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Abstract 

 

 This thesis describes an investigation towards the syntheses of glycopeptides and 

neoglycopeptides using click chemistry. 

 The first part of this research project deals with the synthesis of a library of 

fluorescent-labelled glycopeptides 2.2-2.8 using automated microwave-enhanced Fmoc SPPS. 

This involved the synthesis of GalNAcα1-O-Ser/Thr building blocks 2.23a/2.23b and 

subsequent incorporation into stepwise Fmoc SPPS.  

 The next chapter deals with the synthesis of neoglycopeptides using a chemoselective 

Cu(I)-catalyzed 1,3-dipolar cycloaddition (click chemistry) between organic azides and 

akynes. Collaboration with the Kent laboratory enabled the assimilation of knowledge and 

training in manual in situ Boc SPPS protocols for the synthesis of peptides. NCL and click 

chemistry were combined in a one-pot fashion to prepare a di-glycosylated neoglycopeptide 

3.28 with high efficiency, while establishing the compatibility of click reaction conditions 

with various functional groups involved in the synthesis of peptides using manual in situ Boc 

SPPS.  

 The following chapter describes the synthesis of click analogues 4.55-4.60 of the 

MUC1 sequence using microwave enhanced Fmoc SPPS and optimized click conditions. 

These conditions involved the use of excess copper(I) in a chaotrope-containing solvent, 6 M 

GnHCl, and have also found that microwave irradiation enhanced the rate of click reaction.  

 The last chapter describes synthetic studies towards a click analogue of erythropoietin 

(EPO), a highly glycosylated protein involved in the regulation of red blood cell production. 

For this study, all the skills that had been acquired to this point were used. The peptide-

thioester fragments 5.31-5.34 were prepared using manual in situ Boc SPPS strategy, whereas 

the C-terminal acid fragment 5.35 was synthesized using automated microwave-enhanced 

Fmoc SPPS. Propargylglycine residues 3.8 were installed in the peptide sequence where 

glycosylations usually occur in the native form, and different monosaccharide sugar-azides 

3.14, 4.42 and 5.30 were synthesized to effect click reactions with the propargylated EPO 

peptides. The one-pot NCL and click chemistry strategy developed with the Kent laboratory 

was also utilized for maximum efficiency. The synthetic route towards the desulfurized click 

EPO1-5 neoglycopeptide 5.51 was optimized using monosaccharide sugar-azides, thus future 

work involves the synthesis of more complex glycans to attach onto the peptide backbone 

using click chemistry.  
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Introduction: Total Chemical Synthesis of Proteins 
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1 Total Chemical Protein Synthesis 

 

1.1 The Need for Chemical Protein Synthesis 

 

Proteins are biochemical compounds that play diverse and important biological and structural 

roles in nature.1 The biological function of a protein is determined by its unique folded 

structure, which in turn is defined by the amino acid sequence of its polypeptide chain. This 

sequence is determined by the sequence of a gene, which is encoded in the genetic code. The 

diversity of structures of proteins encoded by the same gene is increased enormously by 

splicing of the mRNA before translation, and further by post-translational modifications such 

as attachment of carbohydrates and lipids. It is estimated that a eukaryotic cell can express 

more than 100,000 distinct protein molecules.2  

 

Because of their diverse and important roles in the biological world, understanding the 

structure of the protein gives insight into its functional properties. Recombinant DNA 

techniques have allowed the necessary amounts of proteins to be prepared for the analyses of 

their structure and function.3 Protein engineering has also been useful in modifying the DNA 

sequence that can lead to consequent changes to the phenotype of a protein in order to study 

structure-activity relationships.4 However, the major limitations to this are that only the 

twenty genetically encoded amino acids can be readily incorporated into a protein molecule. 

Furthermore, site-specific post-translational modifications of the protein molecule are 

difficult to carry out and control. Efforts to overcome these limitations have been made with 

varying success, but so far have had limited impact and are not widely used for the 

investigation of protein function.  

 

Total chemical synthesis of a protein molecule addresses these limitations by enabling site-

specific modifications in the covalent molecule with atom-by-atom precision.1,5-8 Once the 

synthetic method has been established, different analogues of homogeneous protein can be 

routinely prepared using chemistry in order to carry out investigations on the structural and 

functional properties of the protein. It is often difficult to purify and obtain the necessary 

amounts of target protein for carrying out these investigations from nature, and total chemical 

synthesis enables access to large quantities of protein for further studies. Better understanding 

of the structural and functional properties of a protein enables scientists to design and 

synthesize protein analogues that could have enhanced biological properties compared to the 
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native.  Another advantage of total chemical synthesis of a protein is the ability to label the 

protein with a label of choice at a desired site of the protein to enable the use of modern 

biophysical spectroscopic methods such as NMR, EPR, laser Raman and fluorescence 

studies.1 

 

1.2 Synthetic Strategies Toward Proteins 

 

Classical methods of chemical protein synthesis involved convergent synthesis of peptide 

fragments in which all side chain functional groups were fully protected, and these fragments 

were subsequently coupled in organic solvents to yield the full-length polypeptide product.9 

However, severe limitations like racemisation,9,10 difficulties in purification and 

characterization,9 and poor solubility11 of the fully-protected peptide segments even in 

powerful organic solutions were the major setback and consequently this method failed to 

find wide use in protein synthesis. Moreover, this method was abandoned when recombinant 

DNA-based molecular biology for protein expression and engineering was developed in the 

1970s.1,9 

 

Total chemical protein synthesis was revolutionized in 1963 when Merrifield12 introduced a 

novel technique whereby protected amino acids were coupled sequentially in a C- to N-

terminus direction on an insoluble polymeric solid support. In solid phase peptide synthesis 

(SPPS), the C-terminal amino acid is covalently joined to solid support resin via a chemical 

linker, then subsequent amino acid residues are incorporated by repeated cycles of Nα-

protecting group deprotection, washing and filtering of the resin for removal of excess 

reagents, amino acid coupling, then washing and filtering. After peptide elongation, the 

chemical linker is cleaved and the side chain protecting groups are deprotected to release a 

crude unprotected peptide product. To date, countless number of peptides have been 

synthesized using optimized protocols.1,6,9 The success of this protocol lies in the fact that the 

large excess of amino acids used allows for rapid and complete reactions, and also 

racemisation is kept to a minimum.1,6,9,12 However, SPPS had no impact on the maximum 

size of polypeptide that could be synthesized by chemical means; in even the most highly 

optimized protocols the accumulation of by-products arising from incomplete reactions meant 

the maximum number of amino acids that could be assembled on solid support in good 

enough purity and yield remains at less than 50 amino acids. As most proteins found in nature 
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contain more than 50 amino acids, a more powerful approach towards total chemical protein 

synthesis was needed. 

 

An overview of the synthetic strategy required for the total chemical synthesis of proteins 

based on modern methods developed is outlined in Scheme 1.1.1,6,9 First, an insoluble 

polymeric support is functionalized with an amino group. Once functionalized, a chemical 

linker that is resistant to hydrolysis during peptide assembly until the final release of the 

completed peptide is attached. This linker depends on the synthetic protocol of SPPS. After 

the attachment of the chemical linker, SPPS is carried out to attach amino acids in a 

sequential manner. There are two most popular protocols, the Fmoc SPPS strategy and the 

Boc SPPS strategy. These two strategies supplement each other and they have their own 

advantages and disadvantages. Different amino acid coupling reagents and conditions have 

also been developed. After the peptide elongation the chemical linker between the solid 

support and the C-terminal amino acid is cleaved to afford the unprotected crude peptide 

product which may be purified if desired. The purified peptides then can undergo fragment 

condensation, most commonly via native chemical ligation between a C-terminal thioester-

peptide and an N-terminal cysteine-peptide, and subsequently folded to yield a fully 

functional protein. Each of these steps will be described in more detail in the following 

sections. 

 

 

Scheme 1.1 An overview scheme of steps required for the total chemical synthesis of a functional protein. 

 

1.2.1 Solid Support in SPPS 

 

The first requirement to carry out SPPS is a suitable polymer as the solid support, which 

provides the microenvironment required for all reactions take place. It has to be chemically 

inert, insoluble in all of the solvents used during SPPS and its physical form must allow ready 

filtration.12 It has to contain a functional group to which the first protected amino acid could 

be covalently linked.12 Furthermore, it must show good solvation and swelling properties 

under the reaction conditions. This is important because a well-solvated gel with mobile 
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polymeric chains enables efficient diffusion of the reagents to reaction sites. The most widely 

used solid support that satisfies these criteria is the polystyrene (PS) resin, which is prepared 

via free radical polymerization between styrene and divinylbenzene (cross-linking element) 

monomers (Scheme 1.2).12 One of the major disadvantages of solution phase peptide 

synthesis is the poor solubility of peptides, often due to aggregation. In SPPS, the resin-

bound peptide is more effectively solvated than the peptide in solution phase, and the 

divinylbenzene cross-links minimize aggregation of the covalently attached peptide thus the 

solubility issue is minimized.12  

 

 
Scheme 1.2 Free radical polymerization of styrene and divinylbenzene to produce polystyrene (PS) resin. 

 

The originally developed divinylbenzene-PS resin is not without its limitations.13 Such 

limitations include the hydrophobic character of the matrix, the cross-linker is short and rigid, 

the presence of local higher cross-link density regions, and poor swelling properties.13 To 

address these limitations, different cross-linkers have been grafted onto PS resin,14 and these 

include ethylene oxide and polyethylene glycol.15 Other than PS resins, copolymers have 

been used as the solid support, for example polyethylene glycol and polyacrylamide (PEGA) 

resin,16 and cross-linked ethoxylate acrylate (CLEAR) resin.17 Solid support based entirely on 

polyethylene glycol polymer (ChemMatrix) has also been found useful.18 

 

To attach the first amino acid through a chemical linker, the solid support must contain a 

functional group. One of the most widely used groups to achieve this is the aminomethyl 

group, which can be functionalized on the PS resin via direct aminomethylation.19 This 

synthesis uses N-(hydroxymethyl)phthalimide and catalytic TfOH in TFA/CH2Cl2 (1:1 v/v) to 

react with PS resin to produce the phthhalimidomethyl-PS resin 1.1. This functionalized resin 

is then heated under reflux for 10 h in ethanol containing 5% hydrazine to afford the desired 

aminomethyl-resin 1.2 (Scheme 1.3).19 
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Scheme 1.3 Synthesis of aminomethyl-PS resin. 

 

Other functional groups can be installed directly on the PS resin for different uses. These 

include chloromethyl and hydroxymethyl groups for further functionalization, 2-chlorotrityl 

chloride group20 for higher sensitivity towards acidic cleavage, and a p-

methylbenzhydrylamine (MBHA) group21 to yield a C-terminal amide upon cleavage (Figure 

1.1). 

 

 
Figure 1.1 Different functional groups installed on PS resin. 

 

1.2.2 Linkers Used in SPPS 

 

In order to release the peptide upon completion of sequential elongation, a chemical linker 

between the first amino acid and the resin must be installed. This linker should be inert to the 

conditions used in SPPS during peptide elongation, and should also enable facile cleavage to 

release the desired peptide with a C-terminal acid or amide. These linkers can be coupled to 

the solid support via the functionality attached to the resin (described in section 1.2.1) before 

the first amino acid attachment, or the first amino acid-linker building blocks can be pre-

synthesized then coupled to the functionalized resin. For Fmoc SPPS, acid-labile linkers that 

are resistant to repetitive piperidine treatments for Nα-Fmoc protecting group removal are 

used, and cleavage is carried out using TFA. For Boc SPPS, linkers that can withstand 

repetitive treatments of TFA for Nα-Boc protecting group removal are used, and their 

cleavage is achieved using anhydrous HF. There are also other chemical linkers that may be 

used that utilize non-acidic/basic methods for cleavage. A summary of a selection of the most 

commonly used chemical linkers for Fmoc and Boc SPPS is shown in Table 1.1.22 
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SPPS Linker resins Cleavage Product 

Fmoc 

 (Ref 23) 

TFA C-terminal acid 

 (Ref 24)  

TFA C-terminal acid 

 (Ref 25,26) 

R= NHFmoc: 
TFA 

 
R= OH: 

dilute TFA 

R= NHFmoc: 
C-terminal amide 

 
R= OH: 

C-terminal acid 

 
(Ref 27) 

dilute TFA C-terminal acid 

 (Ref 28) 

dilute TFA C-terminal acid 

Boc 

 (Ref 19) 

HF C-terminal acid 

 (Ref 21) 

HF C-terminal amide 

Fmoc/ 
Boc 

 (Ref 29) 

Pd(0) C-terminal acid 

Table 1.1 Chemical linkers utilized for Boc and Fmoc SPPS. 
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1.2.3 Amide Coupling Reagents and Conditions 

 

Once the chemical linker is installed the sequential amino acid coupling can be carried out. 

Over the past years many reagents and conditions for amide bond formation between an Nα-

protected amino acid and a C-terminal protected amino acid have been developed.30,31 During 

SPPS peptide elongation occurs in a C- to N-terminus direction, therefore the C-terminus is 

protected in the sense that it is covalently joined to the solid support, thus amide bond 

formation occurs when the carboxylic acid group of an Nα-protected amino acid is pre-

activated and added to the peptide-resin containing a free amine at the N-terminus (Scheme 

1.4).  

 

Peptide
H
NP2N

H
O

OH
P1

R

+

i. P2 group deprotection

ii. coupling reagents
Peptide

H
N

N
H

O

R

P1

 
Scheme 1.4 Formation of amide bond in SPPS for peptide elongation. 

 

Traditional methods have utilized acyl halides to carry out coupling the N-terminal free 

amine on solid support.31 However the high tendency of these moieties to racemize, 

hydrolyse and form side reactions such as N-carboxy anhydride formation limited their use in 

peptide synthesis.31 The use of anhydrides and activated esters have found wider use in 

peptide SPPS, and a selection of the most popular and successful methods will be discussed 

in more detail. 

 

1.2.3.1 The Use of Carbodiimides to Form Anhydrides 

 

Anhydrides are species that readily react with a wide range of nucleophiles such as alcohols, 

thiols and amines. The first coupling reagents to be utilized in peptide coupling were 

carbodiimides to form symmetrical anhydrides of carboxylic acids. Of the carbodiimides, 

dicyclohexylurea (DCC) 1.3
32 and diisopropylurea (DIC) 1.4

33 have found wide use. The 

mechanism for coupling amino acids to resin-bound Nα-amino peptides using these reagents 

is shown in Scheme 1.5.30 First the amino acid reacts with DCC/DIC to form an O-acylurea 

1.5. This intermediate can either directly form an amide bond by reacting with the Nα-amino 

group of the resin-bound peptide, or it can react with another molecule of the amino acid to 

form the symmetrical anhydride 1.6 yielding a dicyclohexylurea (DCU) 1.7/diisopropylurea 
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(DIU) 1.8 by-product. The anhydride can then react with the Nα-amino group of the resin-

bound peptide to form the amide bond.  

  

Aaa OH

O

Aaa O

O

C

HN

N

R

R

Aaa O

O

NH

N

R

R

PeptideH2N

PeptideN
H

Aaa

O

Aaa O

O

+H+

Aaa O

O

Aaa

O

PeptideH2N

O

N
H

R
N
H

R

R= cyclohexyl: DCU 1.7
R= isopropyl: DIU 1.8

O-acylurea symmetrical anhydride
R= cyclohexyl: DCC 1.3
R= isopropyl: DIC 1.4 1.5 1.6

 

Scheme 1.5 Amide bond formation using DCC/DIC. 

