEs formed
due to the non-enzymatic glycation generates reactive oxygen species (ROS), that
further binds to the particular cell surface receptors and later forms cross link [12, 14].

5. SARS-CoV-2 and glycosylation

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV?2) is severely
affecting the worldwide population. SARS-CoV-2 virulence and survival is
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impacted by the glycans that is covalently linked to the proteins of virus through
the process of glycosylation that makes alteration in the virulence of the SARS-
CoV-2 virus. It belongs to the coronavirus family which exhibit protein constituted
enveloped single-stranded RNA. These viral proteins undergo post-translational
modifications (PTMs) that reorganized covalent bonds and modify the polypep-
tides and in turn modulate the protein functions. Being viral machinery, it uses host
cells system to replicate itself and make their copes, their proteins are also subject to
PTMs. Glycosylation, palmitoylation of the spike and envelope proteins, phosphor-
ylation, of the nucleocapsid protein are among the major PTMs responsible for the
pathogenesis of the viral infection phase. The current knowledge of CoV proteins
PTMs is limited and need to be exploring for to understand the viral pathogenesis
mechanism and PTMs effect of infection phase.
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Chapter2

Advanced Glycation End
Products and Oxidative Stress in a
Hyperglycaemic Environment

Akio Nakamura and Ritsuko Kawaharada

Abstract

Protein glycation is the random, nonenzymatic reaction of sugar and protein
induced by diabetes and ageing; this process is quite different from glycosylation
mediated by the enzymatic reactions catalysed by glycosyltransferases. Schiff bases
form advanced glycation end products (AGEs) via intermediates, such as Amadori
compounds. Although these AGEs form various molecular species, only a few of
their structures have been determined. AGEs bind to different AGE receptors on
the cell membrane and transmit signals to the cell. Signal transduction via the
receptor of AGEs produces reactive oxygen species in cells, and oxidative stress is
responsible for the onset of diabetic complications. This chapter introduces the
molecular mechanisms of disease onset due to oxidative stress, including reactive
oxygen species, caused by AGEs generated by protein glycation in a hyperglycaemic
environment.

Keywords: glycation, advanced glycation end products, gestational diabetes,
reactive oxygen species, oxidative stress

1. Introduction

Glycosylation is a post-translational modification mediated by an enzymatic
reaction catalysed by glycosyltransferases, which add a carbohydrate molecule
to a predetermined region of a protein. More than 300 glycosyltransferases have
been identified in mammals [1]. In contrast, glycation is a random nonenzymatic
reaction that occurs under conditions of hyperglycaemia and ageing. The reactive
reducing ends of free sugars (e.g., glucose, fructose, and galactose) covalently
attach to the amino acid residue of the protein, thereby creating glycated products.

Glycation has been previously studied. Robert Lynn from the United Kingdom
first reported that proteins and reducing sugars react during the beer-making pro-
cess to form new compounds [2]. Subsequently, the French chemist Louis-Camille
Maillard discovered that heating a mixed solution of amino acids and reducing
sugars produced a brown compound [3]; this was the first report of the Maillard
reaction or aminocarbonyl reaction, which is a nonenzymatic reaction between the
amino group of an amino acid and carbonyl group of a reducing sugar (Figure1).

In the early stages of the Maillard reaction, the imine produced by the nucleo-
philic reaction of the amino group and carboxyl group becomes a stable Amadori
compound through Amadori rearrangement. The Amadori compound then under-
goes a repeated polycondensation reaction with an amino compound using ozone or

9 IntechOpen
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Soy sauce
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Figure 1.

Maillavd reaction in foods and the formation of AGEs. (A) Proteins contained in foods are saccharified
during fermentation and processing, and the Maillavd reaction is accompanied by browning/denaturation.
(B) The amino group of the amino acid of the protein and the carbonyl group of the reducing sugar react
nonenzymatically, and AGEs ave produced by repeating oxidation, dehydration, and condensation from the
Schiff base via the Amadori compound.

furfural as an intermediate to produce a brown product, melainodin, in late stages
[4]. Structures formed in the latter stage of the nonenzymatic glycation reaction
between reducing sugars and proteins are collectively known as advanced glycation
end products (AGEs).

Fermented foods, such as dark beer, miso, and soy sauce, contain large amounts
of AGEs, including 3-deoxyglucosone and melanoidin [5]. Additionally, milk,
cheese, and butter contain carboxymethyl lysine (CML) [6]. These chemicals are
consumed on a daily basis and some AGEs, such as carbonyl compounds and CML,
which are closely related to disease states, are known to be glycotoxins. Many stud-
ies have evaluated the adverse health effects of ingesting glycotoxins present in such
foods in relation to nephropathy [7-9], type 2 diabetes [10, 11], and arteriosclerosis
[12]; however, these relationships are not completely understood. Therefore,
research on phytochemicals that prevent adverse effects on the living body caused
by ingestion of these glycotoxins is being conducted [13-15].

In this chapter, we first introduce the biochemical properties of AGEs and their
reaction processes. We then discuss intracellular signal transduction systems related
to oxidative stress caused by AGEs in a hyperglycaemic environment and describe
the relationships between AGEs and diseases.

2. Biochemical basis of AGEs
Protein glycation can be subdivided into three major stages: early, middle, and
late. In the initial reaction, the carbonyl group (C=0) of a reducing sugar, such as

glucose, reacts with the amino group (NH,) of the amino acid residue in the protein
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to form a Schiff base (C=N). This Schiff base is relatively unstable and eventually
becomes an enol, causing Amadori rearrangement and finally leading to the forma-
tion of a stable Amadori compound (C-N).

Kunkel found abnormal haemoglobin levels in the blood of normal people [16],
and increased levels of abnormal haemoglobin were observed in patients with diabetes
[17]. Currently, haemoglobin Alc (HbAlc), which is used as a diagnostic criterion
for diabetes, is formed via Amadori rearrangement of the amino-terminal valine of
the haemoglobin p chain and reflects the blood glucose level for 3-4 weeks [18, 19].

In the intermediate stage, a-dicarbonyl compounds, which are derivatives of sugars
such as glucosone, 3-deoxyglucosone, glyoxal, and methylglyoxal, are produced

from Amadori compounds. After further reacting with the amino compound, these
a-dicarbonyl compounds undergo dehydration, condensation, cyclisation, and
intermolecular crosslinking to form stable AGEs in the advanced stage (Figure 2).

The pathway through which AGEs are produced from these series of Schiff bases via
Amadori compounds and a-dicarbonyl compounds is known as the Hodge pathway
[4]. In addition, the Namiki pathway, which produces glyoxal and glycolaldehyde,
generates free radicals from Schiff bases without producing Amadori compounds [20].

Because the Schiff base is in a state in which it easily undergoes a secondary reac-
tion with sugars and amino acids, dehydration, isomerisation, cleavage, cyclisation,
and polymerisation can be repeated; the final products produced through these
intermediates are extremely diverse. Therefore, the structures of many compounds
are complicated, and most have not been identified. The structures of typical
AGEs, such as CML, pyrarin, argpyrimidine, and pentosidine, have been reported
(Figure 2).

o, OH O, OH HN—CH2—COOH Q\ o N -
\ﬁ:/ K Arg—R-¢ ’ HOH2C CHO \Sz\R_NH Aro
CHCH: CHa SNH Ly &

HN HN N .
iys CML s CEL CMA Pyrraline Imidazolone

H
Hliw HE™  HomactHOHO), CH20H CH20H
Arg -NH-{ R Arg—NH=. y CHz  CHa _\ CH3 CHOH
N o N \\0 N H 9 | CH20H
Arg—NH—{ I\ N I\
G-H1 MG-H1 N “o Il_ys H ’?‘ CHO
3DG-H1 . s Lys
CH GA-pyridine FTP
CHz___\_CH3 Nlﬁ
| )\ Z CHs. L
N _HN o | X CH Lys ys
\,‘E'N Arg Lys Z |!|+ HsC N*
| o C | @
Arg . qs Lys \N> GOLD ~y
Pentosidine \ N MOLD

Argpyrimidine GLAP Lys Lys

OH
on fys OH

(CHOH)2CH20H OH R + OH

) HO OH AN OH
H2C OH | N |

= Z o ANEAN

— /N*‘\ HO T Lys )
Lys | Lys OH

—Nf N-Lys
Lys N Y Ly Lys

DOLD Crossline Vesperlysine Pyrropyridine

Figure 2.

Tl':ge main chemical structures of AGEs. Abbreviations used: CML, Ne-carboxymethyl-lysine; CEL, Ne-(1-
carboxyethyl)lysine; CML, Nw-(Carboxymethyl)-L-arginine; G-H1, N5-(5-hydro-4-imidazolon- 2-yl)
ornithine; MG-H1, N6- (5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine; 3DG-H1, N5-[5-(2,3,4-
trihydroxybutyl)-5-hydro-4-imidazolon-2-yl] ornithine; GA- pyridine, Glycolaldehyde-pyridine; FTE, Formyl
Threosyl Pyrrole; GLAB, glyceraldehyde-derived pyridinium-type advanced glycation end product; GOLD,
glyoxal-derived lysine dimer; MOLD, methylglyoxal-derived lysine dimer; DOLD, 3-deoxyglucosone-derived
lysine dimer
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3. In vivo AGE generation pathways

To date, AGEs have been widely studied because of the close involvement in
diabetic complications. HbAlc is currently used as a diagnostic criterion and
indicator of mean blood glucose levels over a period of 1-2 months in patients
with diabetes. Albumin, another representative protein in the blood, is also
related to diabetic complications. In patients with diabetes, albumin has been
shown to glycate four lysine residues (K199, K281, K439, and K525) in the
molecule [21]. In addition, albumin is more easily saccharified than haemoglo-
bin, and its reaction is rapid; thus, blood GA levels fluctuate more than HbAlc
levels. Accordingly, gluco-albumin, which has a short half-life, was recently
reported as an index of the average blood glucose level over a period of approxi-
mately 2 weeks [22].

At the experimental level, bovine serum albumin (BSA) has been used to
evaluate the functions of AGEs in vivo. Various specific antibodies have been
produced by immunisation with glycated AGE-BSA as antigens. Many commer-
cially available AGEs are produced in vitro by incubating BSA and p-glucose at
37°C for 8 weeks in 0.2 M phosphate buffer (pH 7.4) and 5 mM DTPA. Farboud
et al. reacted BSA with glycolaldehyde to produce pentosidine-BSA and obtained
antibodies that recognise CML and pentosidine from this antigen [23]. Takeuchi
named these six types of AGEs as glucose-derived AGE-1 (Glc-AGE), glyceral-
dehyde-derived AGE-2 (Glycer-AGE), glycol aldehyde-derived AGE-3 (Glycol-
AGE), methylglyoxal-derived AGE-4 (MGO-AGE), glyoxal AGE-5 (GO-AGE),
and 3-deoxyglucosone-derived AGE-6 (3DG-AGE); they then produced specific
antibodies against each of the six types [24-26] (Figure 3). Using these antibod-
ies, Takeuchi et al. clarified that AGE-2 derived from glyceraldehyde and AGE-3
derived from glycolaldehyde, produced by Schiff bases and Amadori compounds,
were closely related to the onset and progression of diabetic retinopathy and
nephropathy compared with AGE-1 [27-30]. The authors also demonstrated that
these highly toxic AGE-2 and AGE-3 act via receptors for AGEs (RAGE) and there-
fore named these molecules toxic AGEs (TAGEs) [31], and identified nontoxic
AGEs, including AGEs such as CML, pentocidin, and pyrrolin that are generated
from glucose and by active trapping and detoxification of highly chemically reac-
tive aldehyde/carbonyl compounds occurring in the body. TAGEs derived from
glyceraldehyde, glycolaldehyde, and acetaldehyde are critical to the development
and progression of various diseases and should be considered separately from
other AGEs [32].

During the production of TAGEs, unique glucose metabolism pathways have
been identified in the hyperglycaemic environment associated with diabetes.

For example, in the hyperglycaemic environment observed in patients with type

2 diabetes, intracellular glucose levels are abnormally elevated in cells that take

up insulin-independent glucose, such as the liver, brain, and placenta. The liver
expresses the glucose transporter (GLUT) named as GLUT?2, which has a low affin-
ity for and takes up a large amount of glucose. GLUT3, which has a high affinity
for glucose, also functions in glucose transport [33]. In such cells, the extra glucose
is shunted into the polyol pathway by saturation of the normal glycolytic pathway
[34, 35]. The polyol pathway is a side pathway that is activated when glycolysis is
stagnant. First, excess glucose, which is not metabolised by glycolysis, is converted
to sorbitol (polyol) by aldose reductase, after which sorbitol is metabolised to
fructose by sorbitol dehydrogenase. When aldose reductase is enhanced, excessive
consumption of its coenzyme NADPH causes a decrease in reduced glutathione and
abnormalities in the active oxygen scavenging system. Such an increase in aldose
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Figure 3.

AgE generation process in vivo. In the living body, AGEs are produced via dicarbonyl compounds generated
during glucose metabolism of veducing sugars, such as glucose. In a hyperglycaemic environment, when glycolysis
is stopped, the polyol circuit is enhanced, and glyceraldehyde-AGEs ave produced. GO-AGEs, glyoxal (GO)-
derived AGEs; glycol-AGEs, glycolaldehyde-devived AGEs; Glc-AGEs, glucose-derived AGEs; 3-DG-AGEs,
3-deoxyglucosone (3-DG)-derived AGEs; MGO-AGEs, methylglyoxal (MGO)-derived AGEs; glycer-AGEs,
glyceraldehyde-derived AGEs; CML, Ne-(carboxymethyl) lysine. This figure has been modified based on the
reference [25, 26].

reductase in type 2 diabetes is thought to worsen haemodynamics and lead to dia-
betic neuropathy (DN) [36]. Therefore, in patients with diabetes, the concentration
of fructose produced from glucose is increased intracellularly because of enhance-
ment of the polyol pathway [37, 38].

Fructose produced by this polyol pathway is thought to have a stronger protein
glycation ability than glucose [39]. Therefore, increases in intracellular fructose
promote AGE formation [40]. In our research, we attempted to suppress protein
saccharification by inhibiting aldose reductase. Administration of the aldose reduc-
tase inhibitor Solvinyl to streptozotocin-induced diabetic rats reduced AGEs in
skin collagen [41]. Moreover, the pentosidine-like fluorescence (335/385 nm) of the
crystalline lens of galactosaemic rats was suppressed by treatment with the aldose
reductase inhibitor sorbinin [42]. Administration of an aldose reductase inhibitor to
patients with diabetes reduces the amount of N-epsilon-(carboxymethyl)-lysine in
erythrocytes [43]. Following the development of many aldose reductase inhibitors,
epalrestat was used clinically [44].

Fructose generated from such a polyol pathway is converted to fructose-
1-phosphate by fructokinase, and fructose-1-phosphate further produces glyceral-
dehyde by aldolase. AGEs formed from this glyceraldehyde are highly toxic TAGEs.
Increases in intracellular fructose, which trigger glyceraldehyde production, are
caused not only by the polyol pathway but also by excessive intake of high-fructose
syrup, such as high-fructose corn syrup.

Fructose is a natural ketose that is abundant in fruits and honey. However,
in recent years, many soft drinks have been produced using high-fructose corn
syrup, which is an isomerised sugar, and a relationship between excessive intake of
fructose and metabolic syndrome has been reported [45]. Fructose ingested from
soft drinks is taken up into cells by passive transport via GLUTS5 in the epithelium of
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the small intestine. In contrast, glucose and lactose-derived galactose are taken up
into cells by active transport via sodium-glucose cotransporter 1. Excessive fructose
is transported from small intestinal epithelial cells through the portal vein to the
liver and the whole body, thereby increasing glyceraldehyde-derived TAGEs. As
discussed later, glyceraldehyde-derived TAGEs generated from fructose can cause
liver diseases.

