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Abstract

Recent advances have demonstrated the feasibility and robustness of chemical synthesis for the
production of homogeneously glycosylated protein forms (glycoforms). By taking advantage of
the unmatchable flexibility and precision provided by chemical synthesis, the quantitative effects
of glycosylation were obtained using chemical glycobiology approaches. These findings greatly
advanced our fundamental knowledge of glycosylation. More importantly, analysis of these
findings has led to the development of glycoengineering guidelines for rationally improving the
properties of peptides and proteins. In this chapter, we present the key experimental steps for
chemical biology studies of protein glycosylation, with the aim of facilitating and promoting
research in this important but significantly underexplored area of biology.
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1. INTRODUCTION

Protein glycosylation is the most common form of posttranslational modification (PTM) on
excreted and extracellular membrane-associated proteins.(Spiro, 2002) It involves the
covalent attachment of many different types of glycans (also called carbohydrates,
saccharides, or sugars) to a protein. Based on the amino acid side-chain atoms to which
glycans are linked, protein glycosylation can be divided into two major categories: N-
glycosylation and O-glycosylation. In N-glycosylation, glycans are attached to the side-
chain nitrogen atoms of Asn residues in a conserved consensus sequence Asn—Xaa-Ser/Thr
(Xaa # Pro), whereas in O-glycosylation, glycans are attached to the side-chain oxygen
atoms of hydroxyl amino acids, primarily serine and threonine residues (Fig. 1).
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Over the past several decades, research from many disciplines has established the
importance of protein glycosylation (Varki, 2017). More and more evidence has pointed to
the fact that glycosylation can greatly diversify the functions of therapeutically important
proteins(Anthony, Wermeling, & Ravetch, 2012) and industrial enzymes(Greene, Himmel,
Beckham, & Tan, 2015), possibly achieved by adjusting their physicochemical and/or
biological properties (Moremen, Tiemeyer, & Nairn, 2012). Aberrant glycosylation has been
implicated as a significant contributor to many human diseases and to reduced (or even
completely abolished) enzyme activity (Dwek, 1995; Meany & Chan, 2011). However,
despite its significance, protein glycosylation has long remained understudied, and thus
underutilized. This lagging behind is mainly due to the lack of efficient strategies to obtain
large collections of glycosylated protein forms (glycoforms) with defined, systematically
varied structures in a sufficient amount for characterization (Rich & Withers, 2009). The
absence of such strategies is a result of the complexity of glycosylation biosynthetic
pathways and the inseparable nature of glycoforms (Rudd & Dwek, 1997).

Depending on the exact glycan structure, glycosylation is initiated and proceeds variously at
different cellular locations and/or different stages of protein synthesis (Ohtsubo & Marth,
2006). Like most enzymatic processes, it is regulated by many different host and
environmental factors, such as conformation at potential glycosylation sites, local amino
acid sequence, and availability of activated sugar donors and enzymes. Under the combined
influence of these highly variable factors, glycoproteins synthesized by cells usually exist as
complex mixtures of up to hundreds of glycoforms (or glycosylated variants, glyco-
variants). These variants differ in glycosylation site occupancy and glycan structures (giving
rise to macroheterogeneity and microheterogeneity, respectively) and are often impossible to
separate from one another. As a result, most previous studies had to rely on mixture samples
with unknown compositions (Rudd & Dwek, 1997). Not surprisingly, the uncertainty in
sample composition has led to inconsistent and even conflicting conclusions about protein
glycosylation, which hampered further progress in this area (Varki, 1993, 2017).

The study of homogenous glycoforms with defined structures is key to drawing strong and
valid conclusions about protein glycosylation (P. Wang et al., 2013). Similar to the studies of
other biopolymers like nucleic acids and proteins, the effects of glycosylation are expected
to be precisely established by comparing the properties of a series of representative
glycoforms with systematically varied glycans (P. K. Chaffey, Guan, Li, & Tan, 2018). Since
it is currently not possible to separate and isolate individual glycoforms from biological
sources, alternative methods must therefore be developed. Many biochemical methods,
including glycosylation pathway engineering, glycan remodeling and enzymatic
glycosylation, have been explored for the purpose of generating homogeneous glycoforms
(Rich & Withers, 2009). However, although these methods are more practical means to
prepare large glycoproteins, and to produce glycoproteins on preparative scales, they are
severely limited with respect to the generation of large collections of glycoforms with
structurally closely related glycan structures. Their intrinsic lack of flexibility thus makes
them not suitable to address the issues in protein glycosylation research.