 

One of the major drawbacks to using this method is the large extent of epimerization that 

takes place during carboxylic acid activation.34 In order to reduce the level of epimerization 

1-hydroxy-1H-benzotriazole (HOBt) 1.9 was introduced as an additive.35,36 This additive is 

believed to work by rapidly reacting with the O-acylurea to produce an OBt active ester, 

which enhances the reactivity by stabilising the incoming Nα-amino group via hydrogen 

bonding (Scheme 1.6). Later, an aza analogue of HOBt, 1-hydroxy-7-azabenzotriazole 

(HOAt) 1.10, was developed that was superior to HOBt at suppressing epimerization.37 

 

 

Scheme 1.6 Amide bond formation using DCC/DIC with HOBt/HOAt as an additive. 
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1.2.3.2 The Use of Phosphonium Salts to Form Active Esters 

 

The success of HOBt and HOAt for amide bond formation led to coupling reagents based on 

their structures. The first HOBt/HOAt-based onium salt reagent developed was benzotriazol-

1-yl-oxy-tris(dimethylamino)phosphonium hexafluorophosphate (BOP, also called Castro’s 

reagent) 1.11.38 The mechanism of reaction is outlined in Scheme 1.7. A one-pot coupling is 

performed by mixing the amino acid and free amine peptide-resin in the presence of BOP and 

NEt3 or iPr2NEt to initially generate both an activated acylphosphonium species and HOBt. 

The HOBt then reacts with the activated acid to produce the OBt ester, which in turn reacts 

with the Nα-amino group of the resin-bound peptide to form the amide bond. The driving 

force for this reaction is the generation of hexamethylphosphoric triamide (HMPA).39 

However, BOP is less widely used due to the formation of this by-product that is extremely 

toxic. Therefore, the pyrrolidine derivative of BOP, benzotriazol-1-yl-oxy-tris-pyrrolidino-

phosphonium hexafluorophosphonate (PyBOP) 1.12,40 has been developed which produces 

the less toxic phosphoramide product without diminished efficiency. Like HOAt, aza 

analogues of BOP and PyBOP (AOP41 and PyAOP,42 respectively) have been developed and 

have proven to react more efficiently with less epimerization. 

 

 

Scheme 1.7 Amide bond formation using BOP/PyBOP. 

 

1.2.3.3 The Use of Uronium Salts to Form Active Esters 

 

Another family of coupling reagents based on HOBt/HOAt is the uronium salts such as O-

(1H-benzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) 1.13
43 

and its tetrafluoroborate equivalent, TBTU 1.14.44 Reports indicate that the counter anion has 

no influence on the efficiency of the coupling reaction.45 The coupling reaction is carried out 
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in a similar way to that of the phosphonium species (Scheme 1.8). In this case, the driving 

force of the reaction is the generation of the urea by-product. The aza analogues of HBTU 

and TBTU, HATU 1.15
37,41 and TATU 1.16,37 respectively, have been proven to give faster, 

more efficient couplings with less epimerization. 

 

 

Scheme 1.8 Amide bond formation using HBTU/HATU or TBTU/TATU. 

 

The uronium salts are well-known for their ability to cap the free amino group of the resin-

bound peptide (Scheme 1.9).31 Therefore, care must be taken to avoid the addition of excess 

amounts of these reagents and use less than stoichiometric amounts (e.g. 0.95 eq of HBTU to 

1 eq of amino acid) to the acid during pre-activation of the amino acid so that guanidylation 

is avoided.  

 

 

Scheme 1.9 Guanidylation by HBTU leading to truncated peptides. 

 

1.2.3.4 Other Coupling Methods 

 

The three types of coupling reagents described above are the major ones currently used in 

both Boc and Fmoc SPPS. Endeavours to increase the rate and efficiency of amino acid 

coupling, while minimizing epimerization have resulted in the development of countless 

reagents and conditions for amide bond formation. Even within the three types of coupling 

reagents described above, many related analogues have been investigated and have found use 

in peptide synthesis. In our laboratory, and for the investigation of the current research 

projects, uronium salts have been useful for the synthesis of peptides using SPPS. Other 

means of amino acid coupling include ammonium salts,46 Mukaiyama’s reagent,47 
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pentafluorophenol-based coupling reagents48 and many others. The details for these other 

coupling reagents are published in several excellent reviews.30,31,49-51 

 

1.2.4 Solid-Phase Peptide Synthesis 

 

As mentioned briefly, SPPS allows the rapid assembly of peptides by simplifying the 

intermediate purification steps for removing excess reagents and by-products. This is carried 

out by allowing the peptide elongation to be carried out inside the resin where the movement 

of reagents is achieved by diffusion mechanisms. After the attachment of the desired amino 

acid at the N-terminus is complete, the excess amino acid and coupling reagents can be 

washed away with a solvent in which the resin swells well, while the elongating peptide stays 

resin-bound. After the washing, the Nα-protecting group can be removed using a reagent that 

will not react with any of the side chain protection groups and the chemical linker between 

the first amino acid and the solid support. Subsequent amino acid coupling completes one 

cycle of amide bond formation for peptide elongation. There are two main protocols to 

synthesize peptides- Fmoc and Boc SPPS. The SPPS conditions in each protocol will be 

discussed in further detail. 

 

1.2.4.1 Boc (tert-Butyloxycarbonyl) SPPS 

 

The first SPPS protocol developed by Merrifield was the Boc/benzyl strategy.9,12 The C-

terminal amino acid is anchored to the solid support through formation of a benzyl ester with 

Pam-PS resin for the synthesis of peptide-αCOOH, and MBHA-PS resin is used to afford 

peptide-αCONH2 (described in section 1.2.2). Temporary Nα-protection uses the tert-

butyloxycarbonyl (Boc) group, and this is removed using trifluoroacetic acid (TFA).9,12 

Neutralization of the resulting Nα-ammonium group is carried out with iPr2NEt and amino 

acid coupling is achieved using various conditions described in section 1.2.3. For masking of 

the side chains of amino acids, a range of benzyl-based protecting groups have been 

developed, chemically fine-tuned to meet the requirements of particular functional groups by 

substitution of the benzyl ring with appropriate electron donating or withdrawing groups.52 

After the completion of peptide elongation, the release of the peptide from the resin and 

removal of the side chain protecting groups is achieved most successfully with anhydrous 

hydrogen fluoride (HF).9,12 
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Over the years the conditions used for Boc SPPS have been optimized, particularly by Kent 

and co-workers.53 The highlight of the optimized protocol is the simultaneous in situ 

neutralization of the Nα-ammonium group during amino acid coupling after TFA removal of 

the Boc group rather than neutralizing before the amino acid coupling step.53 For the current 

research project, this protocol was followed for the synthesis of model peptides to investigate 

native chemical ligation and click chemistry (Chapter 2), and also for the synthesis of peptide 

fragments of erythropoietin (Chapter 4). Hence, the details of Boc SPPS will focus on the 

conditions involved in this protocol.   

 

1.2.4.1.1  In Situ Neutralization in Boc SPPS 

 

In Boc-chemistry the deprotection of the α-amino group with neat TFA produces an α-

ammonium species 1.17, which has to be neutralized for coupling of the next amino acid 

(Scheme 1.10).  

 

 

Scheme 1.10 Deprotection of Nα-Boc group by TFA resulting in Nα-ammonium species. 

 

TFA is an excellent solvent for protected peptide chains, and its fast and quantitative Nα-

deprotection suggests that it might be involved in breaking up all previously formed 

secondary structures.53 Aggregation occurs when the protonated α-ammonium peptide-resin 

intermediate is neutralized.54 Therefore, it was desirable to avoid prior neutralization and 

possibly perform this with amino acid coupling in one-pot. The in situ neutralization protocol 

does exactly this, by adding an excess of iPr2NEt to the pre-activated mixture of amino acid 

and coupling agent, then adding the mixture to the α-ammonium peptide-resin. Studies 

carried out by Kent et al.53 comparing the coupling reagents DIC/HOBt not generated in situ, 

DIC/HOBt in situ, and HBTU/iPr2NEt in situ confirmed that the latter method was the 

method of choice for amino acid coupling. In all cases, no significant racemisation (less than 
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3% at maximum) was observed. After peptide assembly, the Nα-terminal Boc group is 

removed using neat TFA, the resin dried under high vaccum, then the unprotected peptide is 

released from the solid support using anhydrous HF and p-cresol (5% v/v) as scavenger. 

After 1 h at 0 oC, the HF is removed under vacuum, the resin removed by filtration,  and the 

peptide is then triturated with anhydrous cold ether to give the crude peptide product, which 

can be lyophilized and purified (if necessary) by reverse phase HPLC. The optimized in situ 

neutralization Boc SPPS protocol reported by Kent et al.53 is summarized in Scheme 1.11. 

 

 
Scheme 1.11 Opimized manual in situ neutralization Boc SPPS. 
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One of the major side reactions that occur using this strategy is the termination of peptide 

chain by cyclization of glutamine to form a pyrrolidone-peptide (pyroglutamate) 1.18 

(Scheme 1.12). This occurs when residual TFA is washed with DMF, which releases a large 

amount of heat.53 The problem is completely ameliorated by washing the resin with CH2Cl2 

before and after TFA treatment of Boc-Gln-peptide-resin during peptide synthesis.53 Another 

side reaction, although only observed to a very small extent, is chain termination by N-

acetylation even when capping is not performed. A very small amount of HOAc can 

sometimes be detected in Boc-Arg(Tos), Boc-Lys(ClZ) and Boc-Thr(Bzl).53,55 This undesired 

capping can be avoided simply by lyophilizing these amino acids before use, and the 

potential of this side reaction occurring puts emphasis on the necessity of using exceptionally 

high purity amino acids for peptide synthesis. 

 

 
Scheme 1.12 Cyclisation of glutamine during DMF wash after TFA treatment. 

 

 

1.2.4.2 Fmoc (9-Fluorenylmethoxycarbonyl) SPPS 

 

Unlike Boc SPPS, which uses graduated acidolysis to achieve selectivity in the removal of 

the Nα-protecting group (Boc) and side chain protecting groups, the Fmoc/tert-butyl (tBu) 

SPPS strategy56 utilizes orthogonal protecting group strategy, where the Nα-deprotection is 

achieved by base treatment and the side chain protecting groups and the chemical linker 

between the peptide and solid support are cleaved using acid (usually TFA). In Fmoc SPPS, 

the first amino acid is attached to the solid support through a chemical linker that is acid-

labile (see section 1.2.2) and is readily cleaved using TFA and scavengers.57 The side chain 

protection is also based on acid-labile groups such as tBu and trityl groups, and these are 

deprotected simultaneously during peptide cleavage from the resin. However, the main 

difference between Fmoc SPPS from Boc SPPS lies in the Nα-protection and deprotection 

strategy. In Fmoc SPPS the α-amino group is protected with an Fmoc (9-

fluorenylmethoxycarbonyl) group, and its removal is typically carried out using 20% 

piperidine.56,57 The key step in this deprotection reaction is the initial deprotonation of the 
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fluorene ring proton to generate an aromatic cyclopentadiene-type intermediate 1.19, which 

rapidly undergoes elimination to form a dibenzofulvene 1.20 (Scheme 1.13). The α-amino 

group is produced following decarboxylation, while the dibenzofulvene is scavenged by 

piperidine.56,57 The coupling of the next amino acid is carried out in a similar way to Boc 

SPPS using the coupling reagents described in section 1.2.3. After peptide assembly the 

peptide-resin is cleaved with TFA and scavengers, then the crude peptide product is triturated 

using cold ether. 

 

 
Scheme 1.13 Deprotection of Nα-Fmoc group by piperidine resulting in a free α-amino group. 

 

The Fmoc SPPS strategy is the initial method of choice for the synthesis of peptides, and has 

gained popularity over Boc SPPS due to the relative ease and accessibility of the reagents 

used for both Nα-deprotection and peptide cleavage from the resin. For these reasons, 

investigations to optimize the amino acid side chain protecting groups, chemical linkers 

between the peptide and solid support, Nα-deprotection reagents and conditions, and cleavage 

conditions have been studies extensively.57 Scheme 1.14 depicts a typical strategy employed 

for Fmoc SPPS of peptides.57 
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LinkerAaa1FmocHN

1. Fmoc deprotection:
- 20% piperidine in DMF,
3 x 2 min agitation

LinkerAaa1H2N

3. Fmoc-Aaa2 coupling:
- Activate Fmoc-Aaa2 (1.0 mmol)
with HBTU (0.95 mmol) and
iPr2NEt (2.0 mmol), 2 min
- Add pre-activated mixture
- 30 min, shake

(0.2 mmol)

2. DMF wash:
- short flow washes and
2 x batch wash

4. DMF wash:
- short flow washes and
2 x batch wash

LinkerAaa1
H
N

O

Aaa2FmocHN

5. Repeat 1~4, n times

6. Fmoc deprotection:
- 20% piperidine in DMF,
3 x 2 min agitation

7. Dry peptide-resin
under high vacuum

LinkerProtected peptideH2N

8. Linker cleavage:
- TFA:H2O:TIPS (95:2.5:2.5 v/v/v)

9. Peptide trituration
- anhydrous cold ether

Unprotected peptide OH

O

H2N  
Scheme 1.14 Procedures for Fmoc SPPS. 

 

With all the improvements in chemical linker, protecting group, and cleavage strategies, the 

main cause of failure in Fmoc SPPS is most likely due to aggregation.57 Fmoc deprotection 

results in the formation of a free amine at the N-terminus. Unlike TFA, any secondary 

structures that may have formed during the synthesis cannot be disrupted with piperidine 

treatment of the peptide-resin. This aggregation, driven by intra- and inter-chain interactions 

via hydrogen bonding and hydrophobic attractions, leads to incomplete solvation of the 

peptide-resin hindering the movement of reagents into the reaction site within the resin. The 

result is incomplete Nα-deprotection and amino acid coupling, leading to accumulation of by-

products making purification of the crude peptide product extremely difficult and leading to 

very low yield of the desired peptide. This phenomenon seems larger in Fmoc SPPS than in 

situ Boc SPPS. Protocols have been developed in order to decrease the amount of aggregation 
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during Fmoc SPPS, however the difficulties in synthesizing these ‘difficult’ sequences is still 

a major limitation of Fmoc SPPS.57 

 

Among the many side reactions reported during Fmoc SPPS, aspartimide formation requires 

special mention as this is the side-reaction most likely to be encountered in routine 

synthesis.58-60 This is highly sequence dependent, but is reported to occur mostly with 

Asp(OtBu)-X, where X is Gly, Asn(Trt), Ser, Thr or Arg(Pmc). The reaction involves the 

attack of the nitrogen attached to the α-carboxy group of aspartic acid on the side chain ester 

resulting in the formation of a five-membered imide 1.21.59 This intermediate can then 

undergo ring opening with piperidine during Fmoc removal to form α- (1.22) and β-

piperidides (1.23) (Scheme 1.15). To ameliorate this, less basic deprotection reagents such as 

5% piperazine have been employed with varying success.57 The only completely effective 

solution to this problem is to install temporary protection of the problematic backbone 

nitrogen with N-(2-hydroxy-4-methoxybenzyl) (Hmb) group along with the Fmoc group, 

which is removed during the final TFA cleavage.57 

 

Scheme 1.15 Aspartimide formation during Fmoc SPPS. 