4. AGE receptors

Accumulation of AGEs in vivo causes a decrease in physiological function,
leading to the onset and progression of various diseases. Recent studies revealed
the existence of receptors involved in degrading and removing AGEs accumulated
by glycation of such proteins and the intracellular signal transduction system via
receptors [46]. AGEs are categorised into two groups based on their receptors;
the first group includes the receptors AGE-R1, AGE-R3, scavenger receptor class
A (SR-A) I, SR-AII, scavenger receptor-BI (SR-BI), cluster of differentiation 36
(CD36), FEEL1, FEEL2, and ezrin/radixin/moesin (ERM), which exert scavenger
functions to removes AGE, and the second group includes RAGE, which is related
to the enhancement of inflammation and oxidative stress (Figure 4).

AGE-R1 and AGE-R2 were identified as oligosaccharyltransferase-48 (OST-48)
and 80-kDa protein kinase C (PKC) substrate (80 K-H), respectively, in rat livers
[47]. Subsequently, AGE-R3 was identified as a protein that binds to AGE-1 and
AGE-2 [48] to form a complex. AGE-R1 is also known as OST-48, belongs to the sin-
gle transmembrane lectin family, and has a molecular weight of 48 kDa. AGE-R1 is
expressed in endothelial cells, mesangial cells, macrophages, and mononuclear cells
and functions by removing AGEs via endocytosis. AGE-R1, which enhances AGE
removal, may also be a distinct receptor, as it suppresses AGE-mediated mesangial
cell inflammatory injury by protecting against injury to the kidneys and other
tissues due to diabetes [49]. Recent studies reported that AGE-R1 may be involved
in lifespan extension [50, 51]. AGE-R2, also known as 80 K-H, is a tyrosine phos-
phorylated protein with a molecular weight of 80 kDa that was initially identified
as a substrate for PKC and is expressed in the cytoplasm [47]. AGE-R2 is expressed

RAGE Scavenger receptor
A

Complex L
® .

=

F-RAGE (80K-H)
AGE-R1
(OST-48)

Figure 4.

Thge receptors for AGEs. A schematic diagram of AGE receptors is shown [46]. The receptor of AGEs (RAGE)
includes full-length RAGE (F-RAGE), N-terminally truncated RAGE (N-RAGE), and soluble RAGE
(SRAGE), which are cleaved from the cell surface membrane by matrix metalloproteinases. The AGE receptor
(AGE-R complex) contains AGE-R1 (OST-48), AGE-R2 (80K-H), and AGE-R3 (Galectin-3). Scavenger
receptor class A (SR-A), cluster of differentiation 36 (CD36), fasciclin EGF-like, laminin-type EGF-like, and
link domain-containing scavenger receptor 1 and its homolog 2 (FEEL1 and — 2) ave indicated as scavenger
receptors.
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in mononuclear cells and in the kidneys, vascular endothelium, brain, and nerves.
Importantly, AGE-R2 is involved in activating intracellular signals via receptors,
such as fibroblast growth factor receptor [52, 53]. AGE-R3, also called galectin-3,
is a receptor that belongs to the lectin family and has a molecular weight of 32 kDa
[48]. AGE-R3 binds directly to AGEs via the carbohydrate recognition domain
in cells and is expressed in macrophages, eosinophils, and mast cells as well as in
the nerves and kidneys. AGE-R3 has been reported to suppress adhesion between
cells and the matrix laminin [54], activate mast cells [55], and degrade AGEs via
endocytosis [48]. In addition, when diabetes develops in AGE-R3-knockout mice,
the expression of macrophage scavenger receptor A and AGE-R1, which is involved
in degrading AGEs, is decreased, and the expression of AGE receptors related to
cell damage, such as RAGE and AGE-R?2, is increased [56]. Because the expression
of AGE-R3 is enhanced in ageing and diabetes, this receptor may have protective
effects against ageing [57].

SR-A has been identified as a macrophage scavenger receptor [58, 59] and has
a wide range of functions, such as removal of acetylated or oxidised low-density
lipoprotein (LDL), removal of apoptotic cells, biological defence from bacteria,
and cell adhesion [60]. SR-A is highly expressed in peritoneal macrophages derived
from humans and from diabetic mice after culture in high-glucose medium [61].
Furthermore, SR-A promotes macrophage infiltration and foaming by incorporat-
ing AGEs into cells from the cell surface of macrophages [62, 63]. SR-BI is expressed
in macrophages and in the liver adrenal glands and ovaries, functioning to promote
the uptake of the cholesterol ester of high-density lipoprotein (HDL) and subse-
quent return of HDL to the liver [64, 65]. CD36, also known as scavenger receptor-
BII, is a highly expressed receptor for single-stranded glycoprotein of 88 kDa in
macrophages, vascular endothelial cells, and adipocytes [66]. CD36 binds to fatty
acids, collagen, and oxidised LDL and is responsible for the uptake of oxidised
LDL into macrophages and transport of fatty acids to adipocytes. Because CD36 is
involved in removing AGEs, this protein may play protective roles in atherosclerotic
diseases [67, 68]. The fasciclin, EFG-like, laminin-type EGF-like, and link domain-
containing scavenger receptor-1 (FEEL-1) is expressed in the liver, vascular endo-
thelial cells, and monocyte lineage cells, whereas FEEL-2 (a homologue of FEEL-1)
is expressed in the spleen and lymph nodes. Despite the different tissue specificity,
FEEL-1 and -2 are believed to be involved in the degradation of AGEs [69]. Megalin
was identified as a 600-kDa glycoprotein (gp330) antigen expressed in glomerular
epithelial cells (podocytes) of Heymann nephritis, a rat model of membranous
nephropathy [70]. In recent studies, megalin was shown to bind to AGEs; AGEs
that have passed through glomeruli are trapped and taken up by lysosomes to be
decomposed [71]. AGEs bind to the N-terminus of the ERM protein family, which
is a linker protein that crosslinks actin filaments and cell membrane proteins [72].
AGE:s have been shown to promote angiogenesis through the hyperpermeability of
human umbilical vein endothelial cells by inducing the phosphorylation of moesin
via the RhoA/ROCK pathway [73].

RAGE is a single-pass 45-kDa transmembrane protein belonging to the immu-
noglobulin superfamily and was first isolated and identified from bovine lungs as
a cell surface receptor that binds to AGEs [74]. RAGE is expressed in monocytes,
macrophages, nerves, renal tubule cells, and mesangial cells [75]. In addition to
AGESs, RAGE also binds to amyloid § protein, S100/calgranulins, and high-mobility
group box 1 as ligands and is involved in the enhancement of inflammation and
oxidative stress [76, 77]. RAGE is composed of a total of five domains: the extracel-
lular domain of one V domain and two C domains, transmembrane domain, and
intracellular domain [78]. When AGEs bind to this full-length RAGE, NADPH
oxidase is activated, and the production of intracellular reactive oxygen species
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Figures.

AGE/RAGE signalling. NADPH oxidase is activated by the binding of AGE to RAGE, and intracellular ROS
levels ave elevated. Intracellular ROS activates the IkB kinase (IKK) complex and inhibitor of NF-xB (IkB),
stimulating the translocation of the NF-kB subunits p65 and p50 and activating transcription. In addition,
activation of PKCp stimulates transcription via activator protein-1 (AP1) in the nucleus by phosphorylation of
c-Jun N-terminal kinase (JNK). Enhancement of these inflammatory signals veleases inflammatory cytokines,
such as TNFa and IL-6, as well as VEGF, which is involved in angiogenesis, and B-cell lymphoma 2 (Bcl-2)
and Bcl-2 associated X protein (Bax), which are involved in apoptosis. TNFao, an inflammatory cytokine,

is released extracellularly and binds to the TNF« receptor, and activation of TGEp activated kinase (TAK)
reactivates INK.

(ROS) is promoted [79, 80]. ROS upregulate various inflammatory cytokines,
growth factors, and adhesion molecules by activating nuclear factor-kappa B
(NF-kB) signalling. In addition, c-Jun N-terminal kinase (JNK), a major subfam-
ily of ROS-activated mitogen-activated protein kinase pathways, has been shown

to cause cell apoptosis and dysfunction (Figure 5) [81]. In addition to full-length
RAGE on the cell surface, RAGE can be expressed as two splice variants, i.e., the
intracellular domain-deficient type (C-terminally truncated RAGE) and extracel-
lular V domain-deficient type (N-terminally truncated RAGE) [82]. Of these, the
intracellular domain-deficient RAGE is called soluble RAGE (sRAGE). sRAGE can
further be divided into endogenous secretory RAGE (esRAGE) and soluble RAGE,
which are cleaved by proteases such as matrix metalloproteinases [83]. SRAGE has

a binding site for AGEs and is thought to function as a decoy receptor that captures
extracellular AGEs and inhibits binding to RAGE on the cell surface, thereby block-
ing intracellular signals [84]. Blood esRAGE levels are significantly lower in patients
with type 2 diabetes than in patients without diabetes, suggesting that this target is
involved in the development of type 2 diabetes [85]. Moreover, blood esRAGE levels
in patients with type 2 diabetes are inversely correlated with the severity of carotid
atherosclerosis and coronary artery disease as complications [86, 87].

5. AGEs and oxidative stress
Intracellular signal transduction of AGEs via RAGE increases intracellular ROS.

ROS are oxygen-containing molecular derivatives that are in a more activated
state than triplet oxygen, which is a ground-state oxygen molecule necessary for
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normal biological activities and is highly reactive, resulting in oxidative damage to
various biological components. The main active oxygen species are singlet oxygen,
superoxide, hydrogen peroxide, and hydroxyl radicals [88]; these molecules react
with biopolymers, such as DNA, lipids, proteins, and enzymes, resulting in lipid
peroxidation, DNA mutations, protein denaturation, and enzyme inactivation.
Many amino acids are carbonylated and modified by ROS for detection of protein
carbonylation using mass spectrometers [89]. Moreover, carbonylation of this pro-
tein is caused by addition reaction of aldehydes because of the peroxidation reaction
of lipids and saccharification reaction of proteins described above [90, 91]. Highly
reactive a-dicarbonyl compounds, such as 3-deoxyglucosone (3-DG), glyceralde-
hyde, and methylglyoxal, are produced from the Amadori compound generated by
saccharification [91]. These AGEs then recombine with RAGE, creating a vicious
cycle in which more ROS are generated. Such ROS are considered to have nega-

tive effects because overproduction of ROS is closely associated with ageing due

to oxidative stress, cancer, and the development of lifestyle-related diseases [91].
However, ROS (e.g., superoxide and hydrogen peroxide) produced by white blood
cells play important roles in biological defence and immune function [92]. ROS are
also used in a wide range of tissues and cells as bioactive substances for intracellular
signal transduction, fertilisation, cell differentiation, and apoptosis [93].

Because glucose is metabolised to obtain energy, the carboxyl group of glucose
reacts with the amino group of the protein during the metabolic process to form
AGEs in the body nonenzymatically via the Amadori compound. With ageing, these
AGEs accumulate in various organs in the body, resulting in oxidative stress, ROS
generation, and progression of organ stress. Thus, ageing is related to oxidative
stress induced by AGEs. Additionally, AGEs-ised HbA1lc levels in the blood have
been used as an index for controlling blood glucose levels in clinical practice for
patients with diabetes. Kusunoki et al. showed that fasting serum 3-DG levels in
patients with diabetes were significantly higher than those in controls. Additionally,
serum 3-DG levels tended to be higher in patients with diabetes showing low nerve
conduction velocity [94]. In patients with diabetes, AGEs generated from excess
glucose circulate throughout the body via the blood and increase oxidative stress in
various organs. Therefore, in the hyperglycaemic environment associated with dia-
betes, oxidative stress due to excess glucose is thought to be significantly involved in
the development of diabetic complications.

6. AGEs and diabetic complications

Hyperglycaemia in diabetes mellitus affects many organ systems, including the
eyes, kidneys, heart, and peripheral and autonomic nervous systems. They can
be broadly divided into microangiopathy, which occurs mainly in the capillaries,
and macroangiopathy, which occurs in relatively large blood vessels. Three major
complications, i.e., diabetic retinopathy, diabetic nephropathy, and DN, are micro-
angiopathies that occur in patients with diabetes [95]. In contrast, arteriosclerotic
diseases, which cause vascular diseases, such as myocardial infarction and cerebral
infarction, are considered as macroangiopathies. AGEs are the leading causes of
complications caused by microangiopathy and macroangiopathy [96-98].

Diabetic retinopathy causes bleeding and ischaemia in capillaries due to the
hyperglycaemic environment, and progression results in bleeding or retinal
detachment inside the vitreous body. AGEs are associated with the presence and
progression of diabetic retinopathy [99]. Diabetic keratopathy, in which the corneal
epithelium is exfoliated due to aggregation of AGEs-ised proteins, is thought to be
related to AGE formation via laminin, which is found in the basement membrane
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of the corneal epithelium [100]. In human RAGE transgenic mice induced by
streptozotocin as an experimental model of diabetes, the blood-retinal barrier was
disrupted, and leukostasis was increased [101]. However, systemic administration
of sSRAGE intraperitoneally suppressed collapse of the blood-retinal barrier and
leukostasis [101]. Administration of soluble RAGE, which comprises the extracel-
lular domain of RAGE, enhances AGEs in the blood and blocks the interaction with
cell membrane RAGE. As a result, pathological conditions related to diabetic reti-
nopathy, such as increased retinal vascular permeability and adhesion of leukocytes
to retinal blood vessels, can be suppressed [101, 102]. Thus, AGE/RAGE signalling
plays important roles in the development of diabetic retinopathy.

The kidney is an organ that filters waste products in the blood to produce urine
and is formed by the renal glomerulus, which is similar to a mass of capillaries. In
patients with diabetes, renal dysfunction can also occur. Chronic kidney disease
occurs in approximately 20-40% of patients with diabetes [103]. If renal failure
occurs, artificial haemodialysis is required. Diabetic nephropathy is the most
common cause of dialysis. In diabetic nephropathy, accumulation of AGEs has been
reported in various cells, such as the glomerular basement membrane, mesangium,
podocytes, tubular cells, and endothelial cells [104]. In addition, several stud-
ies have suggested that RAGE expression is increased in patients with diabetic
nephropathy [104, 105]. Administration of AGEs to nondiabetic rats induces
proteinuria and degenerative changes in the renal tissue, highlighting the important
roles of AGEs in the development of diabetic nephropathy [106]. CML in patients
with type 1 diabetes was found to correlate with the severity of nephropathy [107].
Moreover, the levels of CML- and hydroimidazolone-AGEs in the serum of patients
with type 2 diabetes are significantly increased [108]. CML-human serum protein
levels are higher in patients with proteinuria, and increased levels of circulating
AGE peptides are correlated with the severity of renal dysfunction [109]. Studies in
RAGE transgenic mice revealed the development of advanced diabetic nephropathy
features, such as renal hypertrophy, glomerular hypertrophy, mesangial enlarge-
ment, glomerulosclerosis, and proteinuria [110]. In OVE26 mice, a diabetic mouse
model that exhibits progressive glomerular sclerosis and decreased renal function,
RAGE deficiency alleviates histological and morphological changes and albumin-
uria associated with diabetic nephropathy and does not result in decreased renal
function [111]. Thus, these findings support that RAGE is involved in the develop-
ment of diabetic nephropathy and as a target molecule in for treating this disease.