In recent years, chemical synthesis has evolved to become a core method for preparing
homogeneous glycoforms (Wilson, Dong, Wang, & Danishefsky, 2013). Unlike
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biosynthesis, chemical glycosylation is not subject to the restrictions imposed by substrate
specificity. Therefore, chemical synthesis is a highly flexible and precise means by which to
access glycoforms with diverse structural variations. Such advantages make chemical
synthesis an attractive method to help reach a comprehensive and definitive understanding of
protein glycosylation. While useful and promising, chemical synthesis also has its
drawbacks. Chemical synthesis generally involves labor-intensive, sometimes tedious
preparation of starting materials and intermediates. In order to obtain a large collection of
homogenous glyco-variants in a reasonable amount of time through chemical synthesis,
innovation in the form of synthetic strategy, tactics and method invention is required.

Chemical synthesis of glycoproteins generally involves the ligation of a set of chemically
prepared peptide and glycopeptide fragments into a long polyglycopeptide chain, which then
folds up to form targeted glycoproteins (Fig. 2). Peptide fragments can be readily prepared
using well-developed Solid-Phase Peptide Synthesis (SPPS) methods. The most challenging
tasks in the synthesis of glycoproteins are the preparation of glycopeptide fragments and
their assembly. In order to achieve highly effective synthesis of glycoproteins, the
Danishefsky group has systematically optimized the synthetic strategies and methodologies
in these two key areas (Tan, Shang, & Danishefsky, 2011;P. Wang et al., 2012). The success
of this effort paves the way for the production of glycoforms with diverse structural
variations and forms the essential basis for developing a molecular-level understanding of
protein glycosylation.

With the newly increased sophistication of glycoprotein synthesis, the Tan group was able to
apply a chemical glycobiology approach to investigate the role and mechanism of
glycosylation in regulating the properties and function of proteins (P. K. Chaffey et al.,
2018). Their efforts established the general workflow of this approach as well as
demonstrated its feasibility and effectiveness to provide new definitive insights into the
biochemical and biological impacts of protein glycosylation. Most importantly, the results
from these efforts have greatly advanced the application of rational glycoengineering to the
optimization of therapeutic peptides and proteins.

This chapter will review the above-mentioned innovative developments in protein
glycosylation research. We will first review the chemical synthesis of glycoproteins, and
then describe the implementation of chemical glycobiology approaches to explore and
exploit the beneficial effects of protein glycosylation.

2. CHEMICAL SYNTHESIS OF HOMOGENEOUS GLYCOFORMS

There are two general strategies for the synthesis of glycopeptides: one is a convergent
strategy, where sugars are directly coupled to appropriately-protected peptides to generate
glycopeptides; the other is a cassette-based strategy, where pre-formed glycoamino acids
(so-called “cassette™) are used as building blocks in synthesis (Fig. 2). Most N-linked
glycopeptides can be prepared convergently by joining glycosylamines (glycans bearing
anomeric amines) to aspartate residues (Fig. 2A), while most O-linked glycopeptides need to
be prepared using the stepwise cassette approaches to ensure that the stereo-purity of the
products is rigorously controlled (Fig. 2B) (Tan, Shang, Halkina, Yuan, & Danishefsky,
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2009). However, regardless of the strategy selected, the chemical synthesis of glycans and
glycoamino acids is the most challenging, but unavoidable step. The Danishefsky group did
a significant amount of optimization and provided better synthetic routes for many N-linked
glycans as well as O-GalNAc glycoamino acids (Sames, Chen, & Danishefsky, 1997; Wu et
al., 2006). With these notable achievements, it became possible to conduct chemical
synthesis of highly complex glycopeptide fragments.

The Danishefsky group exploited a number of synthetic advances toward the creation of
glycopeptides (Wilson et al., 2013). Their endeavors along this direction led to the
development of a range of broadly useful methods. They established that the unprotected
oligosaccharides could undergo anomeric B-amination under Kochetkov conditions to
produce glyco sylamines, which in turn can be directly added to peptides using the Lansbury
aspartylation protocol to yield N-glycopeptide fragments (Fig. 2A) (Z. G. Wang, Zhang,
Live, & Danishefsky, 2000). They also creatively addressed the challenges met in the
synthesis of O-linked glycopeptides using an optimized “mask-off” approach by exploiting
differences in reaction rates caused by steric effects of different carboxylic groups in
unprotected O-glycoamino acids (Fig. 3) (Tan et al., 2009). Through these optimized
preparation methods, they were able to complete the synthesis of many different
glycopeptides, including both N- and O-linked glycopeptides (Wilson et al., 2013).