 

 

1.2.4.3 Choice Between In Situ Neutralization Boc SPPS and Fmoc SPPS 

 

While the in situ neutralization Boc SPPS strategy allows efficient manual synthesis of 

peptides in a relatively rapid manner (up to 3 coupling cycles in 1 h), the vast amounts of 

TFA needed for Nα-Boc deprotection can be very costly. At times, the ‘difficult’ sequences 
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experienced using Fmoc SPPS can be readily made using in situ neutralization Boc SPPS 

with high purity. However, the highly dangerous and toxic anhydrous HF needed for peptide 

release from the resin requires specialized equipment and training, which may not be 

accessible to many laboratories in the world. The need to carry out arduous HF cleavages also 

hampers monitoring of on-resin reactions on HF-labile linkers. Furthermore, the major 

drawback of Boc SPPS strategy is the inability to synthesize glycopeptides containing O-

linked glycans, as this glycosidic linkage is prone to hydrolysis in peptide-resin cleavage 

conditions.61 

 

Where possible, the Fmoc SPPS strategy is often desired as piperidine required for the 

deprotection of the Nα-Fmoc group is used at 20% (v/v) concentration in DMF so less 

volumes are used, and it is also cheaper than TFA. The peptide release and global side chain 

protection is achieved using TFA, which is an excellent solvent for peptides and a much 

milder reagent than anhydrous HF used in Boc SPPS. The relative ease of its use and its 

compatibility with standard laboratory glassware allow easy access by most laboratories in 

the world. Analytical cleavage can be readily carried out using minute amounts of both 

peptide-resin and cleavage reagent allowing easy monitoring of on-resin reactions. The 

cleavage conditions allows the deployment of a wider range of special side chain protecting 

groups for amino acids for additional orthogonal protection. One of the major advantages of 

Fmoc SPPS over Boc SPPS, though, would be the ability to synthesize glycopeptides using 

pre-synthesized glycosyl amino acid building blocks.61 Although, in rare cases, the O-

glycosidic link may be prone to elimination by exposure to base, the peptide-resin cleavage 

conditions have proven to be completely compatible with the glycosides incorporated in the 

peptide, and this is the method of choice for the synthesis of glycopeptides. The Fmoc SPPS 

strategy was employed for the synthesis of MUC2-related glycopeptides for the current work 

(Chapter 2), as well as for the preparation of MUC1 neoglycopeptides (Chapter 4). In all 

syntheses, an automated microwave-enhanced Fmoc SPPS strategy was used and this will be 

described in Chapter 2. 

 

1.2.5 Native Chemical Ligation of Peptide Fragments 

 

Despite extensive development of reagents and conditions involved in both Boc and Fmoc 

SPPS, the maximum size of the peptides (~ 50 amino acid residues) being able to be 
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synthesized on solid-phase with acceptable purities remains a limiting factor in the synthesis 

of large polypeptides to produce functional proteins.1,9 In an endeavour to solve this problem, 

the idea of chemoselective ligation between two unprotected peptide fragments to produce a 

large polypeptide that would otherwise be inefficient to produce in a linear sequential manner 

using SPPS was developed.8,62 The use of unprotected rather than protected peptides was 

advantageous, as these showed high solubility in aqueous solvents containing chaotropes 

such as 8 M urea and 6 M guanidine·HCl (GnHCl) in which the chemoselective ligation could 

be performed.8 The first example of this was carried out when two unprotected peptides, one 

with a thiocarboxylate and the other with a bromoacetyl group, underwent chemoselection 

ligation through a thioester link to produce a thioester-containing polypeptide that was 

stable.62 This method was further illustrated by synthesizing a thioester-containing analogue 

of HIV-1 protease, and this protein had full enzymatic activity.62  

 

Despite these results, the scientific community remained sceptical of the validity of using 

non-native moieties in place of amide bonds for synthetic proteins used for structural and 

functional investigations. Inspired by the results obtained from thioester-linked proteins, Kent 

and co-workers63 devised a reaction where two unprotected peptides, a peptide containing a 

C-terminal thioester moiety and an N-terminal cysteine-containing peptide, undergo 

chemoselective ligation to produce a native amide bond. This reaction became the most 

widely used ligation method between unprotected peptides, and was given the term ‘native 

chemical ligation’ (NCL).63  

 

The mechanism of NCL is shown in Scheme 1.15.63 The whole reaction is carried out in 

aqueous chaotrope-containing solutions, typically 6 M GnHCl, at neutral pH (6.8-7.0). The 

initial step in this reaction is the reversible exchange between C-terminal thioester and N-

terminal cysteine thiol of two unprotected peptides. This step is further enhanced by the 

addition of exogenous thiol catalysts.64 The high yields of the final ligation product can be 

attributed to the irreversibility of the second S to N acyl shift amide bond formation step. The 

rate of NCL can be enhanced by the addition of excess amounts of aryl thiols, such as 

thiophenol 1.24, which undergoes the initial thiol-thioester exchange.64 Aryl thioesters are 

more frequently utilized as they undergo the S to N acyl shift much faster than alkyl 

thioesters to produce the amide bond.64 A water-soluble version of thiophenol, 4-

mercaptophenylacetic acid (MPAA) 1.25 was developed by Kent et al.64 that greatly 

enhanced this reaction even more, and consequently it has found wide use in NCL.  
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The difference in the rate of NCL between alkyl and aryl thioesters led to the development of 

kinetically controlled ligation (KCL).65 When a peptide(1)-thioester and a N-terminal 

cysteine-containing peptide(2)-thioester are added to 6 M GnHCl without the addition of 

exogenous thiols, both the desired peptide(1)-peptide(2) ligated product and the undesired 

peptide(2)-peptide(2) byproduct can be formed. To prevent or minimize the formation of the 

latter, peptide(1)-aryl thioester and peptide(2)-alkyl thioester can be used. The result is that 

the kinetically favoured peptide(1)-peptide(2) ligated product would be exclusively formed 

more rapidly than the undesired peptide(2)-peptide(2) by-product.65  

 

 
Scheme 1.15 Mechanistic aspects of native chemical ligation. 

 

There are two obvious requirements for carrying out the chemical synthesis of proteins using 

NCL. The first is the need for cysteine residues in the peptide sequence of the target protein. 

While this may not be problematic for many proteins that contain numerous cysteine residues, 

the synthesis of proteins that are cysteine-deficient or have cysteine residues that are not 

uniformly spaced apart in the sequence could be challenging. The second requirement is the 

need to be able to synthesize peptides with C-terminal thioesters. The in situ Boc SPPS 

strategy is routinely used for the synthesis of peptide-thioesters by attaching a thiol group to 
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Aaa-Pam-PS resin (where Aaa is an amino acid) then acylating with the first amino acid in 

the peptide sequence. The resulting peptide after cleavage from the resin is a peptide-thioester. 

The synthesis of peptide-thioester using conventional Fmoc SPPS strategy cannot be 

achieved, as the piperidine used during Nα-deprotection hydrolyzes the thioester moiety to 

produce either C-terminal acid or C-terminal piperidide. Different methods to address these 

two issues have been investigated and the details will be discussed in detail.1,66  

 

1.2.5.1 Non-Cysteine Mediated NCL 

 

Over the years several approaches have been developed to allow a chemoselective ligation to 

produce native amide bonds at cysteine-free peptide junctions.1,66 Of these, the most useful 

method is the introduction of desulfurization reaction of cysteine in the ligation product, 

allowing disconnections to be made at Aaa-Ala junctions for NCL.67-73 In this strategy, the 

alanine residue would be substituted with a cysteine residue to enable NCL, and 

desulfurization of this cysteine will be selectively carried out on the ligation peptide product 

to produce the native alanine residue at that position (Scheme 1.16). Further protocols were 

developed to allow NCL at Aaa-Val and Aaa-Phe junctions using desulfurization of β-

mercaptophenylalanine74 and β,β-dimethylcysteine,70 respectively (Scheme 1.16).   

                                                                                                       

 
Scheme 1.16 Non-cysteine mediated NCL at Aaa-Ala, Aaa-Phe, and Aaa-Val junctions using desulfurization. 
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Another approach utilizes the use of temporary auxiliaries containing thiol groups that mimic 

the presence of a cysteine residue at the N-terminus of the peptide, which can be 

chemoselectively removed from the ligated peptide product.75 The thiol group of the auxiliary 

reacts with the thioester in a rearrangement similar to NCL. This concept is described in 

Scheme 1.17. Many auxiliary groups have been developed, such as an ethanethiol substituent 

at the N-terminus, and photocleavable auxiliaries such as the 1-aryl-2-mercaptoethyl 

auxiliary system.66 However in practice, the use of these thiol-containing auxiliaries is highly 

sensitive to the nature of the amino acids at the ligation site. Indeed, only Gly-Gly, Phe-Gly, 

Ala-Gly, His-Gly, and Lys-Gly NCL junctions have been assembled using these auxiliaries.66  

 

 

Scheme 1.17 Non-cysteine mediated NCL using temporary auxiliaries containing thiol groups. 

 

In an interesting serious of publications, an extension of the use of thiol-containing auxiliary 

was developed by Wong et al.68,69,76-79 where glycopeptides were ligated using thiol-

containing sugars which mimic the cysteine residue by reacting with a peptide-thioester 

allowing S to N acyl shift at the α-amino group of the N-terminal glycopeptide (Scheme 

1.18). After the ligation, desulfurization of the thiol produced the natural sugar moiety. 
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Scheme 1.18 Sugar-assisted NCL using thioacetamide-containing sugar auxiliary. 

 

 

Native chemical ligation of proteins has also found wide use in the synthesis of fully 

functional proteins by introducing a cysteine residue as needed at the desired ligation site. In 

many cases, substitution of the vast majority of amino acids with cysteines has been shown to 

have no significant effect on the function of the protein. Also, if desired, the cysteine can be 

alkylated with various groups to mimic the side chain functional groups of several amino 

acids, such as Gln (1.26), Glu (1.27) and Lys (1.28) (Figure 1.2).66 

 



24 

 

unprotected peptide 1
H
N

R

O

H3N unprotected peptide 2
N
H

S

H
N

O

COO

R1

O

R1= NH2: Gln mimic 1.26

R2= OH: Glu mimic 1.27

unprotected peptide 1
H
N

R

O

H3N unprotected peptide 2
N
H

S

H
N

O

COO

NH2

Lys mimic 1.28

 

Figure 1.2 Amino acid mimics synthesized using alkylated cysteine. 

 

The above methods, and of course many others, have proven extremely useful as they provide 

alternative ligation methods where cysteine residues are not readily accessible. In the current 

research the synthesis of a 165-amino acid erythropoietin polypeptide was achieved using 

NCL. The cysteine residues are not evenly spaced apart within the sequence for appropriate 

disconnections; therefore alanine residues were utilized for cysteine substitution to produce 5 

different segments for convergent ligation to be performed. The cysteines that assisted NCL 

were then desulfurized to yield native alanines (described more in detail in Chapter 5). 

 

1.2.5.2 Synthesis of Peptide-Thioesters by Fmoc SPPS 

 

The superiority of Boc SPPS over Fmoc SPPS for the synthesis of peptide-thioesters is 

inarguable. However, the milder conditions for peptide-resin cleavage, the ability to 

synthesize glycopeptides, and the relatively lower costs involved in the Fmoc SPPS strategy 

has driven researchers to investigate and develop various strategies for the Fmoc-based 

synthesis of peptide-thioesters.80 Automation of Fmoc SPPS using peptide synthesizers is an 

additional attractive factor for this endeavour. A selection of methods that allowed successful 

(although with varying extents) synthesis of peptide-thioesters using Fmoc SPPS will be 

discussed. 

 

A prominent example of Fmoc-based peptide-thioester synthesis uses an alkanesulfonamide 

“safety-catch” linker attached to the resin (Scheme 1.21).81 This uses Ellman’s modification 

of Kenner’s sulphonamide linker.81 After elongation of the peptide chain on-resin, the 

nitrogen of the sulfonamide group is alkylated with iodoacetonitrile,82 

trimethylsilildiazomethane,83 or palladium-catalyzed allylation.84 The resulting secondary 
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sulfonamide is vulnerable to nucleophilic attack, thus thiolysis with nucleophilic thiols and 

subsequent TFA treatment leads to the cleavage of the fully unprotected peptides as thioesters 

(Scheme 1.21). The major drawbacks of this strategy include the high risk of epimerization 

during long-lasting loading reactions, side reactions during the activation process, and 

aggregation of the fully protected peptide-thioesters before TFA treatment.66,80  

 

 

Scheme 1.21 Synthesis of peptide-thioesters using a “safety-catch” linker. 

 

Another common approach employs highly acid-sensitive linkers, such as the 2-chlorotrityl 

chloride linker, which allow cleavage under extremely mild acidic conditions to yield 

protected peptides.28,85 The thioester moiety is formed by chemoselective C-terminal 

activation of the peptide in solution after the cleavage of peptide-resin and subsequent 

treatment with a nucleophilic thiol. Final TFA treatment affords an unprotected peptide-

thioester (Scheme 1.22). However, like the “safety-catch” strategy, the high risk of C-

terminal racemisation and poor solubility of protected peptides are the major limitations to 

this method.66,80 

 

 
Scheme 1.22 Synthesis of peptide-thioesters using a 2-chlorotrityl chloride linker. 
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In the last 5 years an increase in the use of Fmoc-based peptide-thioester synthesis based on 

intramolecular O to S and N to S acyl transfer reactions have been reported.66,80  To 

synthesize peptide-thioesters by the O to S acyl transfer method, the C-terminus of the resin-

bound peptide is connected as an ester, which bears a disulfide-protected thiol functionality in 

the β position (Scheme 1.23).86,87 After acidolytic release from the resin the unprotected 

peptide-ester is reacted with cysteine-peptide in order to perform NCL. Under reductive 

conditions, the disulfide bond is cleaved, unmasking the free thiol which then undergoes O to 

S acyl transfer to produce the thioester moiety (Scheme 1.23). This peptide-thioester 

undergoes NCL in presence of excess exogenous thiol catalyst to afford the ligated peptide 

product. The major side reaction during this reaction is the hydrolysis of C-terminal ester 

during NCL.80,86,87 
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Scheme 1.23 Synthesis of peptide-thioesters via O to S acyl transfer. 

 

The N to S acyl transfer occurs through a similar mechanism, but in this case the C-terminus 

is coupled to the resin via an amide bond which bears a protected thiol functionality (Scheme 

1.24).88-90 Compared to O to S acyl transfer, the N to S acyl transfer occurs at a much slower 

rate. However, the addition of excess exogenous thiol, such as MESNa (sodium 2-

sulfanylethanefulfonate) 1.29, undergoes rapid thiolysis with the rearranged thioester, driving 

the equilibrium towards completion (Scheme 1.24). This reaction can be quite slow, thus 

harsher reaction conditions (e.g. microwave, high heat) may be required for reaction 

completion.88-90 Nevertheless, both O to S and N to S acyl transfers have found increasing use 

for the synthesis of peptide-thioesters using Fmoc SPPS. 
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Scheme 1.24 Synthesis of peptide-thioesters via N to S acyl transfer. 

 

The last strategy described herein is a new safety-catch principle that was introduced very 

recently by Blanco-Canosa and Dawson (Scheme 1.25).91 The peptide assembly using Fmoc 

SPPS is performed on a 3-NHFmoc-4-aminobenzoyl linker. Upon completion, acylation of 

the 4-amino group on the benzoyl ring 1.30 by 4-nitrophenyl chloroformate 1.31 initiates 

spontaneous ring closure to give the N-acylbenzimidazolone moiety 1.32. This moiety can be 

used directly in NCL with a cysteine-peptide in the presence of exogenous thiols such as 

MPAA.91 The usefulness of the approach has been demonstrated in the total chemical 

synthesis of HIV-1 Tat protein,92 and in the semisynthesis of the N-terminal domain of the 

anthrax lethal factor.93  

 

 
Scheme 1.25 Synthesis of peptide-thioesters using N-acylbenzimidazolone linker. 

 

Despite the progress made in the discovery and development of robust and reliable methods 

to make peptide-thioesters using Fmoc SPPS, the synthesis is still complicated compared to 

the simpler methods used in making C-terminal acids and amides.80 Nevertheless, the 
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recently developed methods in Fmoc SPPS provide relatively reliable access to peptide-

thioesters that are more than 30 amino acids long, and the compatibility with glycopeptide 

synthesis to prepare glycopeptide-thioesters makes Fmoc SPPS a more preferred method 

towards the synthesis of glycoproteins. Furthermore, Boc SPPS and Fmoc SPPS should be 

able to complement each other for the routine synthesis of glycoproteins that have complex 

structures. 