DN is a peripheral nerve disorder caused by prolonged hyperglycaemia in
diabetes, resulting in numbness, pain, and hypoesthesia of the limbs. In the nervous
tissue, hyperglycaemia increases non-insulin-dependent glucose uptake. Excess
glucose is thought to cause sorbitol accumulation via the polyol pathway and
microangiopathy, which nourishes the nerves. Accumulation of AGEs is observed
in perineurial cells, nerve axons, and Schwann cells in the peripheral nerves of
patients with diabetes [112]. In Schwann cells, neurofilaments and tubulin, which
are important for axonal transport, are converted to AGEs [113]. Overexpression
of AGEs and RAGE in the nerves of patients with diabetes activates NF-«B; these
changes correlate with hypoesthesia [114]. Therefore, antiglycation agents, such as
aminoguanidine, have been promoted as treatments for DN [115]. However, amino-
guanidine was shown to have various side effects in a clinical trial of patients with
DN, and thus its development was discontinued. Recently, the anti-inflammatory
cytokine interleukin-10 has attracted attention because of ability to suppress AGE-
induced apoptosis in Schwann cells by reducing oxidative stress through inhibition
of NF-«B activation [116]. Thus, the potential use of interleukin-10 for treating DN
is also being discussed.
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7. AGEs and arteriosclerosis

In addition to the three major complications of diabetes (i.e., diabetic retinopa-
thy, diabetic nephropathy, and DN), if hyperglycaemia continues for a long time,
ischaemic heart disease, cerebral infarction, and macroangiopathy (peripheral
arterial disease progression) can occur due to arteriosclerosis in large blood vessels,
such as the heart and brain. Inflammation in the blood vessel wall is critical for the
onset and progression of arteriosclerosis. AGEs produced in a hyperglycaemic envi-
ronment bind to RAGE in vascular endothelial cells and activate AGE/RAGE signal-
ling. As aresult, the expression of inflammatory cytokine genes is enhanced by
NF-kB signalling and the phosphorylation of JNK because of the production of ROS
by NADPH oxidase, causing inflammation of the blood vessel wall [117]. Recent
studies showed that vascular endothelial growth factor is involved in increases in
atheroma in atherosclerotic lesions [118]. Moreover, AGEs induce angiogenesis by
promoting the production of vascular endothelial growth factor autocrine signal-
ling in endothelial cells, enhancing inflammation in blood vessels, and increasing
atheroma [117]. Excess SRAGE has been reported to inhibit AGE/RAGE signalling
and suppress the onset and progression of arteriosclerosis [119-121]. Furthermore,
AGESs have been detected in cultures of mouse or human aortic endothelial cells in
a hypoxic state, suggesting that RAGE signalling is activated by hypoxia in aortic
endothelial cells [122]. Early growth response-1 expression under hypoxic condi-
tions, PKC translocation, and JNK phosphorylation are inhibited by sRAGE or
anti-AGE antibodies, and RAGE is downregulated by aminoguanidine and siRNA.

8. AGEs and intrauterine hyperglycaemia

In pregnant women or those with gestational diabetes during pregnancy,
hyperglycaemia can create a hyperglycaemic environment in the uterus through
the placenta. However, few studies have evaluated the molecular mechanisms by
which the intrauterine hyperglycaemic environment affects foetal development
and future illnesses in offspring. One study evaluated the hearts of infants born
from diabetic pregnancy model rats with hyperglycaemia during pregnancy [123].
Additionally, a gestational diabetes rat model was created by administration of
streptozotocin via the tail vein immediately after pregnancy. Akt-related insulin
signalling was abnormal in the hearts of offspring born to mothers of these ges-
tational diabetes model rats [124]. We investigated the expression of the insulin
signalling system, ROS, AGEs, and related genes in the hearts of infants and in
primary myocardial cultured cells (cardiomyocytes) isolated from the heart [125].
In primary cardiomyocytes isolated from the hearts of infants born to mothers with
diabetes, insulin stimulation inhibited the translocation of GLUT4 to the cell mem-
brane, indicating that insulin resistance was induced. Moreover, various proteins
were excessively AGE-ised in the hearts and cardiomyocytes of offspring born from
diabetic mother rats [125]. Intracellular ROS levels and NF-xB, tumour necrosis
factor (TNFa), and IL-6 gene expression levels in isolated cardiomyocytes were
significantly increased compared with those in offspring of normal mother rats
[125]. Thus, in offspring who spent the foetal period in an intrauterine hypergly-
caemic environment, maternal hyperglycaemia may have caused abnormal insulin
signalling due to the chronic inflammation induced by intracellular ROS and exces-
sive AGE formation, thereby leading to cardiac hypertrophy [125]. Interestingly,
daily oral administration of the n-3 unsaturated fatty acid eicosapentaenoic acid by
gastric sonde to mother rats ameliorated this abnormal signal transduction in the
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Figure 6.

Tl'gz risk of future illness in children born to diabetic mothers. In diabetic mothers, maternal hyperglycaemia
creates a hyperglycaemic environment in the womb through the placenta. During this time, the foetus is exposed
to hyperglycaemia, and excessive hyperglycaemia activates AGE/RAGE signalling. This can cause the foetus

to be exposed to an inflammatory cytokine storm. In addition, many proteins and enzymes are denatured by
oxidative stress, which can also affect foetal development, and these effects may lead to the onset of disease after
birth. Therefore, glycaemic control during pregnancy is critical.

heart. Based on these findings, the intrauterine hyperglycaemic environment of
pregnant women may have major effects on various organs other than the heart in
children through oxidative stress caused by excessive AGEs, including AGE/RAGE
signalling. In addition, the intrauterine hyperglycaemic environment may affect
offspring through epigenetics [125, 126].

The concept that malnutrition in the womb may affect the future development
of lifestyle-related diseases in children was first proposed by David Barker of
Southampton University in the 1980s [127]. Barker and colleagues used birth weight
as an indicator of foetal nutrition and examined its association with various causes
of death; their results showed that children born with a low birth weight were at
high risk of dying from heart disease in the future [128]. Birth cohort studies have
reported a series of epidemiological studies supporting the theory of adult disease
foetal onset, including the fact that foetuses exposed to malnutrition may develop
lifestyle-related diseases in adulthood [129] by inducing an adaptive response
that predicts the future environment by regulating gene expression [130]. Peter
Gluckman, Mark Hanson, and others further developed this theory of adult disease
foetal onset into a generalised theory on the developmental origins of health and
disease [131]. However, in modern society, eating habits have changed dramati-
cally, and overnutrition, including obesity and diabetes, has become a challenge.
Importantly, oxidative stress caused by exposure to the maternal hyperglycaemic
environment may also have major effects on the future onset of illness in offspring
(Figure 6).

9. Development of therapeutic agents targeting the AGEs-RAGE system

As described above, in a hyperglycaemic environment, oxidative stress induced
by AGEs and RAGE can induce the onset and progression of various diabetic
complications; hence targeting the AGEs-RAGE system, using AGEs formation
inhibitors, AGEs degrading agents, AGEs-RAGE inhibitors and signal transduction
inhibitors, may be an effective treatment strategy.

The first reported AGEs formation inhibitors are aminoguanidine and OPB-9195
(2-isopropylidenehydrazono-4-oxo-thiazolidine-5-ylacetanilide) which can capture
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reactive carbonyl compounds such as methylglyoxal and 3-DG and inactivate metal
ions that catalyse radical formation such as chelating agents [132-134]. OPB-9195
has a stronger AGEs formation inhibitory activity than aminoguanidine [135], how-
ever, these compounds are associated with side effects such as vitamin B6 deficiency
due to the capture of pyridoxal phosphate, anaemia, and liver damage, therefore,
their clinical application has been discontinued. LR-90 (methylene bis [4,4-(2
chlorophenylureido phenoxyisobutyric acid)]) and ALT946 (N-(2-acetamidoethyl)
hydrozinecarboximidamide hydrochlolide) are more potent AGEs inhibitors than
aminoguanidine and OPB-9195 [136, 137], and are associated with fewer side
effects; in particular, ALT946 has no NO synthase inhibitory activity, which is a side
effect of aminoguanidine [137].

Pyridoxamine, a vitamin B6, has been reported to have renal damage-suppressing
effects as well as carbonyl compound capturing and antioxidant effects [138-140].
Benfophothiamine, a vitamin B1 derivative, has various effects such as inhibiting
AGE:s formation, suppressing PKC activity and oxidative stress, activating trans-
ketolase, and inhibiting the polyol pathway [141]. Furthermore, sorbinin inhibits
AGE:s formation by blocking the polyol pathway [41, 42]. The renal protective effect
of the renin-angiotensin system targeting drugs is attributed to the inhibition of
pentosidine production [142]. The oral hypoglycaemic agent metformin inhibits
AGE:s formation via carbonyl compound capturing, metal chelate formation, and
antioxidant activity [143].

N-phenacylthiazolium bromide (PTB) can cleave protein cross-linked by AGEs
[144]. PTB water solubility increases when it is in the form of 3-phenacyl-4,5-di-
methylthiazorium chloride (ALT-711). ALT-711 has been reported to suppress the
accumulation of AGEs and improve vascular hardening and systolic blood pressure
[145]. PTB and ALT-711 are therefore referred to as AGEs breaker agents. Certain
plant extracts have been reported to exhibit this anti-AGEs effect. For example,
terpinen-4-ol of citron (Citrus junos) has also been reported to decompose AGEs
[146]. In addition, RAGE antagonists that block the interaction between AGEs and
RAGE have been extensively studied [147].

Drugs targeting the AGEs-RAGE system primarily include AGEs formation
inhibitors, AGEs breakers, and AGEs-RAGE signal inhibitors, which are investi-
gated in non-clinical studies. Presently, the agents used for targeting AGEs-RAGE
system in clinical settings include aldose reductase inhibitors, renin-angiotensin-
based active drugs, and metformin. The reason behind using such diverse drugs
and difficulty in discovering a specific drug is attributed to the structural diversity
of AGEs, the multi-ligand receptor characteristics of RAGE, and the limited
underdamping of the condition in which oxidative stress is generated in cells.
However, oxidative stress induced by AGEs in a hyperglycaemic environment sig-
nificantly influences the onset and progression of several lifestyle-related diseases.
Therefore, advance translational research is essential to tackle challenges that basic
research cannot.

10. Conclusions

As discussed in this chapter, glycation is a random, nonenzymatic reaction that
differs significantly from enzymatically catalysed glycosylation. AGEs formed by
saccharification consist of a wide variety of molecular species, many of which have
not been structurally characterised, and these species vary from harmful to harm-
less. Oxidative stress, including ROS, is induced by AGEs during normal metabo-
lism but is mitigated physiologically by antioxidant enzymes in the body. However,
in a hyperglycaemic environment, as is typically observed in patients with diabetes,
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oxidative stress that cannot be removed via the antioxidant system of the body
causes various diabetic complications such as organ stress. As the population of
patients with diabetes continues to increase, the number of pregnant women with
diabetes is also increasing due to late marriage and an older age of primigravida.
Research results have strongly supported that the maternal hyperglycaemic state
creates an intrauterine hyperglycaemic environment through the placenta that is
involved in the development of various diseases in the offspring. Further studies are
needed to clarify the molecular mechanism involved in oxidative stress and disease
caused by glycation and to link these mechanisms with the diagnosis and preven-
tion of lifestyle-related diseases.
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Abstract

High confidence methods are needed for determining the glycosylation profiles
of complex biological samples as well as recombinant therapeutic proteins. A com-
mon glycan analysis workflow involves liberation of N-glycans from glycoproteins
with PNGase F or O-glycans by hydrazinolysis prior to their analysis. This method
is limited in that it does not permit determination of glycan attachment sites.
Alternative proteomics-based workflows are emerging that utilize site-specific
proteolysis to generate peptide mixtures followed by selective enrichment strategies
to isolate glycopeptides. Methods designed for the analysis of complex samples can
yield a comprehensive snapshot of individual glycans species, the site of attachment
of each individual glycan and the identity of the respective protein in many cases.
This chapter will highlight advancements in enzymes that digest glycoproteins into
distinct fragments and new strategies to enrich specific glycopeptides.

Keywords: glycoproteomics, glycopeptide enrichment, lectin, Fbsl, BGL,
O-glycoprotease, alpha-lytic protease

1. Introduction

Protein glycosylation is a post-translational carbohydrate (‘glycan’) modification
of eukaryotic proteins that may affect their folding, stability, localization and bio-
logical function. Glycan profiles differ from cell type to cell type and are known to
be altered in carcinogenesis [1, 2], inflammation [3], and Alzheimer’ disease [4] etc.
Importantly, circulating plasma proteins may serve as biomarkers as altered glyco-
sylation profiles may signal specific types of disease. Glycosylation may be assessed
on a global level by isolating total protein from tissue, cells or serum followed by
liberation of glycans and analysis by reliable methods such as ultra performance
liquid chromatography (UPLC) coupled to mass spectrometry (MS). Profiling liber-
ated glycans is useful in some cases, but site of attachment (glycosite) and the glycan
structure at each glycosite is more valuable. This “total picture” is attainable when
performing liquid chromatography (LC) with tandem mass spectrometry (LC-MS/
MS) at the glycopeptide level. Furthermore, it is critically important to be able to
strictly characterize therapeutic proteins to ensure reproducible glycosylation,
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safety and efficacy as the absence, presence or type of glycan is known to dictate the
efficacy of some therapeutic molecules [5].

Glycans are attached to certain asparagine residues (N-linked glycans) or serine/
threonine residues (O-linked glycans). N-linked glycosylation occurs at the Asn-
X-Ser/Thr/Cys (where X is not proline) consensus sequence on proteins that pass
through the eukaryotic secretory pathway. There are three structural classes of
N-glycan that share a common trimannosyl chitobiose core motif (Man3GIcNAc2)
(Figure 1a). This core may be further variably decorated with mannose, fucose,
galactose, sialic acid, N-acetylgalactosamine (GalNAc) and N-acetylglucosamine
(GIcNACc). In contrast to N-glycans, O-glycans are appended to the hydroxyl oxygen
of Ser or Thr residues with no strong consensus sequence defining a glycosite.
There are eight structural classes of O-glycans that are defined by core di- or tri-
saccharides that occupy a glycosite (Figure 1b). Each of these cores can be further
elaborated with other sugars yielding a large variety of possible O-glycan structures.
Over 10% of secreted human proteins carry some form of O-glycan modification. A
second form of O-glycosylation occurs on nuclear and cytoplasmic proteins, where
a single f-linked GlcNAc is attached to Ser or Thr residues. p-O-GlcNAcylation is an
essential, dynamic modification that is important in cell signaling and differentia-
tion [6]. Finally, chemical groups (e.g., sulfate, phosphate, acetate, methyl, etc.)
may also occur at various positions on certain N- and O-glycan sugars [7].

B GlcNAc O Galactose 1 GalNAc
@ Mannose ¢ Sialic acid < Fucose

Core1 O—-SIT

Core2 -ii-SIT

Core 3 B=1—-SIT

Core 4 :“;EFSIT

Core 5 [={1—SIT
Core 6 W1—S/T
Core 7 [=C—SIT
Core 8 OnEI’—SIT

High

Complex Hybrid
mannose

a b

Figure 1.

Bagsic structures of N-glycans (a) and cove structures of O-glycans (b). a, N-glycans can be categorized into
three basic types: High mannose, Complex and Hybrid. The core structure (Man3GlcNAc2) of N-glycans is
indicated by the ovange triangle. A GlcNAc residue can attach to a B-mannose of the N-linked glycan core,
resulting in a bisecting N-glycan (illustrated in Complex N-glycan). The reducing end GlcNAc (indicated by
an arrow) of N-glycans can also be modified with a fucose (illustrated in Complex N-glycan). A N-glycan
modifies a peptide via its reducing end GlcNAc attaching to Asparagine (N) within the peptide. b, eight cove
structures of O-glycans. O-glycan starts with a GalNAc (reducing end, indicated by an arrow), and further
modifications can be added to the non-reducing end of the core structures. In O-glycopeptides, O-glycans are
attached to the hydroxyl group of Serine (S) or Threonine (T) via the reducing end GalNAc.
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Protein glycosylation is remarkable in its structural complexity. This trait
reflects the way in which glycans are synthesized and transferred to proteins.
Glycans are assembled by complex biosynthetic pathways consisting of many
different enzymes. Individual monosaccharides become linked together by glycos-
yltransferases that each have sugar and stereochemical specificity. For example, the
elaborate mammalian 14 sugar N-glycan precursor consists of only three types of
monosaccharides (Glc3AMan9GlcNAc2), yet its assembly requires the coordinated
action of 13 different glycosyltransferases. There are over 200 different glycos-
yltransferases that affect glycan structures in the mammalian glycome [8]. Gene
expression of some of these enzymes varies by tissue, cell type, and epigenetic
regulation resulting in significant structural variation of glycans. A glycoformisa
single protein isoform having a defined glycan present at each glycosite. As such,
proteins naturally exist as collections of glycoforms. Additionally, some protein
isoforms periodically lack glycan occupancy at a potential glycosite. The complexity
of these attributes of glycoproteins underscores the technical challenges associated
with deconvoluting any given glycome.