After the synthesis of glycopeptide fragments, the production of multiply glycosylated
protein targets would require the development of capabilities in one more key research area.
Through more than 10 years of efforts, the Danishefsky group introduced to this area a
generally applicable and powerful new method: native chemical ligation coupled to metal-
free desulfurization (NCL/MFD) (Shang, Tan, Dong, & Danishefsky, 2011; Tan, Shang, &
Danishefsky, 2010; Wan & Danishefsky, 2007). Traditionally, NCL is a process in which
two peptide or glycopeptides fragments are chemoselectively joined together by reactions of
C-terminal thioesters with N-terminal cysteine residues. One of its major limitations is the
requirement of cysteine residues at ligation junctions, which are rare or absent in most
proteins and glycoproteins. To address this challenge, the Danishefsky group greatly
extended the application scope of NCL to many abundant amino acid residues (P. K. Chaffey
et al., 2018; Shang, Tan, & Danishefsky, 2011; Wilson et al., 2013). To overcome the
synthesis issues associated with the removal of thiol groups that were introduced into the
side chains of N-terminal amino acids to catalyze the ligation reactions, they contributed one
of the most impactful developments in protein/glycoprotein synthesis, the metal-free
desulfurization strategy (Fig. 4) (Wan & Danishefsky, 2007).

The optimized methods described above have been applied to the synthesis of many different
glycoproteins (Fernandez-Tejada et al., 2015). Depending on the structural features of the
synthetic targets, there are small differences in experimental details. They can be easily
found in previously published research. Here, we only briefly describe the most commonly
used experimental techniques and tips that are critical for experimental success.

Equipment

1. NMR Instruments: Bruker Advance DRX 500 MHz and Bruker Advance 11 600
MHz
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2. Analytical TLC: Merck silica gel 60 F254

3. Flash Chromatography: Merck silica gel 60 (40-63 mm)

4, Solvent Drying System

5. Applied Biosystems Pioneer continuous flow peptide synthesizer

6. LC-MS System: Waters 2695 Separations Module, Waters Micromass ZQ mass
spectrometer, Waters 996 Photodiode Array Detector, and Varian Microsorb
columns 100-5, C18, 150 x 2.0 mm and 300-5, C4, 250 x 2.0 mm

7. UPLC-MS System: Waters Acquity™ Ultra Performance LC system and Waters
Acquity UPLC® BEH columns C18, 1.7 pl, 2.1 x 100 mm, C8, 1.7 ul, 2.1 x 100
mm, and C4, 1.7 pl, 2.1 x 100 mm

8. Preparative HPLC system: Ranin HPLC solvent delivery system, Rainin UV-1
detector, and Varian Dynamax Microsorb columns 100-5, C18, 250 x 21.4 mm
and 300-5, C4, 250 x 21.4 mm

9. VirTis Bench Top 4.0 K ZL Freeze Dryer (SP Industries, NY, USA)

10.  Eppendorf 5430R Microcentrifuge

11.  Analytical Balance Mettler Toledo XS205DU

12.  Bath Sonicator

Chemicals

1. Carbohydrate Building Blocks

2. Amino Acid Building Blocks

3. Pseudoproline Dipeptides

4, Preloaded NovaSyn ® TGTresin

5. Peptide Coupling Reagents

6. Desulfurization Reagents

2.1 Synthesis of N-linked glycopeptides

The preparation of N-linked glycopeptides began with the synthesis of N-glycans, such as a
complex-type glycosylamine 13 (Walczak & Danishefsky, 2012; Wu et al., 2006). As shown
in Figure 5, this undecasaccharide can be synthesized convergently from a pentasaccharide 9
and a trisaccharide 10. Briefly, the synthesis commenced with the preparation of a
trisaccharide 7 through the application of the Crich—Kahne direct mannosylation protocol.
Next, attachment of the mannose thioethyl donor 8 to 7 provided pentasaccharide 9. This
intermediate was then subjected to a double glycosylation with anomeric fluoride to afford
the fully protected undecasaccharide 11, which in turn was deprotected through a six-step
sequence to generate the unprotected glycan 12. The Kochetkov amination of 12 followed by
repetitive lyophilization gave the glycosylamine 13. Finally, the synthetic glycosyl amines
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were coupled to peptides in the presence of HATU to afford the desired glycopeptides (Fig.
2A).