 

1.2.6 Protein Folding 

 

The final stage involved in the total chemical synthesis of proteins is the correct formation of 

disulfide bonds between free cysteines to give the correct tertiary structure needed for their 

biological activities. This is carried out in an aqueous solution that mimics physiological 

conditions inside a cell. This solution contains a low molecular weight thiol-disulfide redox 

couple (usually cysteine-cystine) at an elevated pH (~ pH 8) and an excess of the thiol to 

reduce any misfolded disulfide cross-linked species that may form.1 Correct disulfide bond 

formation results from the thermodynamic driving force for the formation of the stable, 

folded tertiary structure of the protein molecule.1 Another additive that is typically used 

during folding is a low concentration of a chaotrope (typically GnHCl) to keep misfolded 

forms of the polypeptide from aggregating and precipitating.1 The correctly folded protein 

can be confirmed by a number of analytical techniques, such as analytical HPLC-MS (LC-

MS), protein NMR, circular dichroism (CD) experiments, and X-ray crystallography. Upon 

confirmation, the protein can be assayed in various biological experiments for studies in their 

function.  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

 

Microwave Assisted Synthesis of Fluorescein-Labelled GalNAcαααα1-O-Ser/Thr (TN) 

Glycopeptides as Immunological Probes 
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2 MGL: Macrophage Galactose-Type C-type Lectin 

 

2.1 Background 

 

Dendritic cells (DCs) are a subset of antigen presenting cells (APCs) that play critical roles in 

both adaptive and innate immunity.94 DCs recognise a diverse array of antigens such as 

pathogens and vaccines, and present them for recognition to naїve T cells as peptides bound 

to both major histocompatibility complex I and II (MHC I and II).94 Consequently T cells are 

stimulated and activated against cells that display these presented peptides. DCs also control 

the quality of T cell response, driving naїve lymphocytes into distinct classes of effectors. 

These antigen-specific, adaptive immune responses are critical for resistance against 

infections and tumours.94 Furthermore, they have an additional role in the suppression of 

activated T cells against host cells, which is important for avoiding autoimmunity.94 In terms 

of innate immunity, DCs respond to foreign microbials by stimulating cytokine production, 

and activating innate lymphocytes such as natural killer (NK) cells that are effective in killing 

selected targets.94 

 

The recognition of microbial structures from bacterial, viral, fungal or parasitic origin relies 

on pattern-recognition receptors (PRRs) that are expressed on DCs.95 Among many types of 

PRRs the best-characterized comprise the Toll-like receptors (TLRs) that are present on the 

cell surface and also within endosomal compartments.95 These TLRs regulate the activation 

of important transcription factors, such as NFκB, which when activated, induce the release of 

inflammatory cytokines that drives the maturation of DCs for antigen presentation to T 

cells.95 In addition to TLRs, membrane-associated C-type lectins (CLRs) are also known to 

function as PRRs. CLRs recognise their ligand through structurally related Ca2+-dependent 

carbohydrate-recognition domains.96 These CLRs have different specificities for glycans, for 

example DC-SIGN recognizes Lewis X, A, B, Y, N-acetylglucosamine (GlcNAc) and the 

mannose receptor recognizes high density of mannosylated glycans.95 Conjugation of these 

carbohydrates to protein antigen has been known for many years to improve uptake into DCs 

via CLRs.97 Previously, these receptors have been chosen as targets for tumour vaccines, but 

due to the difficulties in controlling the chemistry involved in conjugating their 

corresponding carbohydrates to proteins resulting in ambiguities in structure and composition 

that can affect the reproducibility of immune responses, no synthetic vaccines have reached 

the clinic.97  
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As an alternative potential target to mannose receptors or DC-SIGN, a less well-known CLR 

called macrophage galactose-type C-type lectin (MGL) have attracted our attention. MGLs 

are documented to bind strongly to α- and β-N-acetylgalactosamine (GalNAc) residues with 

high specificity at the periphery of N- and O-glycans.98,99 A binding study was carried out 

using cloned human MGL against a wide array of glycans, and the results showed that the 

protein bound strongly to the monosaccharides α- and β-GalNAc, whereas no interaction was 

observed with the related sugar galactose or other monosaccharides.98 Further interesting 

results using extended oligosaccharides showed that MGL specifically interacted with single 

α-GalNAc residue (also known as TN-antigen), and when this residue was sialylated the 

binding was completely lost.98 These results confirmed that MGL is the major GalNAc-

binding receptor on DCs, and that MGLs, like other CLRs, are able to effect rapid 

internalization of antigens after ligand binding.100-102 A study by van Kooyk et al.103 showed 

that the cytoplasmic domain of MGL which contains a YENF motif was essential for this 

MGL-mediated endocytosis, and this was further highlighted  in a separate study whereby a 

mutation in this motif caused the ligand-induced internalization rate to diminish by four-fold 

than that of the wild-type molecule.104  

 

MGL is believed to be involved in the immune response to melanoma and adenocarcinoma 

tumour cells. This is achieved through the preferential recognition of the tumour-associated 

MUC1 glycoprotein.105,106 MUC1 is a transmembrane epithelial mucin normally expressed on 

the apical surface of most simple glandular epithelial cells. Its extracellular domain is mainly 

made up of a 20-amino acid tandem repeat sequence, enriched with serine and threonine 

residues which are possible sites of attachment for O-linked glycans.107 On tumour cells 

MUC1 shows aberrant glycosylation patterns, resulting in overexpression of TN-antigens and 

sialylated glycans (discussed in detail in Chapter 4).107 Previous studies have shown that the 

tumour-associated MUC1 glycoform carrying sialylated glycans hinders the interaction with 

receptors on DCs affecting their ability to differentiate and consequently hampering their 

capacity to produce cytokines.108 However, a separate study by Napoletano and co-workers106 

showed that the tumour-associated MUC1 glycoforms that express high levels of the TN-

antigen are recognized and bound by immature DCs through MGL, and that these bound 

peptides can be internalized and processed to be presented on MHC class I and II. Once 

MGL-mediated antigen uptake occurs, with the help of other cytokines, DCs mature and 

migrate to lymph nodes where they can present the antigenic peptides to T cells and induce 
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their activation and proliferation. Interestingly, MGLs have also been found to play a role in 

regulating the migration of DCs.109 In their immature state, DCs express high levels of MGL. 

This consequently impedes migration of immature APCs, and it is only when DCs mature 

and MGL expression is diminished that the mature DCs can migrate to lymph nodes.109 

Furthermore, Dunbar et al.110 reported three subsets of DCs with different markers, CD14+, 

CD1a+ and CD208+. Out of these, DCs that are CD14+ were confirmed less mature than their 

CD1a+ counterparts, and migratory mature DCs were marked by CD208+. CD14+ DCs 

showed high levels of expression of MGL, whereas the other two phenotypes did not. 

Therefore, the authors concluded that DCs of CD14+ phenotype were preferred targets for 

tumour vaccines, as they offered better potential to recognize and uptake antigens, and 

subsequently mature and migrate.  

 

All of the above properties of MGL suggested that it is possible to design and chemically 

synthesize vaccines towards MGL using glycopeptides containing TN-antigens. In some key 

experiments, a peptide based on the tandem repeat domain of the mucin MUC2 

(PTTTPITTTTK) was synthesized, and the threonine residues were enzymatically 

glycosylated with GalNAc.111 Glycopeptides with GalNAcα1-O-Thr in different positions 

were then separated by chromatography, and their binding to recombinant MGL was 

studied.111 Glycopeptides with clusters of GalNAcα1-O-Thr had the highest affinity for MGL 

(e.g. PTTTPITTTTK, T= GalNAcα1-O-Thr) but binding of peptides bearing single GalNAc 

could be demonstrated, albeit with up to 40-fold lower affinity.111 These findings suggested 

that MGL is a very attractive target for the synthesis of peptides such as the mucins bearing 

TN-antigens. 

 

2.2 Synthetic Peptide Vaccines 

 

Immunotherapy of a malignant disease, such as cancer, requires vaccination with compounds 

that will induce proper maturation of DCs which will consequently activate T cells and 

natural killer cells that have the ability to kill tumour cells in a highly specific manner. 

Attempts at immunotherapy of cancer have included therapeutic vaccination with 

recombinant viral vectors encoding tumour-associated or viral antigens,112-114 recombinant 

proteins with potent adjuvants,114-116 antigen-loaded DCs,117-120 DNA encoding tumour-

associated or microbial antigens121-123 and synthetic peptides.121,124-126 The first synthetic 
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vaccine that was able to induce T cell response in vivo was prepared in 1990 using a short 

peptide encoded by lymphocytic choriomeningitis virus (LCMV).127 However, it was soon 

realized that the use of these short peptides as cancer vaccines led to immunological tolerance 

of the immunizing antigens.128,129 This was mainly due to the fact that these peptides could be 

exogenously loaded directly onto MHC class I molecules of T cells rather than being 

internalized and presented by DCs, and this often results in the absence of co-stimulatory 

stimuli required for T cell activation thus leading to tolerance.130 Furthermore, the use of such 

peptides is restricted to people of a particular human leukocyte antigen (HLA) type, so 

patients must be pre-screened for HLA type. Multiple short peptides can be included in a 

vaccination protocol in order to broaden HLA type coverage, but each peptide must be 

independently prepared to clinical grade, at multiplying cost. Therefore, advances in 

therapeutic peptide vaccine design have involved the incorporation of long synthetic peptides 

that contain multiple epitopes, or the most widely immunogenic regions of target proteins, to 

target populations of diverse HLA type. The long synthetic peptides that also contain helper 

T cell epitopes for immunostimulatory effects or contain covalently conjugated adjuvants 

have found use in cancer vaccination.130 Another advantage of using long synthetic peptides 

is that they cannot be exogenously loaded onto MHC class I molecules of T cells, and must 

be internalized and processed by DCs, in order to be presented to T cells with the necessary 

co-stimulatory factors for T cell activation and proliferation.130 There is good evidence that 

antigens taken up by CLRs can be processed into the MHC class I and II pathways,131-135 thus 

allowing simultaneous stimulation of cytotoxic T cells and helper T cells which play a vital 

role in inducing optimal tumour cell killing responses.136 

 

2.3 Cancer Vaccine Design Towards MGL in CD14
+
 Human Dermis 

 

2.3.1 Overall Aim 

 

Our overall aim was to synthesize a vaccine construct which has two major components- the 

pattern recognition motif, and epitope motif, which would consist of multiple antigenic 

peptide sequences, covalently joined via a non-immunogenic linker (Figure 2.1). The pattern 

recognition motif would allow strong binding to MGL with enough affinity to induce 

internalization of the whole vaccine construct. After internalization, the vaccine construct 

would be processed, and the antigenic epitopes would be presented via cross-presentation to 

MHC class I and II molecules for T cell activation.  
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Figure 2.1 Cancer vaccine construct. 

 

To achieve successful internalization of the vaccine construct, it was imperative to design and 

synthesize a pattern recognition motif that bound very strongly to MGL. Inspired by the fact 

that MGL bound to the tandem repeat sequence of MUC2 where glycopeptides with clustered 

GalNAcα1-O-Thr bound with the highest affinity, it was decided to use a smaller part of this 

sequence to rapidly synthesize analogues of fluorescein-labelled GalNAcα1-O-Thr 

containing glycopeptides for use in binding assays towards MGL presented by human dermal 

DCs with CD14+ marker. One of the glycosylated MUC2 tandem repeat sequence that 

showed good binding to MGL was PTTTPITTTTK where T= GalNAcα1-O-Thr. It was 

decided to take the ITTTTK motif of this sequence and synthesize analogues using different 

numbers of GalNAcα1-O-Thr/Ser at different positions for binding experiments. The C-

terminal Lys residue was particularly useful as coupling of the desired fluorescein label could 

be carried out at the Nε in order to place the label remote from the glycosylated residues. The 

fluorescent label of choice was 5(6)-carboxyfluorescein 2.1 (Figure 2.2), due to its previous 

successful use in the synthesis of fluorescein-labelled glycopeptides by our research 

group.137-139 It was also suitable for biological assays. 

 

 
Figure 2.2 Chemical structure of 5(6)-carboxyfluorescein. 

 

It was anticipated that an additional Gly residue at the C-terminus would have no effect on 

binding. Therefore, the commercially available Fmoc-Gly-Wang resin was used for the 

synthesis of the glycopeptides. The synthesized glycopeptide analogues 2.2-2.8 are shown in 

Figure 2.3. Peptide 2.9 was synthesized to measure the extent of non-specific binding to the 

targeted cells. 
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Figure 2.3 Chemical structures of glycopeptides 2.2-2.8 and control peptide 2.9 prepared. 
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2.3.2 Synthetic Strategy for GalNAcαααα1-Thr/Ser-Containing Peptides 

 

There are two general approaches for the chemical preparation of glycopeptides. One 

approach requires initial synthesis of the peptide chain followed by attachment of the 

carbohydrate unit.140 The second approach involves preparation of a protected glycosylated 

amino acid building block which is then incorporated into step-wise on-resin peptide 

synthesis.140 The first approach requires side-chain functional groups of the peptide, 

especially nucelophilic functionalities, to be protected, as O-glycosylation is not a 

chemoselective reaction. Furthermore, glycosylation is often required to be carried out on-

resin, as most unprotected peptides are aqueous soluble, and this is problematic as 

glycosylation reactions are highly sensitive to moisture or nucleophiles such as alcohols, 

which are usually used as solvents for unprotected peptides. However, the limited success 

realized trying to effect the direct O-glycosylation of serine or threonine hydroxyl groups on 

resin141,142 established that stepwise on-resin synthesis of glycopeptides using protected 

glycosyl amino acid building blocks is the method of choice. In order to achieve this, the 

glycosyl donors and acceptors need to be synthesized. 

 

2.3.2.1 Preparation of Fmoc-L-Ser-OAllyl and Fmoc-L-Thr-OAllyl (Glycosyl 

Acceptor) 

 

In order to perform glycosylation reactions, the amine and carboxylic acid moieties need to 

be protected. When utilizing Fmoc SPPS, the N-terminus of L-serine 2.10a and L-threonine 

2.10b were first protected with an Fmoc group using Fmoc-succinimide with 10% aqueous 

Na2CO3 in 1,4-dioxane to afford 2.11a and 2.11b in near quantitative yield.56 The carboxylic 

acid moieties of 2.11a and 2.11b were then protected as allyl esters using caesium carbonate 

and allyl bromide143 to afford 2.12a and 2.12b in 64% and 66% yields, respectively (Scheme 

2.1). Allyl ester protection was chosen because of difficulties encountered within our research 

group while protecting the carboxylic acid of these Fmoc amino acids with tert-butyl groups, 

and benzyl esters were also avoided due to difficulties in their removal. The orthogonality of 

the allyl group and the relative ease of protection and deprotection procedures proved 

attractive properties for the use of allyl esters to protect the carboxylic acid group.   
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Scheme 2.1 Reagents and conditions: a) Fmoc-succinimide, 10% Na2CO3 (aq), 1,4-dioxane, rt, 24 h, 97% 
(2.11a) and 100% (2.11b); b) Cs2CO3, MeOH, rt, 2 h, then allyl bromide, DMF, rt, 24 h, 64% (2.12a) and 66% 
(2.12b). 