Analysis of glycan structure has been performed several different ways.
However, the most common approaches typically utilize one of two strategies: (i)
analysis of glycans that have been released from glycoproteins or ii) bottom-up
proteomics analysis of peptide/glycopeptide mixtures. Standard N-glycan profiling
methods begin with liberation of N-glycans from a glycoprotein with the enzyme
PNGase F. Typically, they are then labelled at their reducing ends with a fluoro-
phore, and separated via high/ultra-performance liquid chromatography (H/UPLC)
or capillary electrophoresis (CE) with fluorescence detection and optional inline
mass detection [9]. Glycan structures are assigned to observed peaks by comparing
mobility and mass data to glycan reference databases [10]. Exoglycosidases with
precise specificities can be used to further confirm structural assignments [11,

12]. For O-glycans, no enzyme that releases a broad range of elaborated O-glycan
structures has been identified. Chemical release of O-glycans via hydrazinolysis
can be achieved, but this can damage some released glycans [13, 14]. In addition,
released N- and O-glycans may be permethylated and analyzed directly by LC-MS/
MS or MALDI-MS [15]. Finally, for both N- and O-glycans, profiling of released
glycans provides a catalog of the range of structures present in a sample, but it does
not provide information regarding their point of attachment in a protein.

A more data-rich method of glycoprotein analysis uses bottom-up proteomics
to analyze peptide/glycopeptide mixtures. In this approach, a glycoprotein is
treated with a protease (e.g., trypsin) to generate a pool of peptides that are then
analyzed by mass spectrometry (typically LC-MS/MS). Data are processed by
computer algorithms with the help of protein and glycan mass reference databases
(e.g., Byonic software and O-Pair Search) to generate a peptide map and identify
appended glycans. Advantages of this method are that the same workflow can
yield information about both N- and O-glycans (and other protein modifications),
it identifies glycosites, it can determine both glycan occupancy and the range
of glycan structures at each glycosite, and it can be quantitative. This approach
(termed the ‘multi-attribute method, MAM) is gaining traction in the pharmaceuti-
cal industry for monitoring the purity of biologic drugs and is expected to become
the industry standard for final product characterization [16]. Despite its benefits,
there are still technical challenges facing glycoproteomics analyses. For example,
existing proteases (e.g., trypsin) used in proteomics often generate large peptides
that may have multiple glycans (especially for O-glycans that tend to be clustered
within proteins). These generated glycopeptides can be either too large to detect by
MS or it can be difficult to assign glycosites on such peptides with high confidence.
Therefore, better approaches are needed to generate glycopeptides. Additionally,
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glycopeptides represent a small portion of a peptide mixture and often do not ionize
well. New methods that address sample complexity through enrichment of specific
glycopeptides are emerging.

The field has begun to address these issues through development of new reagents
that aid in glycoproteomics. Novel proteases, including those that have specificity
for O-glycans, have recently been characterized and validated in glycoproteomics
workflows. Additionally, reagents and methods that permit selective enrichment of
glycopeptides have been applied to reduce sample complexity. In this chapter, we
review advances in glycopeptide generation and enrichment methods that are helping
to improve glycopeptide analysis. Additionally, we present an example case study illus-
trating N-glycopeptide enrichment to address glycan heterogeneity in Wnt signaling.

2. A workflow for intact glycopeptide identification

A common strategy to determine protein glycosylation is shown in Figure 2.
This process generally involves: (i) protease treatment of protein(s) to generate
a peptide/glycopeptide mixture, (ii) glycopeptide enrichment, (iii) analysis of
isolated glycopeptides by LC-MS/MS, (iv) computational analysis of mass data

Protein and glycoprotein mixture

Proteolysis

v
Peptide and glycopeptide mixture
Enrichment

v (e.g. HILIC, Fbs1-GYR, BGL, Exo0)

Enriched glycopeptides

1 LC-MS/MS
MS/MS spectra
Software tools
(e.g. Byonic, O-Pair Search)

Intact glycopeptide identification
(peptide sequence and glycan composition)

SVAGHRPL
AVTQDGNDT

Figure 2.
Basic workflow of intact glycopeptide identification.
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against proteome and glycan reference databases to yield both the peptide sequence
and possible glycan structure for each peptide. Here we review technical challenges
and recent advances for each step of glycopeptide analysis.

2.1 Peptide generation

To generate peptides for proteomics analyses, a protein sample is first digested with
a protease. The specificity of the protease used can significantly impact the protein
coverage obtained by the method. Trypsin, a protease that cleaves after lysine and
arginine residues, has been the workhorse of the proteomics field for over two decades.
Trypsin generally produces peptides of sufficient length to ionize efficiently in mass
spectrometry. However, protein-specific challenges can occur with trypsin, especially
with glycoproteins. For example, some proteins naturally lack lysine or arginine
residues, have these residues disparately positioned, or have bulky glycans in close
proximity that sterically hinder proteolysis. Each of these factors can produce larger
peptides that typically do not ionize as well. As such, other proteases with cleavage
specificities orthogonal to trypsin are often used to increase proteolytic peptide cover-
age (Table1) [17]. For example, Figure 3 shows that a-Lytic Protease can be used
alone or in combination with other proteases to yield increased sequence coverage.

A recent advance has been the use of O-glycan-specific proteases
(O-endoproteases) for generating O-glycopeptides for analysis. These enzymes rec-
ognize and bind to mucin-type O-glycans, then cleave the peptide bond immediately
N-terminal to the glycosylated serine or threonine. Used either alone or in series with
other proteases like trypsin, glycopeptides are generated that have an O-glycan on
their amino-terminal amino acid following cleavage. The first commercial enzyme
of this class was the O-endoprotease from Akkermansia muciniphila (sold under the
trade name OpeRATOR, Genovis AB, Sweden). This enzyme recognizes mammalian
O-glycans but it is inhibited by the presence of terminal sialic acids. Accordingly,
sialidase treatment is required for efficient performance which results in loss of
glycan structural information. Recently, chemical modification of sialic acids has also
been shown to improve OpeRATOR function [18]. In contrast, the O-glycoprotease
newly available from New England Biolabs, is not inhibited by the presence of sialic
acids and it also exhibits a broad specificity towards proteins with mammalian

Protease Specificity
N-terminal cleavage AspN D (E)

LysN K

LysargiNase R,K

O-endoprotease

S/T with O-glycan

C-terminal cleavage ArgC R (K)
GluC E (D)
LysC K
Trypsin K,R
chymotrypsin FY L, W,M
Pepsin Y, EW
a-Lytic Protease T,A,S,V(C,L)

Table 1.
Proteases used in proteomics. Protease specificities are indicated using single letter codes for amino acid residues.
Recognition sites that ave cleaved at a lower rate are indicated by amino acids bracketed by parentheses.
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Sequence

Protein Coverage (%) a-Lytic Protease [l Trypsin [l Combined
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Figure 3.

c(—%ytic Protease can be used alone or in combination with other proteases to yield increased sequence coverage.
Comparison of sequence coverage for three protein standards after parallel digestion using Trypsin (blue)

or a-Lytic Protease (gold). The combined data set (grey) results in overlapping peptides and increased
sequence coverage. (Reprinted by permission from New England Biolabs. https://www.neb.com/products/
p8113-a-lytic-protease#Product%20lnformation).

O-glycans. This enzyme recognizes O-glycans ranging in size from a minimal
GalNAc-a-Ser/Thr structure to larger mucin-type O-glycans bearing branches and
sialic acids. This specificity negates the need for sialidase treatment or chemical
modification prior to O-glycopeptide generation. Resulting O-glycopeptides can be
mapped to identify the protein of origin, the position of O-glycosites, and the range
of O-glycan structures present at any given glycosite in a single experiment.

2.2 Glycopeptide enrichment methods

Glycopeptides are typically in low abundance compared to aglycosylated
peptides in a peptide mixture. Additionally, it is well-established that ionization
of glycopeptides is often weaker compared to aglycosylated peptides during MS
analyses [19]. This results in aglycosylated peptide signals often dominating MS
experiments. Therefore, enrichment of glycopeptides prior to sample analysis has
been a growing trend to improve intact glycopeptide identification. Several enrich-
ment schemes that vary in their rationales have been described. These approaches
range from general methods (enrichment of both N- and O-linked glycopeptides)
to newer glycan class-specific approaches that selectively enrich for either N- or
O-linked glycopeptides. Several approaches are summarized here.

2.2.1 Hydrophilic intevaction liquid chromatography (HILIC)

HILIC has been widely used for glycopeptide enrichment. It is based on the
interaction between the hydrophilic glycan moiety of a glycopeptide and the polar
stationary phase in the non-polar mobile phase (typically acetonitrile). Many
HILIC materials have been developed, however zwitterionic HILIC (ZIC-HILIC)
enrichment is generally the most useful due to higher loading capacity and broader
specificity. HILIC does not discriminate between O-linked and N-linked glycopep-
tides and hydrophilic non-glycosylated peptides may co-elute [20]. Thus, for more
complete glycopeptide enrichment, HILIC may require a complementary chroma-
tography fractionation step [21].

2.2.2 Boronic acid

One method utilizes boronic acid presented on a solid support to react with
cis-diol-containing saccharides or polyols to form five- or six-membered cyclic
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esters. This property has been used to capture glycoproteins and glycopeptides [22].
Importantly, the covalent linkage is reversible at acidic pH which results in release
of intact glycopeptides [20]. The interaction between boronic acid and sugars is
relatively weak but newly characterized derivatives show promise for enrichment of
low-abundance glycopeptides [19]. A final consideration is that boronic acid enrich-
ment does not discriminate between N- and O-linked glycopeptides.

2.2.3 Metal affinity chromatography

This method exploits the ability of negatively charged sialylated glycans to
coordinate with titanium, zirconium or silver [23]. However, metal ion affinity
chromatography is not strictly selective for sialylated glycans as negatively charged
phosphopeptides or acidic peptides may compete for binding. Additionally, the
method does not discriminate between N- and O-linked glycopeptides.

2.2.4 Hydrazide chemistry

Hydrazide chemistry has been widely used for glycosite characterization. Cis-
diols within glycans of glycopeptides may be oxidized to aldehydes (using periodate
oxidation) forming a non-reversible covalent bond with hydrazide immobilized on
abead. PNGase F is then used to release the formerly N-linked glycosylated peptides
to enable N-glycosite determination using MS [24]. Although more commonly used
for N-glycosite determination, this chemistry can also be used to enrich glycopep-
tides having sialylated glycans. In this method, mild periodate treatment selectively
oxidizes sialic acids thus enabling capture of sialyated N- and O-glycopeptides on
hydrazide beads. The intact glycopeptides can then be selectively released by acid
hydrolysis and analyzed by MS [25].

2.2.5 Enzyme-mediated O-glycopeptide enrichment

O-glycopeptides may be enriched using an enzyme-based workflow termed
“EX00” (extraction of O-linked glycopeptides) [26]. This method is enabled by
the availability of O-endoproteases (described above). The workflow (Figure 4)
involves digestion of a protein/biological sample with a standard protease such
as trypsin to generate a peptide mixture. The peptides are conjugated to a solid
support via the terminal NH, group on each peptide (e.g., Aminolink™ beads,
ThermoFisher). An O-endoprotease is used to specifically release O-glycopeptides
from the beads. Efficiency of the method is dependent on the specificity of the
O-endoprotease. This approach may be practiced with OpeRATOR (Genovis)
following chemical modification of sialic acids [18] or with O-glycoprotease
(New England Biolabs) which cleaves without pre-treatment to remove or modify
sialic acids.

2.2.6 Native lectin-mediated glycopeptide envichment

Lectins are non-catalytic proteins that bind to carbohydrates. Lectins have been
used in a variety of glycan, glycoprotein and glycopeptide enrichment strategies. A
common approach utilizes broad-specificity bead-immobilized lectins to capture a
wide spectrum of glycopeptides. For example, the lectins Concanavalin A (ConA)
and wheat germ agglutinin (WGA) bind to high mannose structures and GlcNAc or
sialic acid residues, respectively. Each has been used to isolate N-glycopeptides from
peptide mixtures [27]. However, WGA does not exclusively bind to N-glycopeptides
as it also binds O-p-GIcNAc found on intracellular proteins [28]. Similar strategies
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Figure 4.
Basic workflow of O-glycopeptide envichment by O-glycoprotease.

have been applied to O-glycopeptide enrichment. For example, the lectins Jacalin
and Vicia villosa agglutinin (VVA) bind to O-linked Gal(p-1,3)GalNAc and a- or
p- linked terminal N-acetylgalactosamine, respectively [29, 30].

Lectin-based enrichment strategies have some limitations due to their natural
properties. First, most lectins bind their substrates rather weakly (Kd of ~10 mM to
1pM) [31]. Additionally, limitations in a lectin’s specificity can introduce bias into
an enrichment scheme. Strategies employing multiple lectins (multi-lectin affinity
chromatography, M-LAC) have successfully increased glycopeptide recovery and
coverage but do not completely solve the problem of lectin specificity bias [32]. To
improve the performance of lectins in glycopeptide enrichment strategies, today’s
advanced capabilities for cloning and recombinant expression of lectins allows for
mutagenesis and selection of lectins with improved binding properties.

2.2.7 Engineered lectins for N- and O-glycopeptide enrichment

The use of structure-guided protein engineering techniques has been used to
create lectins with enhanced utility for glycopeptide enrichment. One area of inter-
est has been to engineer binding proteins that can stratify a peptide mixture into
different classes of glycopeptides (e.g., N-glycopeptides or O-glycopeptides). Here
we summarize recent progress in creating such reagents.

An ideal lectin for N-glycopeptide enrichment would bind to a structurally
invariable portion of the N-glycan structure. A common trimannosyl chitobiose
(Man3GIcNAc2) core glycan is a common feature of all N-glycans (Figure 1a). The
human Fbsl protein specifically recognizes this core motif [33, 34]. Fbs1 partici-
pates in glycoprotein quality control within the endoplasmic-reticulum-associated
degradation (ERAD) system by binding to misfolded glycoproteins that have been
retrotranslocated into the cytosol for degradation [35]. As part of the E3 ubiquitin
complex, Fbsl mediates ubiquitination and degradation of glycoproteins by the
proteosome [33, 34]. Wild-type (wt) Fbsl preferentially binds to high mannose
N-glycans with sub-micromolar binding affinity (Kd of 0.1-0.2 uM) and only
weakly binds to complex N-glycans having terminal sialic acids [36]. To adapt Fbsl
for use as a universal N-glycan/N-glycopeptide binding reagent, Fbsl variants with
greater tolerance for the presence of sialic acids were engineered using a novel
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plasmid display strategy where library variants were enriched for their ability to
bind immobilized fetuin [37]. An Fbsl variant (termed Fbs1-GYR) containing
S155G, F173Y and E174R substitutions was identified that efficiently binds to both
high mannose N-glycans and complex N-glycans (Figure 5). Fbs1-GYR is unhin-
dered by sialic acid and core fucose substitution, but does not bind to N-glycans
bearing bisecting GIcNAc.

Fbs1-GYR is an efficient and substantially unbiased N-glycopeptide enrichment
reagent. It enabled a deep characterization of the human serum N-glycoproteome
[37] where Fbs1-GYR enrichment outperformed enrichment by the native lectin
mixture of WGA, ConA and RCA;5y (WCR). Fbs1-GYR enrichment enabled
identification of 2.2-fold more N-glycopeptides: an average of 2,142 N-glycopeptide
spectra with Fbs1-GYR whereas enrichment with the WCR lectin mixture yielded
an average of 965 N-glycopeptide spectra when the same amount of sample was
analyzed by MS [37]. Fbs1-GYR mediated enrichment may be performed by using
the N-glyco FASP method [32] or by using Fbs1-GYR immobilized beads. In the
latter case, Fbs1-GYR has been expressed as a fusion to a SNAP-tag which permits
covalent conjugation to benzyl-guanine beads [37-39].