Tip: The coupling efficiency of the sialylated trisaccharide 10 to the pentasaccharide 9 or
other oligosaccharides is dependent on the reactivity of the anomeric donor group. If the
yield of this step is low, the first thing for troubleshooting should be to test more donor
groups (Walczak & Danishefsky, 2012).

7ip: The deprotection of fucosylated N-linked oligosaccharides can result in partial cleavage
of glycan chains. Special attention needs to be paid to the NaOMe/NaOH-mediated
hydrolysis step (Nagorny et al., 2009).

Tip: The purity of glycosyl amine products is important for their reactivity in Lansbury
aspartylation reaction. In order to completely remove impurities, the lyophilization needs to
be performed many times until a constant weight is obtained.

Tips. Glycosyl amine products are sensitive to H20. When dissolved in H20 and frozen for
the next lyophilization cycle, they may decompose. Therefore, this step must be done very
quickly, in less than 10 seconds.

Tip: The Lansbury aspartylation reaction is a bimolecular reaction and its rate is dependent
on the concentrations of both reactants. Therefore, high reactant concentrations are crucial
for the success of this reaction.

2.2 Synthesis of O-linked glycopeptides

The cassette approach was applied to prepare O-linked glycopeptides. In a typical synthesis,
fully-protected glycoamino acids were convergently prepared under optimized reaction
conditions (Fig. 3). After deprotection, the HATU-mediated peptide coupling reaction
between unprotected glycoamino acids and short peptides proceeded very selectively to
afford the desired O-linked glycopeptide products (Fig 2B) (Tan et al., 2009).

Tip: The HATU-mediated peptide coupling reaction occurs quite rapidly. It is normally
completed within 1 minute.

Tip: Under HATU-mediated conditions, the carboxylic groups in glycoamino acids can be
clearly differentiated on the basis of the substitution levels of their B-carbons. The formation
of lactone between the sialic acid carboxyl group and the hydroxyl group in position 4 of the
adjacent galactose is another reason for the selectivity.

Tip: The lactone formation can also beneficially prevent the cleavage of the labile a-2,3-
glycosidic bond between sialic acid and galactose. The lactone ring can be opened by dilute
sodium bicarbonate solution after the completion of glycoprotein synthesis.

7ip: The by-products formed by reacting with sialic acid carboxyl groups can be identified
through the analysis of their fragmentation patterns in electrospray ionization-mass
spectrometry.

Methods Enzymol. Author manuscript; available in PMC 2019 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 7

2.3 Ligation and Metal-Free Desulfurization

The chemical assembly of the synthetic fragments was carried out in the direction of C-
terminus to N-terminus as shown in Figure 2C. Briefly, the to-be-ligated peptides and
glycopeptides were mixed together and lyophilized. The resulting powder was dissolved in
buffer solution to initiate the ligation reaction. After ligation was completed, the thiol
functional groups were removed under metal-free desulfurization conditions to yield the
full-length glycoproteins, which were then oxidatively folded using a redox buffer (Shang,
Tan, & Danishefsky, 2011; P. Wang et al., 2013).

Tip: Native chemical ligation reactions are bimolecular reactions. The reaction rates are
influenced by concentration and other factors like the availability of free thiol groups at the
N-terminal sides of peptides and glycopeptides, pH, and temperature. To ensure high
concentrations of reactants, the lyophilized reactant powder mixtures should be centrifuged
to the bottom of reaction vessels before a minimum required amount of buffer solution is
added. Since the rate-limiting step in most NCL is the transthioesterification with the side-
chain thiol groups of the N-terminal amino acids, it is important to include soluble reducing
agents, like TCEP in degassed ligation buffer, to cleave disulfide bonds at the beginning of
ligation and to prevent the oxidation of thiols to disulfides during the reaction. Furthermore,
for intermolecular transthioesterification to occur, the proton on the thiol group must be
transferred to a putative “base” or to the bulk solvent. Therefore, the desired pH of the buffer
solution should be slightly alkaline (~7.5). Ligation rates also increase with increasing
temperature. If the ligation is slow, the reaction temperature can be increased to 37°C.

Tip. After ligation, the free thiol groups in the middle of the resulting peptides/glycopeptide
products can further react with excess thioesters to form higher molecular weight species.
The presence of these species can significantly complicate the analysis of reaction progress.
This issue can be overcome by adding the alkyl thiolsodium 2-mercaptoethanesulfonate
(MESNa) to reaction mixtures.