 

2.3.2.2 Preparation of Fmoc-[D-GalNAc(OAc)3(αααα1-O)]Ser-OH and Fmoc-[D-

GalNAc(OAc)3(αααα1-O)]Thr-OH Building Blocks (Glycosyl Donor) 

 

The key reaction in the synthesis of O-glycosyl amino acid building blocks is the 

glycosylation between the glycosyl donor and acceptor. The anomeric centre of the glycosyl 

donor is often functionalized with a good leaving group, whose departure is induced using an 

activator to form an oxonium ion intermediate (Scheme 2.2A). The hydroxyl group of N-

terminal and C-terminal ester-protected Ser or Thr then attacks the anomeric centre to form 

the O-glycosidic linkage between the sugar and amino acid. The anomeric selectivity is 

determined by two factors: (1) the anomeric effect,144-146 whereby due to electronic and steric 

effects the glycosidic bond prefers to adopt α-stereochemistry; and (2) neighbouring group 

participation effects, whereby if the neighbouring group (e.g. acetates and acetamides) at the 

C-2 position can form an oxazolidine intermediate it will hinder that face so that the 

glycosylation occurs primarily at the opposite side147 (Scheme 2.2B). There are a number of 

excellent reviews that extensively describe the different leaving groups and activators used to 

effect glycosylations between sugars and amino acids.61,148-154 

 

 

Scheme 2.2 A) Glycosylation with a non-participating group (Z) at the C-2 position affords a mixture of α and 
β-anomers; B) The neighbouring group at the C-2 position forms an oxazolidine intermediate to effect anomeric 
selectivity. 
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A small selection of leaving group/activator conditions have been utilized in the synthesis of 

Fmoc-[D-GalNAc(OAc)3(α1-O)]Ser/Thr-OH building blocks by a number of research groups. 

By far the most used synthetic route to these building blocks is via the galactosyl azido-

nitrate, and this route is summarized in Scheme 2.3. Commercially available D-galactose was 

peracetylated then treated with HBr/AcOH solution to afford the galactosyl bromide 2.13. 

Treatment of 2.13 with activated zinc and N-methylimidazole afforded the tri-O-acetylated 

galactal 2.14, which was then reacted with ceric ammonium nitrate (CAN) and NaN3 to 

afford the azido-nitrate sugar 2.15.155 The azido-nitration step was very inefficient, and the 

highest reported yield never exceeded 55%. However, no alternative method for obtaining 

2.15 has been reported in literature and attempts to optimize this reaction within our group 

were also unsuccessful. 

 
Scheme 2.3 Reagents and conditions: a) Cu(OTf)2, Ac2O, 0 °C to rt, 12 h, then HBr/AcOH (33%), rt, 9 h, 67% 
over two steps; (b) N-methylimidazole, EtOAc, reflux, 3 h, 72%; (c) NaN3, CAN, dry MeCN, -20 oC, 6 h, 54%. 
 

At this stage, the nitrate group in galactosyl azido-nitrate sugar 2.15 could be converted into 

leaving groups that would be used in glycosylation reactions with Fmoc-protected serine 

2.11a or threonine 2.11b. The anomeric centre was therefore converted to a bromide group 

by reacting 2.16 with LiBr.155 Conversion of 2.15 into the galactosyl acetate 2.17 allowed 

further anomeric functionalization into trichloroacetimidate 2.18,76 thiocresol 2.19,76 and 

sulfoxide 2.20
156 (Scheme 2.4).  
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Scheme 2.4 Reagents and conditions (reported in literature): a) LiBr, MeCN, rt, 24 h, 77%155; b) NaOAc, 
CH3COOH, 100 oC, 1 h, 64%155; c) i. NaNO2, 1,4-dioxane, H2O, 80 oC, 6 h, 70% ii. Cl3CCN, DBU, 0 oC, 5h, 
54%76; d) p-thiocresol, BF3·OEt2, CH2Cl2, rt, 70%76; e) i. thiophenol, BF3·OEt2, CH2Cl2, rt, 75% ii. mCPBA, 
CH2Cl2, -78 oC, 75%156. 
 

The literature conditions used to carry out glycosylations using these sugars with Fmoc-L-

Thr/Ser-OR (where R is a protecting group for carboxylic acid moiety) and their 

corresponding yields are summarized in Table 2.1. 

 

 
R

1
 R

2
 R

3
 Conditions Yield (%) 

Br157 H, CH3 allyl 
Ag2CO3/AgClO4, 

toluene/CH2Cl2 (5:6), 4Å 
molecular sieves, rt 

R2= H: 68% α only 
R2= CH3: 60% α + 3% β 

OC(NH)CCl3
76 H, CH3 allyl 

TMSOTf, molecular sieves 
AW 300, CH2Cl2, -70 oC 

R2= H: 45% α purified 
R2= CH3: 45% α purified 

STol76 CH3 allyl 
N-iodosuccinimide, cat. TfOH, 

molecular sieves AW 300, 
CH2Cl2, -15 oC 

83% (α:β 3:2) 

S(O)Ph156 CH3 benzyl 
Tf2O, 2,6-di-tert-butyl-4-

methylpyridine, 
toluene/CH2Cl2 (1:1), -78 oC 

70% (α:β 1:1) 

Table 2.1 Glycosylation conditions and yields as reported in the literature. 
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All of the above routes were explored in our laboratory; however with little success as the 

synthesis of the glycosyl donors were difficult and varied considerably in yield. Furthermore, 

the yields that were reported in literature were never obtained when glycosylation reactions 

were carried out in our laboratory. We therefore sought other glycosylation methods that 

would be more robust and reliable for our glycosyl donor and acceptor substrates. Although 

the anomeric acetate group is a relatively poor leaving group, glycosylations between sugar 

acetates and other glycans (but not between sugars and amino acids) have been reported in 

the literature using BF3·OEt2 as the activator.158,159 In the present work, when the 

glycosylation reaction was carried out between the galactosyl acetate 2.17 (1.5 eq) and Fmoc-

L-Ser-OAllyl 2.11a (1 eq) using BF3·OEt2 (1.5 eq), no reaction took place. At this point, 

more BF3·OEt2 (3 eq) was added and the reaction mixture was heated to 40 oC. The desired 

glycosyl amino acid product 2.21a was visible by TLC after one hour of reaction, and the 

reaction was left to proceed for another 48 h, with addition of more BF3·OEt2 (two extra 

portions of 4.5 eq, equating to 9 eq overall compared to the sugar) at t= 20 h and t= 40 h. 

After 48 h the reaction was complete as deduced by complete consumption of the Fmoc-L-

Ser-OAllyl by TLC. After work up and purification the desired glycosylated product 2.21a 

was obtained in a high 65% yield. Interestingly, only the α-anomer was produced, which 

simplified purification. The same procedure was used to couple the galactosyl acetate 2.17 

with Fmoc-L-Thr-OAllyl 2.11b, and afforded the glycosylated product 2.21b as a mixture of 

α and β anomers in a 4:1 α:β ratio. The α-anomer was isolated in 40% yield after flash 

chromatography. 

 

 
Scheme 2.5 Reagents and conditions: a) BF3·OEt2, CH2Cl2, 4Å molecular sieves, 40 oC, 60 h, 65% (2.21a) and 
40% (2.21b isolated α).  
 

Next, the glycosylated amino acid building blocks 2.21a and 2.21b were subjected to 

reductive acetylation to give the acetamide functionality (2.22a and 2.22b) at C-2 using 

thioacetic acid, and the final deallylation step was carried out using tetrakis 

triphenylphosphine palladium(0) catalyst (Pd(PPh3)4) and N-methylaniline as scavenger to 
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afford the Fmoc-[D-GalNAc(OAc)3(α1-O)]Ser-OH 2.23a and Fmoc-[D-GalNAc(OAc)3(α1-

O)]Thr-OH 2.23b building blocks in 80% and 68% yield, respectively, over two steps 

(Scheme 2.6).  

 

 
Scheme 2.6 a) pyridine, CH3COSH, rt, 16 h, 87% (2.22a) and 74% (2.22b); b) Pd(PPh3)4, N-methylaniline, THF, 
3 h, 92% (2.23a and 2.23b). 
 

The identity of the building blocks 2.23a and 2.23b was confirmed by the presence of an 

[M+H]+ ion in the FAB mass spectrum (2.23a: mass found: 657.2301 for C32H36N2O13, mass 

calculated: 657.2296; 2.23b: mass found: 671.2451 for C33H38N2O13, mass calculated 

671.2447). In addition, formation of the glycosylated product was confirmed by the presence 

of doublets at δH 4.98 ppm and δH 5.30 ppm in the 1H NMR spectrum that was assigned to 

the anomeric proton H-1 for compound 2.23a and 2.23b, respectively. The magnitude of the 

coupling constant J1,2 for the anomeric protons (J1,2 2.9 Hz for 2.23a and J1,2 1.9 Hz for 2.23b) 

established the α-configuration at the anomeric carbon. After 8 steps starting from D-

galactose, the required building blocks were suitable for subsequent incorporation into Fmoc 

SPPS protocols to synthesize the glycopeptide analogues. 
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2.3.2.3 Microwave-Assisted Solid-Phase Synthesis of Glycopeptides 2.2-2.8 

 

Fmoc SPPS of the glycopeptides was performed using optimized conditions in a CEM 

Liberty microwave peptide synthesizer (Table 2.2).  

 

Cycle Time (min) 
Temperature 

(
o
C) 

Reagents 

Fmoc deprotection 0.5 + 3 80 20% piperidine in DMF 

Amino acid coupling 5 80 HBTU, iPr2NEt, DMF 

aFluorescent label 
coupling 

1 day rt DIC, HOBt, DMF 

aDde deprotection 2 x 3 min rt 2% hydrazine hydrate in DMF 

Glycosyl amino acid 
building block coupling 

20 80 
HATU, HOAt, collidine, DMAP (cat.), 

DMF 

aResin cleavage 180 rt TFA:TIPS:H2O (95%:2.5%:2.5% v/v/v) 

aAcetyl group removal N/A rt 1 M NaOMe in MeOH, pH 10.5-11.0 

Table 2.2 Optimized conditions for automated microwave-enhanced Fmoc SPPS using a CEM Liberty 
microwave peptide synthesizer. Microwave power was set at 25 W for all steps that used the microwave, except 
for Fmoc deprotection where 60 W was used. aThese steps were not carried out using the microwave peptide 
synthesizer. 
 

The synthesis was carried out on commercially available Fmoc-Gly-Wang polystyrene resin 

(0.64 mmol/g). After the first Fmoc deprotection, Fmoc-Lys(Dde)-OH was coupled at the N-

terminus. It was decided to attach the 5(6)-carboxyfluorescein label to the Nε amino group of 

the lysine residue with elongation of the N-acetylgalactosylated peptide chain through the Nα 

amino group of the same lysine. Therefore, the Nε-Dde protected lysine was thought adequate 

for use, because the Dde (N-(1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl) group allows 

orthogonal protection of the side chain lysine in Fmoc SPPS as it is resistant to piperidine 

treatment used for Fmoc deprotection.160  

 

Deprotection of Dde requires the use of hydrazine which also deprotects the Fmoc group, 

therefore the N-terminal amino acid at the end of peptide elongation was coupled as Boc-Ile-

OH. This meant that the Nε amino group of lysine could be orthogonally deprotected for 

selective coupling of 5(6)-carboxyfluorescein (Scheme 2.7). After successful coupling of 
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Fmoc-Lys(Dde)-OH, subsequent glycopeptide chain elongation proceeded using conditions 

outlined in Table 2.2. HBTU was used as a coupling reagent for incorporation of non-

glycosylated Fmoc-amino acid (5 min cycle at 70 oC, 25 W) and deprotection of Fmoc group 

was performed using 20% piperidine solution in DMF (30 sec then 3 min cycles at 80 oC, 25 

W).  

 

 
Scheme 2.7 Reagents and conditions: a) 2% hydrazine monohydrate, DMF, 2 x 3min; b) 5(6)-
carboxyfluorescein, DIC, HOBt, rt, 24 h. 
 

Notably, HATU/HOAt and collidine with catalytic amounts of dimethylaminopyridine 

(DMAP) were used as the coupling reagent for incorporation of the glycosylated amino acids 

2.23a and 2.23b and the coupling cycle was carried out for 20 min at 80 oC under microwave 

irradiation (25 W). This procedure allowed less of the precious glycosyl amino acid building 

blocks 2.23a and 2.23b to be used (1.5 eq of the resin rather than the 5 eq used for standard 

amino acids), thus resulting in a substantial improvement over the existing methods to 

introduce 2.23a and 2.23b into peptide sequences that required a coupling time of 7 h using 

HBTU/HOBt.161,162 Furthermore, previous reports on the use of microwave-enhanced solid 

phase synthesis to assemble glycopeptides in the absence163,164 or presence137-139 of a 

fluorescent label have not focused on GalNAcα1-O-Ser/Thr residues nor addressed the issue 

of introducing contiguous glycosylated residues as required for MUC2 sequences. The 

successful synthesis of our glycopeptide 2.4 proved that the conditions used in our synthesis 

were effective to introduce three contiguous GalNAcα1-O-Ser residues in an efficient 

manner. Scheme 2.8 highlights the success of our methodology demonstrated by the synthesis 

of 5(6)-carboxyfluorescein-labelled glycopeptide 2.4 containing three contiguous GalNAcα1-

O-Ser residues.  
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3. Deprotect Fmoc (a)
4. Couple Fmoc-Thr(tBu)-OH (b)
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2.4

 

Scheme 2.8 Reagents and conditions: (a) 20% piperidine in DMF, MW (25 W), 80 °C, 0.5 min plus 3 min; (b) 
HBTU, iPr2EtN, DMF, MW (25W), 80 °C, 5 min; (c) HATU, HOAt, collidine, DMF, MW, 80 °C, 20 min; (d) 2% 
hydrazine hydrate in DMF, rt, 2 x 3 min; (e) DIC, HOBt, rt, 24 h; (f) 20% piperidine in DMF, rt, 5 x 20 min; (g) 
TFA, iPr3SiH, H2O, rt, 3 h; (h) NaOMe in MeOH, rt, pH 11.5-12.0, 3-4 h. 
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After peptide elongation using the microwave peptide synthesizer, Dde deprotection was 

carried out manually with 2% hydrazine hydrate in DMF at room temperature in order to 

introduce the 5(6)-carboxyfluorescein label. Manual coupling of the fluorescent label was 

subsequently carried out using DIC/HOBt in DMF for 24 h at room temperature.137-139 As the 

hydroxyl groups of the label were not protected, 5(6)-carboxyfluorescein esters were formed 

during the coupling process,137-139,165 and these were then removed using 5 treatments of 20% 

piperidine in DMF (20 min each cycle). Subsequent cleavage of the crude glycopeptides from 

the resin was carried out using TFA/TIPS/H2O (95%:2.5%:2.5% v/v/v) for 3 h. The crude 

product was analysed by LC-MS, and in all cases a mixture of partially deacetylated 

glycopeptides (from the hydrazine treatments) were observed to varying extents depending 

on the peptide. Without further purification the acetate protecting groups on the sugar 

hydroxyls of the crude glycopeptides were removed using NaOMe in MeOH (pH 11.5-12.0) 

with monitoring of the reaction LC-MS. The crude glycopeptides were subsequently purified 

by reverse phase HPLC. The HPLC and MS data for the synthesized glycopeptides 2.2-2.8 

and the control peptide 2.9 containing no GalNAcs are shown in Figure 2.4-2.11. 
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Synthesis of glycopeptide 2.2 

 

 
Figure 2.4 Analytical LC-MS traces for the synthesis of glycopeptide 2.2: A) t= 0. The crude starting material 
contains peaks that are partially deacetylated; B) t= 30 min. Crude glycopeptide 2.2; C) purified glycopeptide 
2.2 with ESMS inset (observed: [M+H]+= 1254.9 Da, calculated: 1254.5 Da). The analytical RP-HPLC was 
carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a 
gradient of 1-91 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile).  
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Synthesis of glycopeptide 2.3 

 