A lectin (termed ‘BGL’) from the North American Kurokawa mushroom
(Boletopsis grisea) was recently shown to have a specificity suitable for enrichment
of a broad range of O-glycan and O-glycopeptide structures [40]. BGL is a member
of the fungal fruit body lectins (Pfam PF07367) that possess two ligand binding
sites, as verified by x-ray crystallography [41, 42]. One site binds to N-glycans
possessing outer-arm terminal GlcNAc and the other to O-glycans bearing the
TF-antigen disaccharide Galp1,3GalNAc [40]. Ganatra et al. used structure-guided
mutagenesis to generate single ligand binding site BGL variants [40]. One mutant
BGL protein (R103Y) lost the ability to bind N-glycans with a terminal GIcNAc but
retained the ability to bind O-glycans bearing the Galp1,3GalNAc epitope. Both the
R103Y BGL variant and wt BGL were shown to specifically isolate O-glycopeptides
from proteolyzed fetuin, a peptide mixture that contains N-, O- and aglycosyl-
ated peptides [40]. As the R103Y BGL variant does not bind to N-glycans, it shows
promise as a selective O-glycan/O-glycopeptide enrichment reagent (Figure 6). It
is plausible that BGL (R103Y) and Fbs1-GYR could be used in tandem to stratify
glycopeptide mixtures into enriched pools of O- or N-glycopeptides, respectively.

AR

KVANKT KVANKT KVANKT 10-

O wt Fbs1 mm Fbs1-GYR

Recovery (%)
(2]

0-
1 2 3 4 12 3 4 1 2 3 4

Figures.

Fbs1-GYR variant binding to a diverse set of N-glycopeptides is substantially unbiased. Sialylglycopeptide
(SGP), an Fbs1 binding substrate, was fluorescently labeled with Tetramethylrhodamine (TMR) at the
epsilon-amino group of lysine. For simplicity, TMR is only shown in N-glycopeptide structure 1. N-glycans of
SGP-TMR (1) were trimmed with different combinations of exoglycosidases to produce asialo-SGP-TMR (2),
SGP-TMR without sialic acids and galactose (3) and SGP-TMR without sialic acids, galactose and GlcNAc
(4). The trimmed glycopeptides were then added to binding assays with wt Fbs1 or Fbs1-GYR beads in 50 mM
ammonium acetate pH 7.5. The relative binding affinity to wt Fbs1 or Fbs1-GYR is reported as the recovery
percentage (TMR fluorescence on beads/input TMR fluovescence). Results represent the mean + s.e.m. of three
replicates. (This figure was originally published within Nature Communications, Volume 8, Article number:
15487 (2017)).
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Figure 6.

Enrichment of O-glycosylated peptides/peptiforms from Pronase digested bovine fetuin before or after
enrichment with BGL or BGL variant R103Y. Sample 1 and 2 represent veplicate samples that were each
separately digested with Pronase and subjected to lectin enrichment. Blue bars represent the total number of
peptides identified (unglycosylated peptides and O-glycopeptides). Yellow bars represent the number of unique
O-glycopeptides/peptiforms identified in each sample. (This figure was oviginally published within Scientific
Reports, Volume 11: Article number: 160 (2021)).

2.3 LC-MS/MS and computer algorithms to search glycopeptides
2.3.1 LC-MS/MS

To identify intact glycopeptides, information of both the peptide backbone
and the appended glycan is required. There are four major MS/MS fragmenta-
tion methods: collision induced dissociation (CID), electron-capture dissociation
(ECD), electron transfer dissociation (ETD), and higher energy collisional dissocia-
tion (HCD). CID mainly fragments the peptide backbone, while ECD/ETD is more
specific for glycan fragmentation. HCD can fragment both peptide backbone and
glycan, and is widely used in intact glycopeptide MS/MS. A combination of differ-
ent fragmentation methods can improve intact glycopeptide identification.

One recent study reported analysis of more than 5,600 glycopeptides and
1545 N-glycosites [43]. This report implemented a new type of tandem MS fragmenta-
tion: activated-ion electron transfer (AI-ETD). The analysis illustrated one of the first
studies of glycoproteome profiling with AI-ETD on a quadrupole-Orbitrap-linear ion
trap MS system (Orbitrap Fusion Lumos) [44]. Through specialized ion scanning
routines, the authors acquired glycopeptide spectra with a higher-energy collision
dissociation-product dependent-activated ion electron transfer dissociation (HCD-pd-
AI-ETD). This strategy borrows from an established approach in N-glycopeptide analy-
sis, HCD-product ion-triggered-ETD activation where abundant oxonium ions (m/z
204.087, HexNAc) in HCD MS/MS initiate subsequent ETD of the selected precursors
[45, 46]. The new method HCD-pd-AI-ETD showed a median of peptide backbone
sequence coverage of 89% and a median 78% glycan sequence coverage [44]. These
parameters were derived from informatics tools with multiple filtering steps post-
analysis. Overall, the filtering strategy aimed to attain no decoy peptide hits within the
constraints of below 1% FDR estimations for both AI-ETD and HCD spectra.

2.3.2 Computer algorithms for intact glycopeptide identification

The complicated structure of intact glycopeptides makes the MS/MS spectra
extremely complex. Therefore, special computer algorithms have been developed
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to match the MS/MS spectra to both the peptide sequences and the attached glycan
compositions. The algorithms include Byonic [47], GPQuest [48], pGlyco 2.0

[49], and O-pair Search [50]. Amongst these programs, the Byonic search engine
provides high sensitivity identification of glycopeptides and allows the use of
customized databases for both glycans and proteins. Byonic software identifies
glycopeptides to the level of glycan composition and peptide sequence, and it is
suitable for both N-glycopeptide and O-glycopeptide searches. A newly published
computer algorithm, called O-Pair Search, is specific for O-glycopeptide searches
[50]. The authors claim that O-Pair Search can not only greatly reduce search times
(up to more than 2,000-fold) compared to a Byonic search, but it can also generate
more O-glycopeptide identifications.

3. A case study: application of the Fbs1-GYR enrichment method to
study N-glycan heterogeneity in Wnt signaling

The Wnt signaling pathway plays important roles in normal development and in
cancer progression [51]. Several enzymes (such as DPAGT1) which are involved in
N-glycan biogenesis are regulated by Wnt3a ligand stimulation [52, 53]. Therefore,
an N-glycosylation study was performed to reveal potential biomarkers for the
detection of Wnt-related cancers. We applied Fbs1-GYR enrichment technology
to investigate whether protein N-glycosylation heterogeneity changes upon Wnt3a
stimulation in mammalian cells.

Murine recombinant Wnt3a ligand and the Wnt Protein Stabilizer (AMS.
bWps) (ASMBio, Cambridge, MA) in combination were able to stimulate
canonical Wnt signaling in HEK293 SuperTopFlash STF cells (ATCC CRL-3249)
in serum free media. Controls cells (non-Wnt3a stimulated cells) were treated
in the same manner but without addition of Wnt3a. A 103.6 + 3.92 (n = 3)
fold change in TopFlash reporter gene expression was observed after 24-hour
stimulation with 50 ng/ml Wnt3a and 50 pg/ml of Stabilizer. Note that serum
free media was necessary to prevent possible glycoprotein contamination from
bovine serum.

Control cells or Wnt3a-stimulated cells were harvested, and total protein was
digested with trypsin. N-glycopeptides were enriched with 50 pg Fbs1-GYR puri-
fied protein using the N-glyco-FASP method [32] from 200 pg of tryptic peptides
prepared from either control cells or Wnt3a-stimulated cells. The enriched
N-glycopeptide samples were subjected to LC-MS/MS analysis and N-glycopeptide
searching by Byonic as described [37]. 1556 and 1233 N-glycopeptide spectrum
matches (N-glyco PSM) were obtained from Wnt3a-stimulated cells and control
cells, respectively. (The complete dataset is available upon request from the corre-
sponding author). The numbers of peptide spectrum matches (PSM) are suggestive
of the relative abundance of the peptides [26]. Thus, the value of N-glyco PSM is
used to evaluate and compare protein N-glycosylation in the Wnt3a-stimulated cells
and the control cells. Using criteria of at least a two-fold change and a minimum
10 PSM difference between Wnt3a-stimulated and control cells, 17 proteins were
identified exhibiting significant changes in N-glycosylation (Table 2). Among
them, N-glycosylation of 11 proteins (MPRI, AN32B, PON2, SAP, NOMO3, TMED4,
FKBP9, ATRN1, LMNB2, ZMAT4, and BASI) showed a significant increase upon
Wnt3a stimulation, while N-glycosylation of 6 proteins (MA2B1, PLOD1, MPRD,
MOMO1, HEAT1, and ABCAD) was significantly reduced with Wnt3a stimulation.
MPRI (Cation-independent M6P receptor) and MPRD (Cation-dependent M6P
receptor) are both mannose-6-phosphate (M6P) receptors. However, they display
an opposite response to Wnt3a stimulation with regard to N-glycosylation (Table 2,
Table 3 highlighted within the dark blue box). The detected N-glycosylation of
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|Uniprot ID| N-glycoprotein identity

Spectral Counts

ratio

‘Wnt3a

control

Wnt3a/Control

|P11717]MPRI_HUMAN Cation-independent
mannose-6-phosphate receptor OS=Homo
sapiens GN=IGF2RPE=1SV =3

35

3

11.7

|Q92688|AN32B_HUMAN Acidic leucine-rich
nuclear phosphoprotein 32 family member B
OS=Homo sapiens GN = ANP32BPE=1SV =1

20

33

|Q15165|PON2_HUMAN Serum paraoxonase/
arylesterase 2 OS=Homo sapiens GN=PON2
PE=1SV=3

19

21

|000754|]MA2B1_HUMAN Lysosomal alpha-
mannosidase OS=Homo sapiens GN = MAN2B1
PE=1SV=3

15

0.2

|Q02809|PLOD1_HUMAN Procollagen-lysine,2-
oxoglutarate 5-dioxygenase 1 OS=Homo sapiens
GN=PLOD1PE=1SV=2

17

0.2

[P20645MPRD_HUMAN Cation-dependent
mannose-6-phosphate receptor OS=Homo
sapiens GN = M6PRPE =18V =1

22

03

|P07602|SAP_HUMAN Prosaposin OS=Homo
sapiens GN=PSAPPE = 1SV =2

63

|P69849]NOMO3_HUMAN Nodal modulator 3
OS=Homo sapiens GN=NOMO3 PE =258V =2

18

|Q7Z7H5|TMED4_HUMAN Transmembrane
emp24 domain-containing protein 4 OS=Homo
sapiens GN = TMED4 PE=1SV =1

17

10

|095302-3|FKBP9_HUMAN Isoform 3 of
Peptidyl-prolyl cis-trans isomerase FKBP9
OS=Homo sapiens GN=FKBP9

13

11

|Q5VV63|ATRN1_HUMAN Attractin-like protein
1 OS=Homo sapiens GN = ATRNL1PE =2 SV =2

11

12

|Q03252|LMNB2_HUMAN Lamin-B2 OS=Homo
sapiens GN = LMNB2PE =1SV =3

10

13

|Q9H898|ZMAT4_HUMAN Zinc finger matrin-
type protein 4 OS=Homo sapiens GN = ZMAT4
PE=2SV=1

10

14

|P35613|BASI_HUMAN Basigin OS=Homo
sapiens GN=BSG PE =158V =2

10

15

|Q15155|NOMO1_HUMAN Nodal modulator 1
OS=Homo sapiens GN=NOMO1 PE =18V =5

26

|QOH583|HEAT1_HUMAN HEAT repeat-
containing protein 1 OS=Homo sapiens
GN=HEATR1PE=1SV =3

17

|Q86UQ4|ABCAD_HUMAN ATP-binding
cassette sub-family A member 13 OS=Homo
sapiens GN = ABCA13PE=2SV =3

14

Table 2.

List of 17 proteins with significant differences in overall N-glycosylation upon Wnt3a stimulation.
N-glycosylation is evaluated by spectral counting label-free quantification. The scoving criteria was a minimum
of 10 PSM difference and a fold change minimum of 2 between Wnt3a-stimulated cells and the contvol cells.
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Table 3.

Comparison of detected N-glycosylation in MA2B1, MPRI, MPRD, and HYOUz1 in Wnt3a-stimulated cells
and the control cells. The light green rows indicate N-glycoprotein identity. Beneath the protein identity vow,
N-glycosites ave listed in light blue. Beneath each N-glycosite, the respective N-glycan composition is listed.
N@ indicates the asparagine with N-glycan modification. PSM numbers of individual N-glycosylation
modifications are listed in columns on the right side.
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MPRI increases 11.7 fold, while N-glycosylation of MPRD decreases approximately
3-fold after Wnt3a stimulation. The observed N-glycosylation changes may be due to
the changes of protein expression level, which deserves further investigation.

The N-glyco PSM of lysosomal alpha-mannosidase (MA2B1(000754)), is greatly
reduced (5-fold) with Wnt3a stimulation. Interestingly, the N-glycosylation change
is mainly due to differential glycosylation of N133 of MA2B1(000754). Table 3
shows 11 PSM with a fucosylated N-glycan (HexNAc(2)Hex(3)Fuc(1)) were found
at position N133 attached to this mannosidase in control cells, but only one PSM
was detected in the Wnt3a-stimulated cells (highlighted in the red box). Thus, we
speculate that reduced N-glycosylation may affect stability of this mannosidase
in the lysosome resulting in altered N-glycosylation of substrate proteins. The
extent of N-glycosylation of some enzymes did not differ significantly between
Wnt3a-stimulated cells and the control cells. However, modification of a specific
N-glycosite did differ significantly. For example, there was no significant fold
change with regard to the total numbers of N-glyco PSM of HYOU1, Hypoxia up-
regulated protein 1, which were 71 and 119 in control and Wnt3a-stimulated cells,
respectively (Table 3). However, a 3-fold increase in N-glycosylation at position
N931 of HYOU1 was found upon Wnt3a stimulation (57 PSM in Wnt3a-stimulated
cells vs. 19 PSM in control cells, Table 3, highlighted in the green box). Overall, this
study demonstrates that the Fbs1-GYR enrichment method allows for the examina-
tion of glycosite heterogeneity of individual cellular proteins, and this study has
revealed candidate biomarkers for Wnt-related cancers.

4, Conclusion

Due to the inherent complexity of protein glycosylation, better reagents and
workflows are required in order to thoroughly and accurately characterize the
glycosylation profile within a sample of interest. Intact glycopeptide identification
(glycosite and glycan composition) has emerged as a more effective means to study
heterogeneity, to investigate disease biomarkers and to characterize therapeutic
proteins. Fortunately, several notable advances have arisen in the last few years.
These advances include chemical enrichment strategies, engineered lectins with
improved specificity, a greater selection of site-specific proteases, more sophis-
ticated mass spectrometry methods/instruments and finally the development of
computer algorithms designed for deconvolution of glycopeptide fragmentation
spectra. Although challenges remain, these advances have certainly simplified the
study of protein glycosylation.
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The Structure of Leukocyte Sialic
Acid-Containing Membrane
Glycoconjugates is a Differential
Indicator of the Development of
Diabetic Complications

Iryna Brodyak and Natalia Sybirna

Abstract

Glycans, as potential prognostic biomarkers, deserve attention in clinical
glycomics for diseases diagnosis. The variety of glycan chains, attached to proteins
and lipids, makes it possible to form unique glycoconjugates with a wide range of
cellular functions. Under leukocyte-endothelial interaction, not only the availability
of glycoconjugates with sialic acids at the terminal position of glycans are informa-
tive, but also the type of glycosidic bond by which sialic acids links to subterminal
carbohydrates in structure of glycans. The process of sialylation of leukocyte
glycoconjugates undergoes considerable changes in type 1 diabetes mellitus. At
early stage of disease without diabetic complications, the pathology is accompanied
by the increase of a2,6-linked sialic acids. The quantity of sialic acid-containing
glycoconjugates on leukocytes surface increases in condition of disease duration
up to five years. However, the quantity of sialic acids linked by a2,6-glycosidic
bonds decreases in patients with the disease duration over ten years. Therefore,
sialoglycans as marker molecules determine the leukocyte function in patients with
type 1 diabetes mellitus, depending on the disease duration. Changes in the glycans
structure of membrane glycoconjugates of leukocytes allow understanding the
mechanism of diabetic complications development.