7ip. The presence of excess thiol additives and large amount of guanidine prevents direct
desulfurization of ligation products. An efficient MFD can only be realized after removing
these substances with a rapid and simple HPLC separation.

Tip: A large portion of ligation product can be lost during HPLC purification. Therefore, less
purification steps are required for a more efficient and higher yielding synthesis.

7ip: Correctly folded proteins/glycoproteins normally eluted earlier on HPLC than other
folding isomers. Correct folding can be verified by mass spectrometry analysis of
enzymatically digested glyoprotein fragments.

3. BIOLOGICAL IMPACT OF PROTEIN GLYCOSYLATION

The development of chemical synthesis of multiply glycosylated proteins by the
Danishefsky group provided a sufficient scientific and technical base for overcoming
challenges associated with research on protein glycosylation. It enabled the Tan group to
apply chemical glycobiology approaches to further the understanding of the roles of glycans
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in regulating protein biophysical and biological properties (Patrick K. Chaffey, Chi, & Tan,
2017; P. K. Chaffey et al., 2018).

The predictability and flexibility of chemical synthesis allowed the generation of large
collections of structurally well-defined glycoproteins with subtle differences in their glycan
structures and amino acid sequences. The availability of such collections makes it possible
to get a clearer and more in-depth view of the biological impact of glycosylation (Chen et
al., 2014). By systematically analyzing the impact, the Tan group was able to dissect detailed
structure-property relationships and to gain insights into the structural basis for the inferred
relationships (Xiaoyang Guan et al., 2015). More importantly, the knowledge developed
from these studies helps to formulate a directional strategy that can guide future studies
towards other posttranslational modifications, and to improve the properties and
performance of peptides/proteins through rational glycoengineering (X. Guan, Chaffey,
Chen, et al., 2018; X. Guan, Chaffey, Wei, et al., 2018; Li, Clark, & Tan, 2018).

In the following section, we briefly summarize these studies and the findings relating to the
biological impact of protein glycosylation.

Equipment
Chirascan™- plus CD Spectrometer
Voyager-DE™ STR MALDI-TOF Mass Spectrometer
Waters Synapt G2 HDMS (g-TOF) Mass Spectrometer

1
2
3
4, Proteomelab XL-1 Protein Characterization System
5 48-Well Micro Chemotaxis Chamber

6

QuantaMaster-4/2005 SE Spectrofluorometer

Chemicals
1. Proteases
2. Chemicals for biochemical and biological buffers

Impact on Folding

The process of protein folding is a notoriously complicated process. For proteins containing
disulfide bonds, it is a combination of two distinct, but interrelated processes:
conformational folding of the protein sequence into secondary and tertiary structures and
formation of disulfide bonds. By taking advantage of the relatively slow kinetics in disulfide
bond formation, the Tan group was able to confirm the importance of glycosylation in
regulating the folding of a family 1 carbohydrate-binding module (CBM). Additionally, they
were able to elucidate the glycosylation site-, glycan size- and structure-specific effects of
O-glycosylation on the folding using a mass spectrometry-based approach (P. K. Chaffey, X.
Guan, X. Wang, et al., 2017).

Via comparison of the folding rates of a large collection of synthetic glycoforms, it was
found that many factors, including glycosylation site, glycan structure and/or size, and

Methods Enzymol. Author manuscript; available in PMC 2019 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

3.2

3.3

3.4

Page 9

amino acid sequence, contributed to the effects of glycosylation. Small changes in either
glycans or amino acids could lead to large differences in the ability of glycosylation to affect
CBM folding. It was also revealed that glycosylation had different effects on the rates of
each step in the folding process. Additionally, only the attachment of specific glycans, such
as mono-mannose, to glycosylation sites nearest the N-terminus of CBM could significantly
increase the overall folding rate. Together, the results pointed to the possibility that the
interactions between glycan and local amino acids might be responsible for the increased
folding rate.

Impact on Stability

Impact

Impact

The term “protein stability” includes many meanings, including proteolytic stability, thermal
stability, physical stability (aggregation), et al. Thermal stability is the stability of a molecule
at elevated temperatures. Proteolytic stability refers to the resistance toward the action of
proteolytic enzymes. Aggregation represents the most vexing physical instability of proteins,
which is a process by which misfolded proteins form insoluble precipitates.