 
Figure 2.5 Analytical LC-MS traces for the synthesis of glycopeptide 2.3: A) t= 0. The crude starting material 
contains peaks that are partially deacetylated; B) t= 30 min. Crude glycopeptide 2.3; C) purified glycopeptide 
2.3 with ESMS inset (observed: [M+H]+= 1458.3 Da, calculated: 1458.4 Da). The analytical RP-HPLC was 
carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a 
gradient of 1-91 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile).  
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Synthesis of glycopeptide 2.4 

 

 
Figure 2.6 Analytical LC-MS traces for the synthesis of glycopeptide 2.4: A) t= 0. The crude starting material 
contains peaks that are partially deacetylated; B) t= 30 min. Crude glycopeptide 2.4; C) purified glycopeptide 
2.4 with ESMS inset (observed: [M+2H]2+= 824.0 Da, calculated: 824.3 Da). The analytical RP-HPLC was 
carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a 
gradient of 1-91 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile).  
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Synthesis of glycopeptide 2.5 

 

 
Figure 2.7 Analytical LC-MS traces for the synthesis of glycopeptide 2.5: A) t= 0. The crude starting material 
contains peaks that are partially deacetylated; B) t= 30 min. Crude glycopeptide 2.5; C) purified glycopeptide 
2.5 with ESMS inset (observed: [M+H]+= 1268.7 Da, calculated: 1268.5 Da). The analytical RP-HPLC was 
carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a 
gradient of 1-91 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile).  
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Synthesis of glycopeptide 2.6 

 

 
Figure 2.8 Analytical LC-MS traces for the synthesis of glycopeptide 2.6: A) t= 0. The crude starting material 
contains peaks that are partially deacetylated; B) t= 30 min. Crude glycopeptide 2.6; C) purified glycopeptide 
2.6 with ESMS inset (observed: [M+H]+= 1486.3 Da, calculated: 1486.5 Da). The analytical RP-HPLC was 
carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a 
gradient of 1-91 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile).  
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Synthesis of glycopeptide 2.7 

 

 
Figure 2.9 Analytical LC-MS traces for the synthesis of glycopeptide 2.7: A) t= 0. The crude starting material 
contains peaks that are partially deacetylated; B) t= 30 min. Crude glycopeptide 2.7; C) purified glycopeptide 
2.7 with ESMS inset (observed: [M+H]+= 1472.4 Da, calculated: 1472.5 Da). The analytical RP-HPLC was 
carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a 
gradient of 1-91 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile).  
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Synthesis of glycopeptide 2.8 

 

 
Figure 2.10 Analytical LC-MS traces for the synthesis of glycopeptide 2.8: A) t= 0. The crude starting material 
contains peaks that are partially deacetylated; B) t= 30 min. Crude glycopeptide 2.8; C) purified glycopeptide 
2.8 with ESMS inset (observed: [M+H]+= 1473.1 Da, calculated: 1472.5 Da). The analytical RP-HPLC was 
carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a 
gradient of 1-91 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile).  
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Synthesis of control peptide 2.9 

 

 
Figure 2.11 Analytical LC-MS traces for the synthesis of glycopeptide 2.9: A) The crude peptide after SPPS; B) 
purified peptide 2.9 with ESMS inset (observed: [M+H]+= 1051.7 Da, calculated: 1051.4 Da). The analytical 
RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) 
using a gradient of 1-91 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in 
acetonitrile).  

 

2.4 Conclusion 

 

In this study a synthetic protocol that would provide a fast and effective method to prepare a 

diverse library of fluorescein-labelled peptides bearing GalNAcα1-O-Ser/Thr residues has 

been developed. This methodology provides a reliable synthetic tool for the construction of 

potential ligands to evaluate in MGL lectin-binding assays. The development of effective 

ligands that bind to the MGL lectin is an important step for the rational design of cancer 

vaccines. Biological evaluation of the synthetic glycopeptides prepared herein is in progress. 
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2.5 Experimental Data 

 

2.5.1 General Information 

 

All reagents were purchased as reagent grade and used without further purification. Solvents 

were dried and purified prior to use. Solvents for RP-HPLC were purchased as HPLC grade 

and used without further purification. Fmoc-Gly-Wang PS resin (0.63 mmol/g) and Fmoc-

Lys(Dde) were purchased from IRIS Biotech GmbH. Fmoc-Thr, Fmoc-Ser, Boc-Ile, HOBt 

and HBTU were purchased from Advanced ChemTech. HOAt was purchased from Acros 

Organics. HATU and 5(6)-carboxyfluorescein (isomeric mixture) were purchased from Fluka. 

Analytical thin layer chromatography was performed using 0.2 mm plates of Kieselgel F254 

(Merck) and compounds were visualised by ultra-violet fluorescence or by staining with 4% 

sulfuric acid in ethanol or ethanolic ninhydrin solution (0.3% ninhydrin in ethanol + 1% v/v 

acetic acid), followed by heating the plate for a few minutes. Flash chromatography was 

carried out on Kieselgel F254 S 0.063-0.1 mm (Riedel de Hahn) silica gel with the solvents 

indicated. Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AVANCE 

DRX300 (1H, 300MHz, 13C, 75MHz) spectrometer. The ratio of 5-carboxyfluorescein and 

6-carboxyfluorescein regioisomers was assumed to 60:40 for the assignment of 1H NMR data. 

Low resolution mass spectra were recorded on a VG-70SE mass spectrometer operating at a 

nominal accelerating voltage of 70 eV (FAB). High resolution mass spectra were recorded 

using a VG-70SE spectrometer at a nominal resolution of 5000 to 10,000 as appropriate. 

Major and significant fragments are quoted in the form x (y%), where x is the mass to change 

ratio and y is the percentage abundance relative to the base peak. Electrospray ionization 

mass spectra (ESI-MS) were recorded on a Thermo Finnigan Surveyor MSQ Plus 

spectrometer. Analytical RP-HPLC was performed using Dionex P680 System using an 

analytical column (Phenomenex Gemini C18, 110 Å, 150 mm × 4.6 mm; 5 µm) at a flow rate 

of 1.0 mL min-1. A linear gradient of 0.1% trifluoroacetic acid-H2O (buffer A) and 0.1% 

trifluoroacetic acid-CH3CN (buffer B) was used with detection at 210 nm or 254 nm. 

Gradient systems were adjusted according to the elution profiles. Semi-preparative RP-HPLC 

was performed using a Gilson System using a semipreparative column (Phenomenex Gemini 

C18, 250 mm × 10 mm, 5 µ) at a flow rate of 5 mL min-1. Gradient systems were adjusted 

according to the elution profiles and peak profiles obtained from the analytical RP-HPLC 

chromatograms. 
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2.5.2 Synthesis of N-(9-Fluorenylmethoxycarbonyl)-L-serine/threonine allyl ester 

building blocks 2.12a/2.12b 

 

N-(9-Fluorenylmethoxycarbonyl)-L-serine 2.11a 

L-Serine (4.00 g, 38.1 mmol) was suspended in a mixture of 10% aqueous Na2CO3 (70 mL) 

and 1,4-dioxane (30 mL) and cooled in an ice bath. N-Fluoreneylmethoxycarbonyl 

succinimide (13.48 g, 40.0 mmol) was dissolved in 1,4-dioxane (50 mL) by gentle heating 

and the solution was added over 30 min via a dropping funnel with efficient stirring. The 

reaction mixture was stirred overnight and the solvent was removed in vacuo. The suspension 

was diluted with H2O, washed with Et2O and the aqueous phase was acidified with citric acid 

to pH 3.5. The aqueous phase was extracted with EtOAc, the organic phases were combined, 

dried over MgSO4, filtered, the solvent was removed in vacuo and the crude product was 

recrystallized from CH2Cl2/hexane to afford the title compound 2.11a as a white solid (12.1 g, 

37.8 mmol, 97%). 1H NMR data was in agreement with that reported in the literature. 1H 

NMR (400 MHz, MeOD): δ 7.76 (d, J = 7.8 Hz, 2H), 7.64 (d, J = 6.8 Hz, 2H), 7.39 (t, J = 7.8 

Hz, 2H), 7.29 (t, J = 7.8 Hz, 2H), 4.27-4.38 (m, 3H), 4.2 (t, J = 6.9 Hz, 1H), 3.85-3.95 (m, 

1H), 3.80-3.89 (m, 1H). 

 

N-(9-Fluorenylmethoxycarbonyl)-L-threonine 2.11a 

L-Threonine (2.00 g, 19.1 mmol) was suspended in a mixture of 10% aqueous Na2CO3 (35 

mL) and 1,4-dioxane (15 mL) and cooled in an ice bath. N-Fluoreneylmethoxycarbonyl 

succinimide (6.74 g, 20.0 mmol) was dissolved in 1,4-dioxane (25 mL) by gentle heating and 

the solution was added over 30 min via a dropping funnel with efficient stirring. The reaction 

mixture was stirred overnight and the solvent was removed in vacuo. The suspension was 

diluted with H2O, washed with Et2O and the aqueous phase was acidified with citric acid to 

pH 3.5. The aqueous phase was extracted with EtOAc, the organic phases were combined, 

dried over MgSO4, filtered, the solvent was removed in vacuo and the crude product was 

recrystallized from CH2Cl2/hexane to afford the title compound 2.11a as a white solid (6.52 g, 

19.1 mmol, 100%). 1H NMR data was in agreement with that reported in the literature. 1H 

NMR (300 MHz, CDCl3): δ 7.77 (d, J = 7.0 Hz, 2H), 7.60 (d, J = 7.4 Hz, 2H), 7.39 (t, J = 7.4 

Hz, 2H), 7.26 (t, J = 7.4 Hz, 2H), 4.32 (d, J = 7.5 Hz, 1H), 4.30-4.17 (m, 3H), 4.08 (t, J = 7.5) 

1.20 (d, J = 6.5 Hz, 3H). 
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N-(9-Fluorenylmethoxycarbonyl)-L-serine allyl ester 2.12a 

A solution of N-(9-Fluorenylmethoxycarbonyl)-L-serine 2.11a (5.0 g, 15.3 mmol) and 

caesium carbonate (2.49 g, 7.65 mmol) in dry MeOH (100 mL) was stirred at room 

temperature under N2 for 2 h. The methanol was removed in vacuo, then the resulting foam 

was dissolved in dry DMF (10 mL). Allyl bromide (1.59 mL, 18.4 mmol) was added and the 

reaction mixture stirred at room temperature overnight. The reaction mixture was diluted with 

EtOAc, then washed with H2O and brine. The organic layer was dried over MgSO4, filtered, 

then the filtrated concentrated in vacuo. The crude product was purified by flash 

chromatography to afford the title compound 2.12a as an off-white solid (3.60 g, 9.79 mmol, 

64%). 1H NMR data was in agreement with that reported in the literature. 1H NMR (400 MHz, 

CDCl3): δ 7.76 (d, J = 7.6 Hz, 2H), 7.62 (d, J = 6.8 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.29 (t, 

J = 7.6 Hz, 2H), 4.27-4.38 (m, 3H), 5.83-5.93 (m, 1H), 5.30 (dd, J = 17.2, 1.1, 1H), 5.20 (dd, 

J = 10.5, 1.1, 1H), 4.55-4.65 (m, 2H), 4.34-4.48 (m, 3H), 4.15 (t, J = 6.9 Hz, 1H), 3.85-3.95 

(m, 2H), 2.50 (br s, 1H). 

 

N-(9-Fluorenylmethoxycarbonyl)-L-threonine allyl ester 2.12b 

A solution of N-(9-Fluorenylmethoxycarbonyl)-L-threonine 2.11b (5.0 g, 15.9 mmol) and 

caesium carbonate (2.59 g, 7.96 mmol) in dry MeOH (100 mL) was stirred at room 

temperature under N2 for 2 h. The methanol was removed in vacuo, then the resulting foam 

was dissolved in dry DMF (10 mL). Allyl bromide (1.65 mL, 19.1 mmol) was added and the 

reaction mixture stirred at room temperature overnight. The reaction mixture was diluted with 

EtOAc, then washed with H2O and brine. The organic layer was dried over MgSO4, filtered, 

then the filtrated concentrated in vacuo. The crude product was purified by flash 

chromatography to afford the title compound 2.12a as an off-white solid (3.86 g, 10.5 mmol, 

66%). 1H NMR data was in agreement with that reported in the literature. 1H NMR (300 MHz, 

CDCl3): δ 7.77 (d, J = 7.1 Hz, 2H), 7.60 (d, J = 6.3 Hz, 2H), 7.39 (t, J = 7.1 Hz, 2H), 7.26 (t, 

J = 7.2 Hz, 2H), 5.83-5.93 (m, 1H), 5.65 (d, J = 8.5 Hz, 1H), 5.21 (d, J = 10.8 Hz, 1H), 4.70 

(d, J = 5.5 Hz, 2H), 4.30-4.17 (m, 4H), 4.08 (t, J = 7.5 Hz, 1H) 1.20 (d, J = 6.5 Hz, 3H). 
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2.5.2 Synthesis of building blocks Fmoc-[D-GalNAc(OAc)3(αααα1-O)]Ser-OH 2.23a 

and Fmoc-[D-GalNAc(OAc)3(αααα1-O)]Thr-OH 2.23b 

 

2,3,4,6-Tetra-O-acetyl-α-D-galactopyranosyl bromide 2.13
166,167 

 

D-Galactose (10.0 g, 56.2 mmol), acetic anhydride (27.0 mL, 286.2 mmol), and Cu(OTf)2 

(0.61 g, 1.68 mmol) were stirred at 0 oC for 16 h. Methanol (20 mL) was added to quench the 

reaction, then the reaction mixture was concentrated in vacuo to afford an oil. The crude oil 

was then extracted with EtOAc, washed consecutively with sat. NaHCO3, H2O, and brine, 

then dried with Na2SO4, filtered and concentrated in vacuo to afford yellowish viscous oil. 

Without purification, the crude 2,3,4,6-tetra-O-acetyl-α,β-D-galactopyranosyl acetate was 

dissolved in HBr/AcOH (33% v/v, 70 mL) and stirred at 0 oC for 9 h. The reaction mixture 

was diluted with CH2Cl2, washed consecutively with ice cold H2O, sat. NaHCO3, H2O, and 

brine, then dried with Na2SO4, filtered and concentrated in vacuo to afford the title compound 

2.13 as a viscous orange oil (15.5 g, 37.7 mmol, 67% over two steps). 1H NMR data was in 

agreement with that reported in the literature.167 1H NMR (300 MHz, CDCl3): δ 6.70 (d, J = 

3.9 Hz, 1H), 5.52 (d, J = 3.1 Hz, 1H), 5.40 (dd, J = 10.6, 3.3 Hz, 1H), 5.04 (dd, J = 10.6, 3.9 

Hz, 1H), 4.50 (t, J = 6.4 Hz, 1H), 4.08-4.23 (m, 2H), 2.15 (s, 3H), 2.12 (s, 3H), 2.06 (s, 3H), 

2.01 (s, 3H). 