Keywords: sialic acid, glycans, glycoconjugates, sialyltransferases, sialidases,
leukocytes, type 1 diabetes mellitus

1. Introduction

Glycans, as potential biomarkers of health and illness, deserve attention in
clinical glycomics for early-stage disease diagnosis [1, 2]. It is not surprisingly that
abnormal (aberrant) glycosylation of proteins and lipids have been observed in
many diseases, including cancer, cardiovascular disease, immune deficiencies and
diabetes [3].

Diabetes mellitus (DM) is one of the most common endocrine diseases that
have been identified as one of the priority issues for national health systems around
the world. Type 1 DM is characterized by a progressive autoimmune destruction

57 IntechOpen



Fundamentals of Glycosylation

of pancreatic B-cells, leading to insulin deficiency and chronic hyperglycemia [4].
The social significance of this problem is that DM associated with development of
numerous concomitant diseases, early disability, and metabolic complications [5].
Insufficient control of glucose level in blood may increased the risk of microvascu-
lar (nephropathy, retinopathy, neuropathy) and macrovascular (peripheral artery
disease, coronary artery diseases, congestive heart failure, myocardial infarction,
stroke) complications. In addition, individuals with DM have increased risk of
physical and cognitive disability, depression and cancer [6]. The various complica-
tions related to diabetes are determined by changes of blood components. Blood
cells (leukocytes, erythrocytes and thrombocytes) are of particular interest because
they are directly exposed to high glucose concentrations [7]. Blood cells aggregate
strongly to the vessel wall and adhere to each other, which leads to the development
of pathological changes in capillary blood flow and microcirculation disorders in
diabetes [4-6].

Leukocytes are the major cells of the inflammatory and immune response that
defends against different type of infection, consequently these cells are important
object for investigation [5]. The clinical and experimental studies of human blood
in case of DM and animals with streptozotocin-induced diabetes demonstrate
significant violations of the morphofunctional state of leukocytes. The dysfunction
of chemotaxis capacity, adhesion and migration, reduction of phagocytic activity
and bactericidal ability of leukocytes correlate with the level of hyperglycemia in
blood [8, 9].

The impairment in the functions of immunocompetent cells leads to a decrease
in immune defense and the development of chronic infectious/inflammatory
processes in organism of people with type 1 diabetes [10]. Chronic inflammation
is the main cause of progression of diabetic complications which leads to dysfunc-
tion of the extremities, retina, kidneys, nerves, heart and blood vessels. According
to statistics, most of patients die from angiopathic complications of diabetes.
Screening of complications provides with possibility to reduce the risk for their
development and progression [11]. Therefore, expansion of diagnostic methods
for characterization of changes in the morphofunctional state of leukocytes and
the search for preventive remedies that would ameliorate the clinical condition of
patients is a relevant problem today.

2. Importance of membrane glycoconjugates in providing the functional
activity of leukocytes

Experimental studies have shown that cells of the immune system are exposed
to the direct and indirect effects of high blood glucose concentrations in patients
with diabetes [4, 5]. Glucose metabolism pathways are activated under condi-
tions of hyperglycemia include the autooxidation of glucose, caused glycation of
long-lived proteins; the hexosamine pathway, which leads to the glycosylation of
hydroxyl-containing amino acid residues; sorbitol metabolism, accompanied by the
formation of free radical; and oxidative phosphorylation leading to mitochondria
electron transport chain intensification and the generation of superoxide-anion
radicals [12, 13]. Glucose autooxidation and glycation of proteins and lipids leads
to an accumulation of advanced oxidation protein products and advanced glycation
end products (AGEs), which are difficult to eliminate from the blood and remain
in circulation [14]. They are also the source of reactive oxygen species (ROS) since
they imitate metal containing oxidation systems. Excessive formation of ROS and
reactive nitrogen species (RNS) leads to the development of oxidative-nitrative
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stress [15]. These changes create a favorable background for the formation of
micro- and macrovascular diabetic complications [15, 16].

In condition of hyperglycemia, leukocytes are preactivated by ROS and RNS,
angiotensin II, and AGEs. The interaction of AGEs with their receptors, RAGE, causes
intracellular signal transduction, which leads to changes in gene expression, overpro-
duction of free radicals, the release of pro-inflammatory molecules (tumor necrosis
factor a (TNFa), interleukin 1p (IL-1p), IL-2, IL-6 etc.), and changes in the activity of
intracellular enzymes [17].

Glycosyltransferases and glycosidases, which involved in the synthesis of glycans
of glycoconjugates, pay much interest among cellular enzymes [18]. In general,
mammalian glycans are the product of several types of glycohydrolases and dozens
of glycosyltransferases, which act sequentially in the process of oligosaccharide
chains synthesis. Each of the glycosyltransferases uses one type of sugar substrate
and forms a specific bond between one monosaccharide and a glycan precursor.
Thus, the set of glycosyltransferases in the cell determines what type of glycans,
among the large number of possible structures, will be formed [19].

The variety of monosaccharides is very large, but most often the carbohy-
drate components of glycoconjugates of eukaryotic cells include glucose (Glc),
N-acetylglucose (GlcNAc), galactose (Gal), N-acetylgalactose (GalNAc), man-
nose (Man), N-acetylneuraminic acid (Neu5Ac), also known as sialic acid (Sia).
Different monosaccharides, combined in a specific sequence by glycosyltrans-
ferases, form a glycan, which at one end attaches to a protein or lipid molecule.
The formed glycoconjugates are the main macromolecular constituents of
biomembranes [19, 20].

The diversity of glycans attached to proteins and lipids makes it possible to form
unique glycoconjugates with a wide range of cellular functions. Glycoconjugates
play an important role in various biological processes, in particular, glucose
homeostasis, protein quality control, cellular differentiation, adhesion, intercellular
signaling and inflammation. It is known that carbohydrate residues increase the
solubility of glycoproteins, protect against proteolysis, influence on their fold-
ing, intracellular transport and secretion. Glycoconjugates are components of the
glycocalyx, providing specific interactions with ligands, intercellular contacts and
communication. Glycans of glycoconjugate are involved in the formation of the
immune response, blood clotting and provide the individuality of organisms and
their plasticity [20].

The immune system is highly controlled and fine-tuned by glycosylation,
through the addition of a variety of glycans to virtually all adhesion molecules and
receptors of leukocytes. Glycoconjugates are implicated in fundamental cellular
and molecular processes. Glycans perform function of molecular recognition that
regulates both stimulatory and inhibitory immune pathways [21]. The presence of
modified carbohydrate determinants in the glycan structure modifies the biologi-
cal activity of the entire glycoconjugate. The interaction of specific ligand with
its modified receptor leads to violations at the level of transmembrane and intra-
cellular signaling [22]. In according to the importance of glycans in the immune
system, scientific researches emphasize the essential contributions of glycosylation
in the regulation of innate and adaptive immune responses [21]. Therefore, today
the scientists (biochemists, molecular biologists, immunologists, pathologists
and pharmacologists) are making the great efforts to explore the interrelations of
carbohydrate determinants with their glycobiology. Establishing changes in the
glycans structure of membrane glycoconjugates of immunocompetent cells makes
it possible to understand the mechanism of pathological changes in condition of
diabetes and diabetic complications.

59



Fundamentals of Glycosylation

Thus, changes in intracellular metabolism, intensification of glycation processes
and the development of oxidative-nitrative stress in blood cells under conditions of
prolonged hyperglycemia are the main factors that induce pathological changes in
the structure of their components and affect their functional state [12, 20].

3. Sialoglycoconjugates of leukocytes as the main regulators of
molecular and cellular interactions

Glycoconjugates of leukocytes contain sialic acid as the terminal sugar and play
important roles in many physiological processes. Sialic acid normally exists in the
periphery of non-reducing end of the oligosaccharide chains of many glycoproteins
and glycolipids. They are involved in carbohydrate-protein interactions during cell
recognition, in cell-cell interactions involving functional receptors, in the bind-
ing of pathogens such as viruses, bacteria or parasites [19, 23]. Sialic acids are also
implicated in the processes of activation, differentiation, survival and apoptosis of
leukocytes. Sialoglycoconjugates affects cellular adhesiveness, antigenicity, action
of some hormones, catalytic properties of enzymes, modulating the affinity of cell
surface receptors and transmembrane signaling [19, 20]. It is obvious that sialic
acids are important molecular determinants of many immune processes. To imple-
ment these functions, organisms have a range of proteins (sialospecific lectins) that
recognize surface-exposed sialic acids in glycoconjugates [19].

The variety of functions indicates the importance of sialic acid in cell biology.
The biology of sialic acids should be considered from the point of view of their
dual function. On the one hand, sialic acid acts as biological mask agent by mask-
ing recognition sites such as receptor molecules of cell membranes. On the other
hand, sialic acid plays a role as recognizable cell patterns. Sialic acids as ligands
are recognized by lectins, antibodies, hormones or as receptors recognize extra-
cellular markers in the molecular processes of cell interactions [23-25]. Activation
of cells can lead to the opening of ligand-binding sites with a subsequent increase in
binding affinity, lowering the cellular activation threshold, or removal of inhibitory
signals [26, 27].

Sialic acids can participate directly or indirectly in multiple cellular events and
overall immune response [28]. Sialic acids contribute to cells being “self” and, thus,
weakens immunoreactivity. That is why they are not recognized by immune system
cells or macrophage lectins. The loss of these masking monosaccharides makes
the cell “foreign”, activating the body’s immunoreactive response. Therefore, sialic
acids can be considered components of innate immune protection [29]. These acids
have recently been recognized as being involved in most important phenomena of
molecular and cellular interactions in immune regulation [30, 31]. In this respect,
sialic acids have been associated with inflammatory diseases, malignancies, cardio-
vascular disease and diabetes [32].

Sialic acids are group of monosaccharides with high structural diversity, which
are chemically derived from nine carbon acidic sugars — neuraminic acids. The most
abundant member of the family carries an acetyl moiety linked to the amino group
of fifth carbon (C5) giving the Neu5Ac. A feature of its structure is the presence of
a carboxyl group near C1, which determines the negative charge of the molecule at
physiological pH and characterizes it as a strong organic acid (pK 2.2). More than
fifty derivatives of neuraminic acids have been found in nature. The most common
sialic acid derivatives found in mammals are Neu5Ac and N-glycolylneuraminic acid
(Neu5Gc), whereas in humans Neu5Ac is the dominant sialic acid [19, 23, 33].

Due to their negative charge at physiological pH and hydrophilic property sialic
acids stabilize conformation of molecules, can impact protein oligomerization, the
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interactions of proteins with other proteins and the extracellular matrix. Sialic acids
as an essential compound of all cell membranes play an important role in maintain-
ing the structure, permeability and integrity of the cell membrane [28, 34]. Not
surprisingly, sialic acid exponation is dynamic, changes during development and

is altered in numerous diseases [35]. Changes in sialylation are associated with
oxidative stress induced by several disorders including diabetes. It has been proven
that level of sialic acid increased in plasma in condition of inflammatory processes
and DM [36]. The relation between sialic acid and diabetes duration most likely
follows from the association sialic acid with microvascular complications, which
are well established to be related to glycemic control [37]. Therefore, sialic acid
concentrations in the blood may be a useful marker of the development of diabetic
complications, but there have been no many studies examining the link between
sialoglycoconjugates and complications in type 1 DM.

The structural diversity of sialoglycoconjugates is due not only to the diversity
of derivatives of sialic acids in their composition, but also depends on the type of
glycosidic linkages (2,3, 2,6, 2,8, and 2,9) with subterminal sugars. The sialylation
of oligosaccharide chains of glycoconjugates is carried out with the participa-
tion of the family of enzymes sialyltransferases (STs). About 20 STs have been
characterized [19]. STs are divided in four main subfamilies, namely the ST3Gal,
ST6Gal, ST6GalNAc and ST8Sia, depending on the glycosidic linkage formed and
the monosaccharide acceptor recognized [35, 38]. ST3Gal, ST6Gal, ST6GalNAc and
ST8Sia link Neu5Ac via its C2 to the C3, C6 positions of other carbohydrates or the
C8, C9 positions of another sialic acids, generating a2,3-, 2,6-, 02,8, or a2,9-linked
sialic acids, respectively [19, 39]. Sialyltransferase-mediated addition of sialic acid
on glycans usually stops their further growth and modifies charge, steric hindrance,
conformation and flexibility, underlying the importance of STs in shaping the
structures and functions of sialoglycans [35, 40].

In the structure of leukocytes’ glycans sialic acids are frequently the terminal
residues of glycans and are mostly attached either by a 2,3- or 2,6-glycosidic bond to
Gal or GalNAc of oligosaccharide chains [19]. The ST6Gal and ST6GalNAc, which
are present in leukocytes, catalyze the transfer of Neu5Ac from CMP-Sia (cytidine-
5’-monophospho-N-acetylneuraminic acid) to the C6 hydroxyl group of a terminal
Gal or GalNAc residues, respectively, with the formation of a2,6-linkaged sialic
acids in the oligosaccharide chains of glycans [19, 20, 38]. The ST3Gal comprises
family with six members (ST3Gal I-VI). The expression of ST6Gal-I is tissue spe-
cific and regulated by multiple transcriptional promoters [41, 42]. An inducible and
liver-specific promoter drive high ST6Gal-I expression during inflammation with
increase in secreted ST6Gal-I in blood [43]. Activated platelets release the CMP-Sia
that serves as the donor for circulating ST6Gal-I, allowing for the remodeling of
the glycans of hematopoietic stem cells and multipotent progenitors (HSC/MPPs)
[44]. Thus, inducible promoter is important for regulation of hematopoiesis [45].
The ST3Gal-V add a sialic acid to terminal Gal residues with the formation of a2,3-
glycosidic linkage, while ST3Gal-1V sialylates Galf1,3GalNAc terminated structures
in glycoconjugates and Galp1,4(3) GIcNAc structures found on N- and O-glycans
[46]. The ST3Gal-1V and ST3Gal-VI involved in the synthesis of the sialyl Lewis®
(sLe®) determinant on leukocyte E-, L- and P-selectin ligands [19, 46]. Leukocytes
express a number of different selectin ligands, including E-selectin ligand-1,
P-selectin glycoprotein ligand-1, CD43, CD44, p2-integrins, ets. [35, 47].

Glycosylation of cell-surface structures of leukocytes is important in the
accomplishment of the immune function by these cells in organism. The mem-
brane structures of leukocytes are decisive in the processes of extravasation, the
migration of leukocytes from blood vessels into the extracellular space. In order
to penetrate the vascular wall, leukocytes initially interact with the endothelium,
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roll over its surface, undergo dense adhesion, dissolve, and finally move through

or between endothelial cells of the blood vessel [48-50]. Leukocyte chemotaxis
depends on the surface sLe™ and E-selectin of vascular endothelial cells. E-, L- and
P-selectins are exposed by endothelial cells, leukocytes and platelets, respectively.
Selectins are carbohydrate-binding proteins that recognize the sLe* structure
(Neu5Aca2,3Galp1,4(Fucal,3) GlcNAcp-R), capping N- and O-glycans as specific
ligands [51-53]. These sialic acid-containing moieties are required for leukocyte
binding to selectins on endothelial cells and their rolling [54, 55]. Combinatorial
knockout of ST3Gal-IV and ST3Gal-VI that are the involved in sLe* synthesis leds to
a decrease in neutrophil binding to E- and P-selectins, selectin-dependent rolling,
and lymphocyte homing [46]. The selectin profile of cells can change under the
influence of cytokines in case of development of inflammatory process, infection or
under the influence of ROS. In tissue inflammation, cytokines stimulated endo-
thelial cell production of E-selectin, which could recognize sLe* on the leukocyte
surface and bind it, promoting leukocyte adhesion to the vascular endothelium and,
subsequently, to the inflammatory tissue or locations of injury [32, 56]. Therefore,
the recognition of all types of selectins is mediated with sialic acid residues [19].