Through the characterization and comparison of the properties of a series of synthetic
glycoforms, the Tan group was able to reveal how glycans, and their site occupancy, can
affect the thermal and proteolytic stability, as well as resistance to aggregation. Data from
these studies showed that the effects of glycosylation are strongly dependent on the
glycosylation sites and the structures of glycans directly attached to proteins (Chen et al.,
2014; X. Guan, Chaffey, Chen, et al., 2018; Xiaoyang Guan et al., 2015; Prates et al., 2018).
Increasing the sizes of glycans could further increase or maintain the stability conferred by
original glycan structures. Again, the observations from these studies also suggested that the
interactions between the a-linked glycans and the local amino acids might be the molecular
basis underlying the increased stability.

on Structure

Glycosylation tends to significantly increase the solubility of proteins. This makes
crystallization of glycoproteins difficult. Solution NMR was thus chosen by the Tan group to
investigate the effect of glycosylation on protein structure and the molecular basis
underlying the increase in protein folding rate and stability. By systematically comparing the
gathered high-resolution NMR structures, the results confirmed that glycosylation did not
significantly alter the structures of proteins. Its main role is to introduce direct interactions
between glycan residues and side chains of local amino acids (P. K. Chaffey, X. Guan, C.
Chen, et al., 2017). If these interactions can be propagated throughout the rest of the
backbone, they will be able to strengthen the global network of intramolecular interactions
and lead to a decrease in the backbone dynamics of proteins. Lower backbone flexibility is
most likely to be the reason for the increased folding rate and stability.

on Biological Activity

In addition to examining the detailed effects of glycans on the properties related to folding,

stability and structure, the Tan group also used the CBM as a model molecule to investigate
the effect of glycosylation on the binding affinity (Chen et al., 2014; Xiaoyang Guan et al.,

2015; Payne et al., 2013). By systematically comparing the properties of glycosylated
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variants, the results showed that the effect of glycosylation on the binding affinity was not
dependent on glycosylation sites nor glycan structures. Small glycan residues at each of the
glycosylation sites may increase the binding affinity. The molecular mechanism by which
glycans affect the binding of CBM to its substrates was investigated by NMR studies and
molecular simulations (Happs et al., 2015). The results revealed that the interactions
between glycans and substrates could be responsible for increased binding.

4. SUMMARY

In summary, through many years of efforts and development, the Danishefsky group was
able to pave the way for the synthesis of multiply glycosylated proteins. The broad
applicability of the developed methodologies was demonstrated in the studies of the impacts
of glycosylation on protein properties. Through systematic chemical glycobiology studies, it
was revealed that the effects of glycosylation were determined by a combination of factors,
including glycosylation site, glycan size, structure, and amino acid sequence. The combined
observations led to a hypothesis that is important for simplifying protein glycoengineering:
“glycoforms with better overall properties can be generated by collaboratively varying
glycan structures and adjacent amino acids within unstructured regions crucial to biological
function and/or stability”. This hypothesis was confirmed by studying two molecules,
human insulin and RANTES, otherwise known as CCL5 (X. Guan, Chaffey, Chen, et al.,
2018; X. Guan, Chaffey, Wei, et al., 2018).
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Fig. 1.

The structure of a typical glycoprotein, human EPO. The ribbon diagram of the tertiary
structure of human EPO protein is shown in green. It contains three N-linked glycosylation
sites, N24, N38, and N83, and one O-linked glycosylation site, S126.
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Chemical synthesis of glycoproteins. (A) Convergent synthesis of N-linked glycopeptides;
(B) Stepwise synthesis of O-linked glycopeptides; (C) Native chemical ligation/metal-free
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desulfurization-based strategy for the synthesis of glycopeptides. PG, protecting groups; SR,
thioesters; Pep, peptides; AA, amino acids.
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Chemical synthesis of O-linked glycoamino acid with unmasked carbohydrate moiety. The
reactivity of different carboxyl groups in 4 can be effectively controlled by the substitution
level (steric hindrance) of their neighboring carbons. The one that is directly attached to a
secondary carbon (2°, green colored) has better reactivity to the N-terminal amine groups of

peptides. PG, protecting groups.
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Ligation at noncysteine amino acid residues by the native chemical ligation/metal-free

desulfurization strategy. SR, thioester; Pep, peptides; R1 and R2, functional groups in amino
acid side chains.
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Fig. 5.
Chemical synthesis of glycosyl amines.
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