 

3,4,6-Tri-O-acetyl-D-galactal 2.14
167 

 

2,3,4,6-Tetra-O-acetyl-α-D-galactopyranosyl bromide 2.13 (8.30 g, 21.2 mmol) was 

dissolved in EtOAc (200 mL), then activated zinc (8.0 g, 122.3 mmol) and N-

methylimidazole (1.59 mL, 20.0 mmol) were added. The reaction mixture was refluxed for 3 

h, filtered through Celite, washed with 10% HCl(aq), 1 M HCl(aq), sat. NaHCO3, brine, then 

dried with Na2SO4, filtered and concentrated in vacuo. The crude product was purified by 

flash chromatography to afford the title compound 2.14 as light green oil (4.17 g, 15.3 mmol, 

72%). 1H NMR data was in agreement with that reported in the literature.167 1H NMR (300 

MHz, CDCl3): δ 6.47 (dd, J = 6.2, 1.7 Hz, 1H), 5.55-5.56 (m, 1H), 5.42-5.44 (m, 1H), 4.72-

4.75 (m, 1H), 4.11-4.34 (m, 3H), 2.14 (s, 3H), 2.09 (s, 3H), 2.03 (s, 3H). 
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3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α,β-D-galactopyranosyl nitrate 2.15
155 

 

3,4,6-Tri-O-acetyl galactal 2.14 (12.0 g, 44.1 mmol) was dissolved in anhydrous MeCN (200 

mL) and stirred at -20 oC with 4Å molecular sieves (5.0 g) for 30 min. Ceric ammonium 

nitrate (72.5 g, 132.2 mmol) and NaN3 (4.3 g, 66.1 mmol) were added and the reaction 

mixture was stirred at -20 oC for 6 h. The reaction mixture was diluted with diethyl ether (150 

mL), H2O (150 mL) was added and filtered through celite, then further extracted with diethyl 

ether (150 mL), dried with Na2SO4, filtered and concentrated in vacuo. The crude product 

was purified by flash chromatography to afford the title compound 2.15 as a brownish gum 

(both α and β anomers (4:1 α:β) were obtained) (9.03 g, 23.8, 54%). 1H NMR data was in 

agreement with that reported in the literature.155 1H NMR (300 MHz, CDCl3): α: δ 6.35 (d, J 

= 4.0 Hz, 1H), 5.45-5.49 (m, 1H), 5.20-5.25 (m, 1H), 3.90-4.12 (m, 1H), 2.18 (s, 3H), 2.13 (s, 

3H), 2.02 (s, 3H); β: δ 5.60 (d, J = 9.0, 1H), 5.40-5.41 (m, 1H), 5.00-5.10 (m, 1H), 3.75-3.81 

(m, 1H), 2.18 (s, 3H), 2.10 (s, 3H), 2.03 (s, 3H). 

 

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α-D-galactopyranosyl acetate 2.17
155 

 

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α,β-D-galactopyranosyl nitrate 2.15 (3.22 g, 8.56 mmol) 

was refluxed at 100 oC for 1 h with NaOAc (1.40 g, 17.1 mmol) in CH3COOH (25 mL). The 

reaction mixture was diluted with CH2Cl2, washed consecutively with H2O, sat. NaHCO3, 

and brine, then dried with Na2SO4, filtered and concentrated in vacuo. The crude product was 

purified by flash chromatography to afford the title compound 2.17 as an oil (2.04 g, 5.48 

mmol, 64%). 1H NMR data was in agreement with that reported in the literature.155 1H NMR 

(400 MHz, CDCl3): δ 6.37 (d, J = 2.3 Hz, 1 H), 5.71 (s, 1H), 5.34-5.43 (m, 2H), 4.36 (t, J = 

6.5 Hz, 1H), 4.06-4.15 (m, 2H), 2.11 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H). 

 

N
α
-(Fluoren-9-ylmethoxycarbonyl)-3-O-(3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α-D-

galactopyranosyl)-L-serine allyl ester 2.21a
79,168

 

 

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α,β-D-galactopyranosyl acetate 2.17 (0.78 g, 2.09 mmol) 

and N
α
-(9-fluorenylmethoxycarbonyl)-L-serine allyl ester 2.11a (0.51 g, 1.39 mmol) were 

dried together in the presence of P2O5 under high vacuum for 16 h prior to the reaction. 

Activated powdered 4Å molecular sieves were added and the mixture was stirred in dry 
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CH2Cl2 (20 mL) under argon for 30 min at 0 oC. BF3·Et2O (0.78 mL, 6.37 mmol) was added 

slowly and the reaction mixture was stirred at 40 oC for 60 h (two extra portions of BF3.Et2O 

(0.78 mL, 6.37 mmol) were added at 20 h and 40 h). The solution was cooled to room 

temperature, neutralized with sat. NaHCO3, then filtered through Celite. The product was 

extracted with CH2Cl2, washed with sat. NaHCO3, brine, dried with Na2SO4 and filtered. The 

solvent was removed in vacuo and the crude product was purified by flash chromatography to 

give the title compound 2.21a as a yellow gum (0.62 g, 904 µmol, 65%). 1H NMR data was 

in agreement with that reported in the literature.79,168 1H NMR (400 MHz, CDCl3): δ 7.76 (d, 

J = 7.6 Hz, 2H), 7.62 (d, J = 6.8 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.29 (t, J = 7.6 Hz, 2H), 

5.94 (ddt, J = 16.3, 10.2, 5.7 Hz, 1H), 5.44 (d, J = 2.8 Hz, 1H), 5.41-5.29 (m, 2H), 5.28 (d, J 

= 10.4 Hz, 1H), 4.92 (d, J = 3.4 Hz, 1H), 4.69 (d, J = 5.2 Hz, 2H), 4.60 (t, J = 2.8 Hz, 1H), 

4.45 (d, J = 7.5 Hz, 2H), 4.24 (t, J = 7.5 Hz, 1H), 4.19 (t, J = 5.5 Hz, 1H), 4.15 (dd, J = 10.5, 

3.6 Hz, 1H), 4.02 (d, J = 6.5 Hz, 2H), 3.60 (dd, J = 11.0, 3.4 Hz, 1H), 2.20 (s, 3H), 2.11 (s, 

3H), 2.01 (s, 3H) 

 

N
α
-(Fluoren-9-ylmethoxycarbonyl)-3-O-(3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α-D-

galactopyranosyl)-L-threonine allyl ester 2.21b
79,168 

 

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α,β-D-galactopyranosyl acetate 2.17 (1.86 g, 5.00 mmol) 

and Nα-(9-fluorenylmethoxycarbonyl)-L-threonine allyl ester 2.11b (2.0 g, 5.24 mmol) were 

dried together in the presence of P2O5 under high vacuum for 16 h prior to the reaction. 

Activated powdered 4Å molecular sieves were added and the mixture was stirred in dry 

CH2Cl2 (15 mL) under argon for 30 min at 0 oC. BF3·Et2O (2.04 mL, 16.6 mmol) was added 

slowly and the reaction mixture was stirred at 40 oC for 60 h (two extra portions of BF3.Et2O 

(2.04 mL, 16.6 mmol) were added at 20 h and 40 h). The solution was cooled to room 

temperature, neutralized with sat. NaHCO3, then filtered through celite. The product was 

extracted with CH2Cl2, washed with sat. NaHCO3, brine, dried with Na2SO4 and filtered. The 

solvent was removed in vacuo and the crude product was purified by flash chromatography to 

give the title compound 2.21b as an off white gum (1.39 g, 0.20 mmol, 40%). 1H NMR data 

was in agreement with that reported in the literature.79,168 1H NMR (400 MHz, CDCl3): δ 7.77 

(d, J = 7.1 Hz, 2H), 7.60 (d, J = 6.3 Hz, 2H), 7.39 (t, J = 7.1 Hz, 2H), 7.26 (t, J = 7.2 Hz, 2H), 

5.95 (ddt, J = 16.3, 10.3, 6.0 Hz, 1H), 5.70 (d, J = 9.9 Hz, 1H), 5.50 (dd, J = 3.5, 0.9 Hz, 1H), 

5.40 (dd, J = 17.5, 1.5 Hz, 1H), 5.35 (dd, J = 10.9, 3.4 Hz, 1H), 5.29 (dd, J = 10.4, 1.0 Hz, 
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1H), 5.08 (d, J = 3.4 Hz, 1H), 4.75 (br d, J = 6.0 Hz, 2H), 4.52-4.37 (m, 4H), 4.32-4.25 (m, 

2H), 4.13 (br d, J = 6.8 Hz, 2H), 3.65 (dd, J = 11.5, 3.6 Hz, 1H), 2.18 (s, 3H), 2.10 (s, 3H), 

2.07 (s, 3H), 1.35 (d, J = 6.2 Hz, 3H). 

 

N
α
-(Fluoren-9-ylmethoxycarbonyl)-3-O-(3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-α-D-

galactopyranosyl)-L-serine allyl ester 2.22a
79,168

 

 

N
α-(Fluoren-9-ylmethoxycarbonyl)-3-O-(3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α-D-

galactopyranosyl)-L-serine allyl ester 2.21a (0.21 g, 0.31 mmol) was dissolved in distilled 

pyridine (2 mL) and cooled to 0 oC. Thioacetic acid (1.5 mL) was then added and the reaction 

mixture was stirred at 0 oC for 16 hr. The reaction mixture was allowed to warm to rt and left 

stirring for 16 h, then was diluted with CH2Cl2, washed with H2O, 1 M HCl(aq), sat. NaHCO3, 

then dried with Na2SO4, filtered and concentrated in vacuo.The crude product was purified by 

flash chromatography to afford the title compound 2.22a (0.18 g, 87%). 1H NMR data was in 

agreement with that reported in the literature.79,168 1H NMR (400 MHz, CDCl3): δ  7.75 (d, J 

= 7.5 Hz, 2H), 7.60 (d, J = 6.8 Hz, 2H), 7.38 (t, J = 7.5 Hz, 2H), 7.24 (t, J = 7.5 Hz, 2H), 

5.90 (ddt, J = 16.9, 10.5, 5.6 Hz, 1H), 5.85 (d, J = 9.9 Hz, 1H), 5.73 (d, J = 9.5Hz, 1H), 5.40 

(d, J = 16.8 Hz, 1H), 5.35 (d, J = 3.3 Hz, 1H), 5.33 (d, J = 10.5 Hz, 1H), 5.11 (dd, J = 11.5, 

2.7 Hz, 1H), 4.83 (d, J = 3.2 Hz, 1H), 4.67 (d, J = 5.8 Hz, 2H), 4.63-4.57 (m, 2H), 4.49 (d, J 

= 7.5 Hz, 2H), 4.29 (t, J = 6.9 Hz, 1H), 4.15-4.05 (m, 3H), 3.95 (br s, 2H), 2.21 (s, 3H), 2.05 

(s, 3H), 2.02 (s, 3H), 1.97 (s, 3H). 

 

N
α
-(Fluoren-9-ylmethoxycarbonyl)-3-O-(3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-α-D-

galactopyranosyl)-L-threonine allyl ester 2.22b
79,168 

 

N
α-(Fluoren-9-ylmethoxycarbonyl)-3-O-(3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α-D-

galactopyranosyl)-L-threonine allyl ester 2.21b (1.39 g, 2.00 mmol) was dissolved in distilled 

pyridine (6 mL) and cooled to 0 oC. Thioacetic acid (7 mL) was then added and the reaction 

mixture was stirred at 0 oC for 16 hr. The reaction mixture was allowed to warm to rt and left 

stirring for 16 h, then was diluted with CH2Cl2, washed with H2O, 1 M HCl(aq), sat. NaHCO3, 

then dried with Na2SO4, filtered and concentrated in vacuo.The crude product was purified by 

flash chromatography to afford the title compound 2.22b (1.05 g, 74%). 1H NMR data was in 

agreement with that reported in the literature.79,168 1H NMR (400 MHz, CDCl3): δ 7.73 (d, J = 
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7.1 Hz, 2H), 7.62 (d, J = 6.3 Hz, 2H), 7.41 (t, J = 7.1 Hz, 2H), 7.21 (t, J = 7.2 Hz, 2H), 

5.87 (ddt, J = 16.5, 10.4, 5.9 Hz, 1H), 5.75 (d, J = 9.8 Hz, 1H), 5.55 (d, J = 9.3 Hz, 1H), 5.39 

(br d, J = 2.5 Hz, 1H), 5.36 (dd, J = 17.5, 1.1 Hz, 1H), 5.32 (dd, J = 10.2, 0.9 Hz, 1H), 5.09 

(dd, J = 11.2, 3.3 Hz, 1H), 4.92 (d, J = 3.9 Hz, 1H), 4.70 (dd, J = 12.3, 5.7 Hz, 1H), 4.63 (dd, 

J = 12.3, 5.6 Hz, 1H), 4.58 (dd, J = 9.5, 3.2 Hz, 1H), 4.50-4.46 (m, 3H), 4.25 (br t, J = 6.4 Hz, 

2H), 4.22 (t, J = 6.3 Hz, 1H), 4.11 (dd, J = 11.1, 5.3 Hz, 1H), 4.05 (dd, J = 11.2, 7.2 Hz, 1H), 

2.17 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.99 (s, 3H), 1.33 (d, J = 6.3 Hz, 3H). 

 

N
α
-(Fluoren-9-ylmethoxycarbonyl)-3-O-(3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-α-D-

galactopyranosyl)-L-serine 2.23a
79,168

 

 

N
α-(Fluoren-9-ylmethoxycarbonyl)-3-O-(3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-α-D-

galactopyranosyl)-L-serine allyl ester 2.22a (0.92 g, 1.32 mmol) was dissolved in anhydrous 

THF (10 mL) and degassed with argon for 30 min. Pd(PPh3)4 (0.15 g, 0.13 mmol) and N-

methylaniline (1.43 mL, 13.2 mmol) were added and stirred at rt for 3 h. The solvent was 

removed in vacuo and the product purified by flash column chromatography to afford 2.23a 

as an off white solid (0.87 g, 92%). HRMS (FAB) calculated for C32H36N2O13 [M+H]+: 

657.2296. Found: 657.2301. 1H NMR data was also in agreement with that reported in the 

literature.79,168 1H NMR (400 MHz, DMSOd6): δ 7.90−7.81 (m, 2Η), 7.79 (d, J = 8.0 Hz, 1H), 

7.73-7.70 (m, 2H), 7.65 (m, 1H), 7.42-7.30 (m, 4H), 5.25 (dd, J = 3.1, 0.9 Hz, 1H), 5.02 (d, J 

= 11.3 Hz, 1H), 4.81 (d, J = 3.3 Hz, 1H), 4.38-4.34 (m, 2H), 4.27-4.20 (m, 3H), 4.15-4.20 (m, 

1H), 4.05 (dd, J = 11.0, 5.9 Hz, 1H), 3.97-4.02 (m, 1H), 3.83 (dd, J = 10.5, 3.9 Hz, 1H), 3.74-

3.79 (m, 1H), 2.10 (s, 3H), 1.95 (s, 3H), 1.85 (s, 3H), 1.78 (s, 3H). 

 

N
α
-(Fluoren-9-ylmethoxycarbonyl)-3-O-(3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-α-D-

galactopyranosyl)-L-threonine 2.23b
79,168

 

 

N
α-(Fluoren-9-ylmethoxycarbonyl)-3-O-(3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-α-D-

galactopyranosyl)-L-serine allyl ester 2.22b (1.0 g, 1.41 mmol) was dissolved in anhydrous 

THF (10 mL) and degassed with argon for 30 min. Pd(PPh3)4 (0.16 g, 0.14 mmol) and N-

methylaniline (1.52 mL, 14.1 mmol) were added and stirred at rt for 3 h. The solvent was 

removed in vacuo and the product purified by flash column chromatography to afford 2.23b 

as an off white solid (0.85 g, 92%). HRMS (FAB) calculated for C33H38N2O13 [M+H]+: 
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671.2447. Found: 671.2451. 1H NMR data was also in agreement with that reported in the 

literature.79,168 1H NMR (400 MHz, CD3OD): δ 7.71−7.15 (m, 8Η), 5.30 (dd, J = 3.3, 0.9 Hz, 

1H), 5.05 (d, J = 3.7 Hz, 1H), 4.98-5.03 (m, 1H), 4.45 (dd, J = 10.5, 6.4 Hz, 1H), 4.31 (dq, J 

= 6.7, 2.1 Hz, 1H), 4.27-4.24 (m, 1H), 4.23-4.22 (m, 1H), 4.21-4.18 (m, 1H), 4.14-4.10 (m, 

1H), 3.99 (dd, J = 11.1, 5.6 Hz, 1H), 3.97-3.94 (m, 1H), 3.93-3.91 (m, 1H), 2.02 (s, 3H), 1.90 

(s, 3H), 1.85 (s, 3H), 1.81 (s, 3H), 1.13-1.11 (m, 3H) 

 

2.5.3 Peptide synthesis 

 

2.5.3.1 General 

All solvents and reagents were used as supplied. O-(Benzotriazol-1-yl)-N,N,N′,N′′-

tetramethyluronium-hexafluorophosphate (HBTU), N-hydroxy-benzotriazole (HOBt) were 

purchased from Advanced Chemtech (Louisville, KY). Dimethylformamide (DMF) (AR 

grade) and acetonitrile (HPLC grade) were purchased from Ajax Chemicals, 

diisopropylethylamine (DIPEA), piperidine, and triisopropylsilane (TIS) were purchased 

from Aldrich. N-methylpyrrolidine (NMP) was purchased from Fluka. Trifluoroacetic acid 

(TFA) was purchased from Halocarbons. 