In the catabolism of sialoglycans of glycoconjugate involved extracellular and
intracellular sialidases, a glycoside hydrolase, that specifically hydrolyze release
a-linked sialic acid residues through hydrolysis of the glycosidic bond between the
acidic sugar(s) and the internal acceptor. Four different sialidases (also termed
as neuraminidases — NEUs) in mammalian cells, NEU1, NEU2, NEU3 and NEU4,
have been described [57]. These NEUs exhibit differences in cellular localization,
substrate specificities, physiological functions and expression patterns in different
tissues and physio/pathological conditions [35, 57, 58]. The NEU1 is found in the
lysosome and on the cell surface and is the most highly expressed of this sialidase
family [35]. The level of NEU2 is extremely low and the content of NEU3 and
NEU4 are about 10% of NEU1 in tissue separately [57]. The lysosomal sialidase
NEU1 initiates the degradation of sialoglycoconjugates [59]. The NEUL1 is capable
of hydrolyzing a wide range of glycoproteins, oligosaccharides and ganglioside near
neutral pH. It exclusively acts on glycoproteins and preferentially cleaves a2,3-
linkages over a2,6- or a2,8-linkages [19, 35]. In addition, NEU1 may have extralyso-
somal localization and focus on the periphery of activated lymphocytes. The NEU1
controls several aspects of the immune response by the desialylation of molecules,
such as Toll-like receptor 4 and adhesion molecules involved in the recruitment
of leukocytes to inflammatory sites [35, 57]. Desialylation of sialyl a2,3-linked
Gal residues of Toll-like receptor 4 is essential for receptor activation and cellular
signaling [60]. The cytosolic sialidase (NEU2) can hydrolyze sialic acids from
glycoproteins and gangliosides [61]. The plasma membrane-associated sialidase
(NEU3) is a key enzyme for ganglioside hydrolysis [57]. The NEU4 is localizing in
the lysosomal lumen or bound to the outer mitochondrial membranes via pro-
tein—protein interactions or the ER membrane-associated. Its exhibits the highest
activity with gangliosides as well as sLe* and sLe® antigens [35, 57, 58]. Sialic acid is
actively exfoliated from the cell surface by extracellular sialidases during leukocyte
activation. This process plays an important regulatory role in cell activation and
differentiation [62].

Metabolism of sialic acids includes the cooperation of enzymes that catalyze the
biosynthesis, activation, transfer of sialic acids to glycoconjugates, as well as the
removal and degradation of sialic acids [63]. The aberrant expression of STs and
NEUSs accelerates and sustains sialylation status on glycoconjugates [64]. Therefore,
knowledge in this field of glycobiology allows to predict biological events in case
of increase or decrease in the amount of sialoglycoconjugates on the cell surface
or under conditions of modification or structural changes of these acids in certain
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types of cells. Thus, STs, NUEs and sialic acids itself represent important therapeu-
tic targets for medicinal chemistry and biopharmaceutical industry [65, 66].

4. Lectins as diagnostic molecular probes for determining the
glycosylation profile and structural changes of glycans

Glycocode information is read in living organisms with the help of specific
compounds — lectins. Lectins are sugar-binding proteins that can specifically rec-
ognize glycans of glycoconjugates without disrupting the structure of the recogniz-
able carbohydrate-containing ligands.

Since surface glycoconjugates have a unique structure for each cell type, they can
be identified, quantified and characterised structural changes in glycans using spe-
cific lectins. Nowadays, lectins, their properties, the importance of these proteins
in the life of organisms and their applying in experimental biology and medicine
are the subject of research in the world’s science laboratories. Lectins excluded
from living objects are valuable biochemical reagents that are used in experimental
cytochemistry, in the diagnosis of some diseases, and in biotechnology for isolating
certain carbohydrate-containing molecules [20, 67].

Interactions of sialic acids with lectins play a leading role in many physiological
and pathological processes. Therefore, sialospecific lectins are used to recognize
sialic acids with specific linkages to subterminal sugars. Wheat germ lectin (WGA)
specifically binds to p,DGlcNAc and NeuSAc. The Maackia amurensis lectin (MAA)
and Sambucus nigra lectin (SNA) are commonly used to recognize the a2,3-linked
(Neu5Aca2,3Gal) and a2,6-linked (Neu5Aca2,6Gal/GalNAc) sialic acid residues,
respectively [20, 68, 69]. Sialospecific lectins apply in lectin microarray [70],
histochemistry [71], in lectin blot [72, 73], fluorescent image and flow cytometry
[74] (Figure1). At the same time, the combination of lectins with monoclonal
antibodies can be used to obtain complete information on the antigenic repertoire
of cells both in normal and in case of pathologies [73].

Blood leukocytes are similar in structural organization, and, at the same time,
they differ significantly in biochemical structure. It is very important to understand
the morphofunctional state of the cell is to be able to detect these differences.
Numerous methods are used for this purpose [70]. Aggregatometry is one of
the assays used to evaluate the functional properties of platelets, leukocytes and
erythrocytes in the dynamics, monitor antiplatelet therapy, study the mechanisms
of aggregation. The aggregation capacity of cells is assessed by such parameters as
the degree, rate and time of aggregation [20].

The substances of protein (lectins, proteolytic enzymes, chemoactive pep-
tides); lipid (metabolites of arachidonic acid, liposomes); carbohydrate (heparin,
dextransulfates) or other nature (phorbol esters, amphotericin B, ADP, organic
dyes - alcyanine blue, ruthenium red) can be inducers of aggregation. Lectins used
in aggregatometry are divided into lectins-mitogens (ConA, PHA) and polyvalent
lectins (WGA, SNA). Polyvalent lectins have two or more binding centers of carbo-
hydrate determinants (carbohydrate-recognition domains) on the cell surface. The
aggregation of cells by such lectins is due to the formation of intercellular molecular
bridges. The ability of each subunit of lectin to bind sugars individually leads to
the formation of a cross-linked structure of the aggregate. The efficiency of lectin-
induced aggregation is determined by the processes of clustering of lectin receptors
on the cell surface [20, 75].

The aggregation capacity of leukocytes is studied to model their pre-migratory
state before leaving the bloodstream, i.e. before diapedesis, or to analyze phagocytic
activity. It is consider that phagocytosis involving lectin-carbohydrate interactions
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Figure 1.

Exgamples of uses of lectins in glycobiology. Many plant and animal lectins ave multivalent. In particulay,

the lectin is shown with four carbohydrate binding domains. (A) Lectins bind of surface glycoconjugates of
leukocytes, causes cell aggregation. (B) Histochemical analysis of surface glycans. (C) Enzyme linked lectin
assay: biotinylated lectins bind to glycoconjugates on the surface of cells immobilized to the bottom of the well of
a flat-bottomed plate; bound lectins are detected by antibodies to biotin with horseradish peroxidase.

is one of the oldest evolutionary forms of this process [76]. Phagocytosis during
evolution was significantly displaced by antigen-antibody interactions, but did not
lose importance in the formation of a nonspecific immune response [77].

5. Changes of carbohydrate determinants of glycoconjugate mediate the
functional state of leukocyte in type 1 DM

Leukocytes are markers of the immune homeostasis and receive signals from
the microenvironment through the glycans of receptors. Lectins of certain car-
bohydrate specificity are ligands that selectively activate chemokine receptors.
The response of cells to lectins in vitro makes it possible to analyze the chemical
structure of the carbohydrate determinants of glycoconjugates on the membrane of
leukocytes [66, 78].

Lectins WGA, SNA and MAA, which specific to sialic acids, are used to deter-
mination sialylated glycoconjugates and differentiation various types of sialic acid
links with subterminal carbohydrates of glycans (SNA recognizes a2,6-links, while
MAA identifies a2,3-links, Figure 2) [75, 79].

Alteration of the amount of sialic acids on the surface of leukocytes is an
additional level of regulation of cells affinity to signaling molecules (cytokines,
hormones), pathogenic microorganisms and determines the nature of cell-cell
interactions [20].
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Physiology Type 1 diabetes mellitus

Sialidases

Figure 2.

The structure of leukocyte sialic acid-containing membrane glycans in physiological state of cells and in type 1
diabetes. Sialic acids, depending on the type of glycosidic bond in the structure of the glycan, are recognized by
WGA, SNA and MAA lectins.

The most significant changes of increasing lectin-induced aggregation of
leukocytes in type 1 diabetes have been observed using lectin WGA. An increase in
the degree and rate of WGA-induced aggregation of neutrophils in diabetes is a sign
of increased of N-acetyl-p,D-glucosamine-containing and sialic acid-containing
glycoconjugates on surface of leukocytes [80]. This indicates that synthesis of
hybrid types of N-glycans is occured by activated N-acetylglucosaminyltransferase-
IIT (GnT-III) and incomplete glycosylation of proteins and lipids [20]. As a result,
glycoconjugates with terminal f,D-GlcNAc residues are exhibited on the leukocyte
surface and determined high rates of WGA-induced aggregation [81].

The structural characterization of neutrophils glycoconjugates showed that
cell surface N-glycans are highly sialylated, and many of their “antenna” play
an important role in selectin-mediated neutrophil circulation [82]. Glycome of
neutrophils is consisted mainly of complex bi- tri- and tetra-antennary N-glycans
(Figure 2). Their antennae are predominantly terminated with Neu5Ac and Le*
(Galp1,4(Fucal,3)GlcNAc) epitopes [83]. The ST3Gal-IV knockout results in
significant reduction in the synthesis of sLe* structures in neutrophils. These
cells show significant impairment in rolling and adhesion to the endothelial cells
[84]. All these structural changes in the carbohydrate chains of glycoconjugates of
leukocytes induce disturbances of molecular signals perception from the microen-
vironment, affecting interaction of leukocytes with other circulating blood cells
and vascular endothelium in condition of diabetes [7, 20, 85].

Sialic acids can mask, i.e. change the structure of carbohydrate components
of various specific receptors on the cell surface [19]. There is the receptor to
N-formyl-methionyl-leucil-phenylalanine, C5a component of the complement
system, IL-8, the receptor of granulocyte-monocyte colony-stimulating factor and
the cell receptor 3 (Mac-1) among WGA-binding glycoproteins. The interaction of
neutrophils with the intercellular adhesion molecule 1 (ICAM-1, CD54), which is
involved in the adhesion of leukocytes to the vascular endothelium occurs via the
Mac-1 receptor. On the other hand, WGA-specific receptors are involved in the
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stimulation of respiratory burst in neutrophils by activating NADPH oxidase and
followed formation of ROS [86-88].

The content of GlcNAc and Neu5Ac residues in glycans of glycoconjugates of
the plasma membrane of neutrophils increases in type 1 diabetes [72]. It may be
one of the main causes of nonspecific damage of tissues and cells, which are close to
stimulated neutrophils. Under such conditions, neutrophils produce ROS and cause
erythrocytes, platelets, fibroblasts and endotheliocytes death, inactivate enzymes,
lead to changes in the structure of proteins and lipid peroxidation [6, 20].

Interaction of glycoconjugates of polymorphonuclear leukocytes with lectin
SNA changes significantly under DM [80]. The level, velocity and time required
for the maximum neutrophilic granulocyte aggregation in patients with type 1 DM
duration of up to 5 years have been different from these indicators in patients with
diabetes lasting more than 10 years. In particular, in the early stages of the disease,
the degree of neutrophils aggregation, as well as the rate of SNA-induced aggrega-
tion have been four times higher than in patients with the disease over ten years
[20, 80]. It is assumed that with the disease progresses, changes in leukocytes are
associated with neutrophil subactivation processes that lead to the release of gra-
nule contents into the extracellular space, especially intravascularly. Degranulation
leads to the lowering of cells aggregation [88, 89]. It is known that elevated glucose
levels inside the cell have an inhibitory effect on a number of enzymes that are
involved in the biosynthesis of the oligosaccharide chain of glycans. One of such
enzymes is STs, which catalyze the attachment of sialic acid to the terminal sugar
in glycan structure [19, 39]. Hyperglycemia is probably one of the factors that
mediates the glycan profile violation of leukocytes in diabetes.

Decreased aggregation of neutrophils in patients with DM under the addition
of MAA lectin indicates the presence sialic acids in the structure of glycoconju-
gates of neutrophil membranes in a small amount. These a2,3-linked sialic acids
affect both the dynamic and kinetic parameters of the neutrophil aggregation
process [72, 90]. The decrease in sialic acid content in the cellular glycocalyx is
most often due to the enhanced desialylation of the membrane glycoconjugate.

It is worth noting that sialic acids which are linked to subterminal sugars of the
glycoconjugates oligosaccharide chains by the a2,3-glycoside bond are much more
likely to undergo hydrolytic cleavage by sialidases than a2,6-linked residues of
these sugars [90]. Cleavage of sialylated oligosaccharide fragments from glyco-
conjugates or exfoliation of the whole molecules of sialoglycoconjugates can be
another reason of loss of sialic acids from the cell surface. However, there is often
a combination of all these factors [20, 81]. Decreased a2,3-linked sialic acid on the
surface of leukocytes leads to impaired perception of signals from the extracellular
space, interaction with other cells, as well as numerous bacteria, protozoa and
viruses. Desialylation of surface glycoconjugates of polymorphonuclear leukocytes
leads to increasing of their adhesive properties, which promotes the migration of
neutrophils through the vascular endothelium [91].

The interaction of glycoconjugates of mononuclear leukocytes with lectin MAA,
which reacts with Neu5Aco2,3 Gal/GalNAc terminal endings glycan, have been
markedly inhibited under diabetes [90, 92]. It has been found that the decrease in
sialic acid content usually occurs due to increased activity of endogenous sialidases
in activated T cells and monocytes [46]. This leads to increased production of
cytokines by lymphocytes and interaction of monocytes with hyaluronic acid — a
component of extracellular matrix [93, 94]. The NEU1 and NEUS3 are expressed in
monocytes in the process of their differentiation into macrophages. Desialylation
of glycans on the surface of monocytes by exogenous NEU resulted in activation
of ERK1/2 and p38 MARK signaling pathways and increased production of IL-6,
IL-1B, MIP-1a and MIP-1f [94, 95]. Pro-inflammatory cytokines cause endothelial

66



The Structure of Leukocyte Sialic Acid-Containing Membrane Glycoconjugates is a Differential...
DOI: http://dx.doi.org/10.5772/intechopen.97199

dysfunction by increasing capillary permeability, inducing prothrombotic proper-
ties, promoting leukocyte recruitment by synthesis of adhesion molecules and
chemoattractants, and play a role in macroangiopathy by promoting dyslipidemia.
Thus, it is unlikely that the increased circulation of sialic acid is the result of
desialylation of glycoconjugates. However, there is evidence that sialic acid is
reduced in endothelium and erythrocytes in diabetes, which may be important in
the pathophysiology of vascular disease [37].

Due to fact that terminal a2,3-linked sialic acids are included, in particular,
in the structure of the CD45 receptor, which mediated an increasing of T cell
proliferation [96], the decrease content of sialic acids in type 1 diabetes indicates
aviolation of this function in immunocompetent blood cells. Studies showed that
the sialylation of T cell CD45 by ST6Gal-I blocks galectin-1 clustering of CD45
and resulting cell death [97]. The a2,6-sialylation of FasR blocks binding of Fas-
associated adaptor molecule to the FasR death domain, thus inhibiting the forma-
tion of the death-inducing signaling complex [98].

Lectins SNA and MAA interact with CD45" leukocytes [96]. CD45 is a trans-
membrane glycoprotein found on T, B, NK cells, granulocytes, and monocytes. It
has a cytoplasmic tail with cytosolic phosphotyrosine phosphatase activity. CD45
is the antagonist of tyrosine kinase of insulin receptor, whereas it can show high
activity towards membrane-bound molecules (receptors of insulin and epidermal
growth factor) [96, 99]. The increased content of sialoglycans in CD45 may cause
masking of insulin receptors on organs and tissues, preventing the effect of mini-
mal amounts of the hormone, which can still be produced in type 1 diabetes. This
effect may disimprove complications during the development of the disease [96].

The a2,6-sialylation of leukocyte glycoconjugates undergoes certain changes
in type 1 DM (Figure 2) [100]. Therefore, the quantity of sialic acids linked by
a2,6-glycosidic bonds correlate with the disease duration. The content of sialogly-
coconjugants on leukocytes surfaces increases for patients with the disease up to
five years, while it decreases for patients with the disease duration over ten years.
The pathology is accompanied by an increase of linkage places for SNA, which
indicates the replacement of a2,3-linked sialic acids by a2,6-linked acids. It is likely
to as a result of quantitative changes in the cells or in the enzyme activity of ST6Gal
and/or ST6GalNAc [45]. The activity of a2,6 sialyltransferase decreases during the
biosynthesis of O-glycans of T lymphocyte in the process of their activation. Thus,
an increase in the content of a2,6-linked sialic acids of leukocyte cell surfaces along
with a decline in the number of a2,3-linked sialic acids may indicate an increased
sensibilization towards B lymphocyte stimulation and the inhibition of T lympho-
cyte activity under type 1 DM [20, 58].

6. Conclusions

Under cell-cell interaction, not only the presence of certain glycoconjugate, but
also the type of linkage of sialic acids to the oligosaccharide chaine is informative.
Against the general increase in the number of sialic acid-containing glycoconjugates
on leukocytes surface under type 1 DM, there were small quantities of sialic acids
linked by a2,3-glycosidic bond to subterminal carbohydrates in structure of glycans.
Whereas, the quantity of sialic acid linked by a2,6-glycosidic bonds in the structure
of sialoglycans correlated with the duration of diabetes. Such peculiarities of the
structure of sialoglycoconjugates of leukocytes may affect both dynamic and kinetic
indices of cell aggregation. Leukocytes aggregation affected by lectins may be used
as a model of adhesion and migration of these cells. The abnormal redistribution
of glycoconjugates on leukocytes membrane under type 1 DM causes changes in
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their aggregation and adhesion to the vascular endothelium, as well as impairment
of the phagocytic function of neutrophils. Thus, the accumulation of leukocyte
aggregates in microvessels and violation of disaggregation mechanisms lead to
damage of blood vessels. Such changes are etiological preconditions for the develop-
ment of complications and chronic diseases resulting in deterioration in diabetics’
conditions.
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV?2) is severely
affecting the worldwide population. It belongs to the coronavirus family which
exhibit protein constituted enveloped single-stranded RNA. These viral proteins
undergo post-translational modifications (PTMs) that reorganized covalent bonds
and modify the polypeptides and in turn modulate the protein functions. Being
viral machinery, it uses host cells system to replicate itself and make their copes,
their proteins are also subject to PTMs. Glycosylation, palmitoylation of the spike
and envelope proteins, phosphorylation, of the nucleocapsid protein are among
the major PTMs responsible for the pathogenesis of the viral infection phase. The
current knowledge of CoV proteins PTMs is limited and need to be exploring for to
understand the viral pathogenesis mechanism and PTMs effect of infection phase.

Keywords: SARS-CoV-2, Post-translational modifications, Protein, glycosylation
palmitoylation, phosphorylation

1. Introduction

SARS-CoV-2 is a culprit of the COVID-19 pandemic, caused 168, 599, 045 infec-
tions in people followed by 3,507,477 deaths worldwide as of 28th May 2021 according
to the World Health Organization (WHO). Despite protective immunity and vac-
cination against SARS-CoV-2, it is spreading and affecting the worldwide popula-
tion causing an increase in severity of illness due to the absence of the pre-existing
immunity against SARS-CoV-2. This virus belongs to the family of coronavirus (CoV)
with Nidovirales order exhibiting protein-containing enveloped positive-strand RNA
that causes disease in both humans and animals. SARS-CoV-2 exhibits 30 kb genome
size constituted in single-stranded RNA. Its genome comprises 6-11 open reading
frames (ORFs) associated with 5" and 3’ flanking untranslated regions (UTRs).

Coronaviruses are morphologically found spherical accounting average diam-
eter of 80-120 nm with trimeric S-glycoprotein, sometimes with homodimeric
HE protein [1, 2]. M-glycoprotein is the most abundant protein of virion which
provides structural support to the virion. Moreover, E protein is also an essential
protein needed for virion assemble and release [3, 4]. The nucleocapsid of the virus
also comprised of the N protein. In the pathophysiology of virus replication, the
S protein (180-200 kDa) plays a major role in binding and recognition with the
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host cell via a cognate receptor(s). This trimeric S protein comprises two S1, S2,

HR1 and HR2 subunits. This S protein comprised of two domain on its N-terminal
extracellular transmembrane with another short intracellular C-chain domain [5].
The total length of the S protein of SARS-CoV-2 is 1273 amino acids (aa) arranged in
a single peptide (1-13 aa) situated at N-terminus, S1 subunit (14-685 aa) and the S2
(686-1273 aa). The last two-sector is responsible for receptor binding and membrane
fusion respectively. Furthermore, the S1 subunit comprises of N-terminal domain
(14-305 aa) along with the receptor-binding domain (319-541 aa). Similarly, S2
protein constitutes the fusion peptide (788-806 aa), heptapeptide sequence (HR1)
(912-984 aa), HR2 (1163-1213 aa), transmembrane domain (1213-1237 aa) along
with cytoplasm domain ((1237-1273 aa) [6].

Post-translational modifications (PTMs) refers to the covalent bonds modifica-
tions of the proteins post-release from the ribosomes. PTMs adds new functional
groups, like phosphate and carbohydrates along with other biological molecules of
desired interest. PTMs is a naturally occurring process responsible for the regula-
tion of protein folding, stability, enzymatic activity, protein to protein, and cell-to
protein interaction. The most common and routinely occurring PTMs includes
glycosylation, phosphorylation and lipidation (addition of such as palmitoylation
and myristoylation) via proteolytic cleavage, formation of disulfide bonds. Proteins
can also be modified through other covalent modifications like ubiquitination,
sumoylation, glycation and neddylation.

PTMs are naturally occurring process catalyzed by enzymes. For instance,
N-linked glycosylation needs series of enzyme reaction that generates precursor
dolichol-linked oligosaccharide, oligosaccharyltransferase that initiate the transfer
of the glycan to a specific consensus sequence (N-X-S/T, where X is any amino acid
except proline) along with glycosidases and glycosyltransferases that are needed for
the processing of N-linked glycan. In another series of example, protein ubiquitina-
tion needed three different enzymes including ubiquitin-activating enzymes (E1),
ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3) acting sequentially.
It is a known fact that a virus utilizes host machinery to replicate its copies, there-
fore several viral proteins are susceptible to PTMs. Many viral proteins including
structural, non-structural and accessory proteins are modified by PTMs which are
affecting viral replication and pathogenesis.

2. N-linked glycosylation

N-linked glycosylation of the S protein of coronavirus is reported first time in
the 1980s [7]. Murine strain MHV S protein acquire several mannose residues in the
rough endoplasmic reticulum (ER). It was demonstrated that the S protein of infec-
tious bronchitis virus (IBV), transmissible gastroenteritis coronavirus (TGEV) and
bovine coronavirus is modified by the process of N-liked glycosylation [8]. S protein
was also supposed to acquire mannose oligosaccharides and undergoes trimeriza-
tion post entry to the endoplasmic reticulum (ER) before entering to Golgi complex
[9]. In previously published literature the glycosylation sites in S protein of MHV
predicted are 20 and 21 in numbers [10].

N-linked glycosylation plays important role in maintaining the conformation
of coronavirus S protein, can affect the binding with the receptor of host cells and
antigenicity of S protein. In a previously published study of IBV, it was found that
mutation on the sites of N-linked glycosylation sites significantly causes shifting in
the antigenicity of IBV [11]. In another study, it was found that TGEV infected cells
when incubated with tunicamycin (inhibitor of N-linked glycosylation) showed a
reduction in the antigenicity of both S and M protein [12]. These research findings
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suggest that N-linked glycosylation is playing a vital role in maintaining the
structure and conformation of the S protein and any mutations occurring at these
glycosylation sites contribute to the reduction of antigenicity. It may be proposed
here that mutations in the N-linked glycosylation in the S protein of SARS-CoV-2
can be beneficial in controlling the infections and reduction in their antigenicity. In
another study conducted on IBV, it was demonstrated that N-D or N-Q mutations at
the N-linked glycosylation sites N212 or N276 inhibit the function of S protein and
in turn, hampers the cell-to-cell fusion and recognition [13].

Moreover, N-linked glycosylation of Dipeptidyl-peptidase 4 (DPP4), a similar
receptor of Middle East respiratory syndrome coronavirus (MERS-CoV) sig-
nificantly affect the binding of MERS-CoV S protein. E protein of SARS-CoV is
another important constituent of the virus, it has been demonstrated that it con-
tains two N-linked glycosylation sites N48 and N66, while IBV E protein contains
one site at N5. In one of the studies published in past associated with SARS-CoV,
it was demonstrated that transfected E protein with N-terminal Myc-tag showed
glycosylation co-translationally [14]. However, two transmembrane domains are
required to interact with SARS-CoV M protein and the hydrophilic region [14].

In previously published literature it was demonstrated that M protein of
a-coronavirus transmissible gastroenteritis virus (TGEV) and Porcine Epidemic
Diarrhea Virus (PDEV), gamma coronavirus IBV along with turkey enteric corona-
virus are susceptible to N-linked glycosylation which can be inhibited by the tunica-
myecin [15-17]. The SARS-CoV-2 S glycoprotein possesses 22 N-linked glycosylation
sites as confirmed from the recently published literature [18-20]. SARS-CoV-2 S
glycoprotein showed a conserved S2 subunit for N-linked glycosylation with a low
tendency for O-linked glycosylation. The N-linked glycosylation in SARS-CoV-2 is
featured by binding of GlcNAc with the Asp amino acid residue in the Asp-X-Ser/
Thr consensus sequence in which the residue X is amino acid except for proline.

It is known that N-linked glycosylation is compulsory for understanding the
location, structure and infectivity of the viruses and also their interaction with
the host cells. These glycoproteins plays important role in immune responses but
still need more research [21, 22]. The S glycoprotein represents unique pathogen-
associated molecular patterns (PAMPs) that further recognized by the host pattern
Recognition Receptors (PPRs). These PPRs includes Toll-like receptors 3, 4, 7, 8 and
9 along with C-type lectins and collectins [23, 24]. SARS-CoV is recognized by the
toll-like receptors 3 and 4 via MyD88 and TRIF, furthermore, the same process may
be proposed for the pathogenesis and infectivity in SARS-CoV?2 [22, 25].

3. O-linked glycosylation

O-linked glycosylation involved in providing structural and functional stabil-
ity to protein and believed to play important role in the maintenance of viral
entity and biological activities associated with these viral proteins [26]. It has been
demonstrated from a previously published study that Ser673, Thr678 and Ser686
are the conserved sites of O-linked glycosylation in human SARS-CoV-2 and other
coronaviruses especially in S protein [26]. Moreover, O-glycosylation sites were
predicted using the tool Net-O-Gly server 4.0 and found three sites for O-linked
glycosylation at Ser673, Thr678 and Ser686 [26]. In another study, it was found that
O-glycosylation at Thr 323 and Ser 325 and Thr 323 of the S1 glycoprotein are the pos-
sible and predicted sites of O-linked glycosylation in SARS-CoV-2 viral proteins [27].
The O-linked glycosylation at the Thr323 is confirmed by the presence of proline
amino acids at position 322, making the possibility that the presence of proline
amino acid is higher adjacent to the O-linked glycosylation sites [28]. Cryo-electron
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microscopic images of the SAS-CoV2 indicate that the binding of S protein to the
human angiotensin I-converting enzyme 2 (hACE2) receptor involves an associa-
tion between receptor-binding domain (RBD) and the hACE?2 peptidase domain
[29, 30]. The RBD of the S protein in the S1 subunit endures hinge-like dynamic
movement of accelerating the detention of RBD with hACE2, exhibiting a 10-20
fold increase in affinity for the hACE2 receptors [31, 32].

In another published study it was found that application of tunicamycin showed
normal glycosylation of the M protein despite inhibiting the N-linked glycosylation
of S protein [33]. In one of the study, the structures of the associated glycans to the
M protein during the O-linked glycosylation showed that it added into two-step
processes; GalNAc first added before the addition of galactose and the sialic acid.
After the possession of the GalNAc, galactose and sialic acid sequentially, the M
protein was further undergone modification in the trans-Golgi apparatus [34].

Recently it was reported that there are low levels of O-linked glycosylation in
the S protein of SARS-CoV2 [35]. These glycans regulate the recognition of the
antibodies and impinge on priming by the host proteases enzyme system. Mucin-
type O-linked glycosylation is featured with the presence of GalNAc associated with
the hydroxyl group of serine and threonine amino acid residues. Mucins contain a
significant number of O-GalNAc glycans [36]. The presence of the O-linked glycans
involved in the O-linked glycosylation of viral proteins suggests a vital role in bio-
logical activity. In the SARS-CoV-2 S1 protein, the O-linked glycosylation as GalNAc
and O-GIcNAc appears to be involved in the structural and functional stability of
the protein. The current scenario involves the use of a vaccine that utilizes the S
protein glycosylation as a target.

4. Palmitoylation

Palmitoylation refers to the attachment of the palmitic fatty acid to the cysteine
(S-palmitoylation) but less frequently to the serine and threonine amino acid
residues (O-palmitoylation). In coronaviruses studies, the S protein undergone
palmitoylation in infected cells and in the presence of tunicamycin it does not
undergoes palmitoylation [37]. In another study conducted on MHV S protein
reduces infectivity of MHV when treated with palmitoyl acyltransferase inhibitors
2-bromopalmitate [38]. The cytoplasmic part of the SARS-CoV S protein consists
of four cysteine-rich clusters among them 2 clusters modified upon palmitoylation.
However, cell surface expression of SARS-CoV S protein was unaffected due to this
palmitoylation. In one of the previously published study, it was found that treat-
ment of nitric oxide significantly leads to a reduction in the palmitoylation of the S
protein of SARS-CoV [39].

In one of the study, it was found that there is three cysteines at position 40, 43
and 44 are found to undergo palmitoylation in the E protein of the SARS-CoV [40].
In another study, homologous cysteine of the E protein of MV-A59 at position C40,
C44 and C47 were mutated to the alanine residues as resultant infectivity decreased
[41]. It is therefore concluded that palmitoylation of the MHV E protein contributes
to the stability and biological activity of the mature virions. Contrary, palmitoylation
of the SARS CoV E protein is not mandatory for its interception with N protein.

5. Phosphorylation

In SARS-CoV2 the most abundant genomic protein encoded is the N protein
with a significantly higher level of translation at the early stage of the infection. In
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all form of the coronaviruses, the N-protein is almost the same and conserved con-
taining two globular domains, the N- terminal domain (NTD) and the C-terminal
domain (CTD). Around these domains, intrinsically disorganized regions are
present. N protein is dimeric with multiple RNA binding sites including one major
RNA-binding groove, which is created by the two CTD piling on each other on NTD
[42]. In previously published literature it has been found that in the disorganized
region, there is an abundance of serine-arginine residues that is essential for the
essential function and regulation of the N-protein [42]. Cytoplasmic kinases medi-
ate the phosphorylation of the N-protein in the early infection phase. N protein,

a helical nucleocapsid, constituent of SARS-CoV2 virus arranged in beads on a
string pattern which shows binding with the RNA. It has two domains namely the
N-terminal domain and C-terminal domain. It has been found that both domains
contribute to the binding of the viral genome. In one of the recently published
study, it was demonstrated in truncation analysis that an L/Q-rich region placed
within the intrinsically disordered region of the SARS-CoV-2 N protein plays a vital
role in RNA-mediated phase separation, which is located adjacent to the phos-
phorylated SR-rich region (constituting residues 176-206) [43]. In the same study,
it was concluded that N protein central intrinsically disordered region shown to be
involved in protein—protein interactions mediated via putative hydrophobic a-helix
spanning residues (213-225 residues) [43].

6. Prospects

The functional role of PTMs in SARS-CoV2 associated proteins has not been
fully explored and many trials are needed for proposing the role of all types of
glycosylation like N-linked and O-linked along with palmitoylation and phosphory-
lation in the initial phase of the infection. However multiple modification sites on
the proteins of the SARS-CoV?2 virus provides opportunities to explore more about
the replication and pathogenesis of the virus into the host cells. Moreover, newer
techniques for the detection of the PTMs are also needed to detect the modifica-
tions at multiple sites in dynamically changing virus structure. It is also needed in
the current scenario to better understand the molecular mechanism of these PTMs.
Also, the PTMs of the coronavirus proteins might be attractive targets for the thera-
peutic regime. PTMs of the coronavirus proteins might also provide a prospective
target for the development of the vaccines.
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