Fmoc-amino acids were purchased from CEM or Advanced Chemtech (Louisville, KY). 

Fmoc-Ala-HMPP-linker was purchased from PolyPeptide Group. Tris(2-

carboxyethyl)phosphine (TCEP, 0.5 M solution) was purchased from Global Science & 

Technology Ltd. 

 

2.5.3.2 Peptide Synthesis 

Solid phase peptide synthesis was performed using a Liberty Microwave Peptide Synthesiser 

(CEM Corporation, Mathews, NC) using the Fmoc/tBu strategy. The Fmoc group was 

deprotected with 20% v/v piperidine in DMF for 30 seconds followed by a second 

deprotection for 3 min using a microwave power of 60 W for both deprotections. The 

maximum temperature for both deprotections was set at 75°C.  

 

The coupling step was performed with 5 equivalents of Fmoc protected amino acid in DMF 

(0.2 M), 4.5 equivalents of HBTU in DMF (0.45 M) and 10 equivalents of DIPEA in NMP 

(2 M). All couplings were performed for 5 min at 25 W at a maximum temperature of 75°C 

except for the following amino acids: Fmoc–Arg(Pbf)–OH was double coupled using a 
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25 min room temperature coupling followed by a 5 min period at 25 W; Fmoc-His(Trt)-OH 

coupling was performed for 5 min at 25 W at a maximum temperature of 50 oC. 

 

Following completion of the sequence, the peptide was released from the resin with 

concomitant removal of protecting groups by treatment with TFA/TIS/H2O (38/1/1, v/v/v) at 

room temperature for 2.5 h as required. The crude peptide was precipitated with cold diethyl 

ether, isolated by centrifugation, washed with cold diethyl ether, dissolved in 1:1 (v/v) 

acetonitrile:water containing 0.1% TFA and lyophilised.  

The crude peptide products were analysed for purity by analytical RP-HPLC (Dionex P680 

equipped with a 4 channel UV detector) at 210 and 254 nm using a Gemini C18 (5 µ; 

2.0 × 50 mm) column (Phenomenex) at 0.2 ml/min using a linear gradient. The solvent 

system used was A (0.1% TFA in H2O) and B (0.1% TFA in MeCN). Peptide masses were 

confirmed by LC-MS (Dionex Ultimate 3000 equipped with a Thermo Finnegan MSQ mass 

spectrometer) using ESI in the positive mode.  

 

Purification of crude peptides was performed by semi-prep RP-HPLC (Dionex P680 

equipped with a 4 channel UV detector) at 210 and 254 nm using a Gemini C18 (5 µ; 

10 × 250 mm) column (Phenomenex) at 5.0 ml/min using a shallow gradient of increasing 

concentrations of solvent B. The solvent system used was A (0.1% TFA in H2O) and B (0.1% 

TFA in MeCN). Fractions containing the pure target peptide were identified by analytical RP-

HPLC, then combined and lyophilized. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

 

A One-Pot Approach to Neoglycopeptides using Orthogonal Native Chemical Ligation 

and Click Chemistry 
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3 Natural Glycopeptides and Glycoproteins 

 

3.1 Background 

 

Glycosylation is the most common and complex post-translational modification of 

proteins.169-171 Glycoproteins are essential in many biological processes including immune 

defence, cell growth and inflammation.169 The carbohydrate moieties on glycoproteins are 

key components that are involved in various recognition processes, such as cell adhesion, 

migration and signalling, and in folding of proteins.169,172 Abnormalities in these 

carbohydrate-protein interactions often progress into bacterial and viral invasion of the host, 

and also tumour development.173 For these reasons, it is imperative to understand how and 

why these interactions occur so that drugs may be developed. The clinical intervention of a 

defective metabolic pathway, the inhibition of a glycan recognition or pathogen binding event 

and the elucidation of aberrant glycosylation patterns expressed on cancer cell surfaces, are 

attractive sites for glycopeptide-based drug design and vaccine development.174-176  

 

In order to study structure and function it is essential to obtain a well-defined, homogeneous 

glycoform of the glycoprotein of interest. However, because glycan attachment and 

elongation occurs after translation (i.e. not template driven nor under direct transcriptional 

control), naturally occurring glycoproteins are therefore expressed as collections of 

glycoforms which contain the same underlying peptide backbone but display variable 

patterns of glycosylation.177,178 Due to this heterogeneity, the purification and isolation of a 

single glycoform from a crude biological extract and from recombinant expression is often 

extremely difficult. Recombinant techniques may also be problematic, because glycosylation 

is organism-specific and artificial cultivation conditions may result in incorrect or 

inconsistent glycosylation patterns.170,171,179,180 For these reasons, there has been a great 

demand for synthetic glycopeptides and glycoproteins by total or semi-synthesis based on 

modern chemical ligation methods to control both the site and structure of 

glycosylation.179,181,182 Indeed, recent advances in carbohydrate and peptide chemistry have 

provided new possibilities for obtaining homogeneous glycoproteins, and these studies are 

reported extensively and summarized in a number of reviews.1,178,179,183-188  
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3.2 Synthesis of Glycopeptides 

 

Typically, there are two strategies to effect the synthesis of glycopeptides. The first strategy 

is that of linear peptide assembly, using protected glycosylated amino acid building blocks 

for automated Fmoc SPPS.148 The linear assembly of glycosylated amino acids provides 

glycopeptides with well-defined structure at the required glycosylation sites.189,190 This 

strategy is challenging, mainly due to the difficulties in the chemical synthesis of complex O-

linked and N-linked oligosaccharides (Figure 3.1). Furthermore, due to the multifunctionality 

of these compounds, the chemical synthesis of Thr/Ser-O-glycoside and Asn-N-glycoside 

building blocks need extensive and time-consuming protection and deprotection steps, and 

due to the complexity in manipulation of some aglycons, such as peptides/proteins, the 

experimental conditions for glycosylation reactions may be complicated.  

 

 

Figure 3.1 In nature N-linked glycans occur through the side chain of Asn, within the sequence Asn-Xxx-
Thr/Ser, where Xxx is any amino acid except proline. O-linked glycans are linked through GalNAc-O-Thr/Ser. 

 

The second strategy is a convergent approach that forms the glycosidic link after the 

assembly of the peptide scaffold. In this case, site-selective glycosylation is essential. 

Although this approach is favoured given the instability associated with the glycosidic 

bond191 and the need for protection of the glycosylated amino acid building blocks, 

glycosylations using this method also require extensive protection of both the carbohydrate 

moieties and the peptide segments. Despite these challenges, several groups have contributed 

significantly to the field of glycoprotein synthesis by achieving successful syntheses of 

complex glycopeptide fragments.192-199 In addition, enzymatic glycosylation methods200,201 

and recombinant DNA technologies202 have also been useful for the synthesis of 

glycopeptides. However, synthesis of glycoproteins containing complex glycans still remains 

a complicated and difficult task. 
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3.3 Neoglycopeptides 

 

To allow convergent condensation of unprotected sugars and a peptide backbone, various 

approaches for the synthesis of glycopeptides and glycoproteins have been explored to 

construct glycopeptide mimetics whereby the sugar and peptide moieties are joined via 

unnatural linkages. This glycopeptide mimetic is given the term neoglycopeptide. The 

synthesis of neoglycopeptides involves chemoselective condensation of two mutually and 

uniquely reactive functional groups that have been introduced into the peptide and sugar 

moieties, hence avoiding protection of other functional groups. The installation of these 

unnatural linkages can potentially simplify complex multi-step syntheses by exploiting 

chemistry which is facile, high yielding, orthogonal and stereoselective, whilst retaining as 

much as possible the geometry and electronics of the native linkage, hence maintaining their 

native biological activity or, in some cases, improving it by providing stability toward 

proteases or other adverse conditions.203-206 For these reasons, to date, neoglycopeptides 

containing a variety of unnatural linkages between the carbohydrate and aglycon moieties 

have been explored.179,206-211 Compared to linear approaches, the convergent synthesis of 

neoglycopeptides offers greater flexibility with respect to the sugars attached to a peptide. 

This way, the rapid preparation of different homogeneous glycoforms of glycoproteins is 

possible.  

 

3.3.1 Non-Natural Glycosidic Linkages 

 

There are a wide variety of unnatural glycosidic linkages that have been utilized to synthesize 

neoglycopeptides. One of the most widely applied is the direct linkage of saccharides to 

different aglycons.212,213 This involves reductive amination, in which the reducing end of the 

sugar reacts with a primary amine of the peptide or protein to generate an amine linkage and 

results in the loss of cyclic structure of the reducing sugar (Scheme 3.1). The disadvantage of 

this approach is the loss of the cyclic nature of the reducing end of the oligosaccharide, but 

for complex carbohydrates this may not interfere with target recognition. 

 

 

Scheme 3.1 Direct aminolysis method. 
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An interesting alternative to the chemoselective ligation of a reducing sugar without 

compromising the cyclic structure, is via C=N linkages such as oximes, hydrazones, and 

thiosemicarbazones. These linkages have been widely used to mimic the natural motifs of N- 

and O-linked glycopeptides. Chemoselective oxime ligation is made possible due to the lack 

of aldehydes or ketones on the side chains of naturally occurring amino acids. Mutter et al.214 

have reported direct glycosylation of amino-oxyacetylated unprotected peptides with 

unprotected oligosaccharides to afford oxime-linked neoglycopeptides having increased 

bioavailability (Scheme 3.2A). To avoid the loss of the cyclic structure of the attaching sugar, 

they also utilized an N-methylated amino-oxy group on the peptide moiety which resulted in 

closed-ring neoglycosides (Scheme 3.2B).215 Bertozzi et al.216,217 carried out studies that 

involved reacting aminooxy-, hydrazine-, or thiosemicarbazide-functionalized carbohydrates 

with peptides that contain carbonyl groups (Scheme 3.2C,D,E). In a series of papers, Dumy 

and co-workers218-222 described the synthesis of multivalent neoglycopeptides via oxime 

ligation on cyclic peptide templates in both solid-phase and solution-phase. Nicotra et al.223-

225 applied oxime ligation to the covalent attachment of the C-glycoside analogue of the Tn 

antigen that contains a propanone chain at the C-1 position with a peptide containing 

aminooxy acetic acid residues (Scheme 3.2F).  

 

 

Scheme 3.2 Different glycosylation methods to form neoglycopeptides. 
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Urea-linked neoglycopeptides have been shown to be more water-soluble and enzyme-stable 

than natural glycopeptides hence they have served as good analogues of peptide 

pharmaceuticals and enzyme inhibitors. Urea-tethered neoglycopeptides have been formed by 

the union of glycosyl amines with isocyanate-containing peptides in solution (Scheme 3.3).226 

 

 

Scheme 3.3 Synthesis of urea-tethered neoglycopeptides. 

 

Another category of widely used chemoselective ligation is the condensation between thiol 

groups and a variety of electrophiles (S-alkylation) (Scheme 3.4). The formation of 

thioglycopeptides is extensively reviewed by Pachamuthu and Schmidt.209 The first report on 

the use of thioether formation emanated from Davis and Flitsch,61 whereby the thiol side-

chain of a single cysteine residue was reacted with glycosyl iodoacetamides for the synthesis 

of N-linked glycoprotein mimetics (Scheme 3.4A). This was further advanced to unprotected 

synthetic peptides containing cysteine residues in solution.227,228 Glycosyl iodoacetamides 

were also applied to solid-phase glycopeptide synthesis by employing orthogonal protection 

of different cysteine residues. Flitsch and co-workers229 synthesized a short fragment of 

erythropoietin using Fmoc SPPS then selectively deprotected a disulfide protected cysteine to 

reveal a free thiol that was alkylated with iodoacetamidyl N-acetylglucosamine on-resin. A 

complex bromoacetamidyl undecasaccharide was condensed with a cysteine residue by 

Kajihara and co-workers.230 Bertozzi et al.231 have also utilized glycosyl bromoacetamides to 

effect thioether formation with a C-2 thiol analogue of GalNAcα1-O-Thr incorporated in a 

peptide backbone to mimick an O-glycosidic bond.  

 

Disulfide linkages have also been used to achieve chemoselective glycosylation. Jones et 

al.232 made use of site-directed mutagenesis to introduce cysteine residues at specific sites, 

then reacted with monosaccharides bearing methanesulfonate moieties at the anomeric 

positions to effect glycosylation via formation of a disulfide linkage with cysteine (Scheme 

3.4B). 

 

The conjugation addition of thiols to maleimido moieties has also been used for 

bioconjugation.233 Here, the carbohydrate moiety has been functionalized by a maleimido 
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group at the anomeric position, then coupled to a free cysteine via Michael addition resulting 

in the formation of  the corresponding neoglycopeptide (Scheme 3.4C).234 

 

 

Scheme 3.4 Neoglycopeptides prepared via thioether formation strategy. 

 

Besides the methods described above there are many other unnatural linkages that have been 

used to date, and these have been extensively reviewed in the literature.179,206-211 

 

3.4 Use of Click Chemistry for the Synthesis of Neoglycopeptides 

 

By far, one of the most studied of the unnatural linkages is the triazole ring formed via 1,3-

dipolar cycloaddition (the so-called ‘click chemistry’) of an organic azide to a terminal 

alkyne. “Click chemistry” represents a mild method for the regioselective preparation of 1,4-

disubstituted 1,2,3-triazoles for the synthesis of neoglycopeptides.  

 

3.4.1 Background and Perspective 

 

1,3-Dipolar cycloaddition reactions were extensively studied in the past, notably by Huisgen, 

whose work led to the formulation of general concepts of cycloadditions.235 The classical 

non-catalyzed cycloaddition process proceeds under thermal conditions in both aqueous and 

organic solvents to give a mixture of 1,4- and 1,5-disubstituted 1,2,3-triazole regioisomers 

(Scheme 3.5). It was not until 2002 when Tornøe and Meldal236 and Sharpless et al.237 

independently reported the use of Cu(I) salts that dramatically enhanced the rate of 

cycloaddition reaction and exclusively produced the 1,4-regioisomer. This cycloaddition 
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reaction was one of the very few near-perfect carbon-heteroatom bond-forming reactions that 

satisfied the following conditions: highly selective, modular, high yielding, wide in scope, 

environmentally friendly and minimal work-up and purification process required. Since the 

discovery that Cu(I) dramatically enhances the rate and regioselectivity of the reaction, it has 

been known as CuAAC (Cu(I)-catalyzed Azide-Alkyne 1,3-dipolar Cycloaddition). This 

reaction has been widely used in a number of applications in synthesis, medicinal chemistry, 

peptide and protein chemistry, molecular biology, and materials science.238 The reason for 

this is the orthogonality of azide and alkyne functionalities with other functional groups so 

that protection is not necessary, and the compatibility with aqueous medium. 

 

 
 

Scheme 3.5 Conventional click reaction between an organic azide and a terminal alkyne affords 2 regioisomers. 
Cu(I)-catalyzed click reaction exclusively affords the 1,4-regioisomer. 
 

3.4.2 Mechanisms of CuAAC 

 

On the basis of thermal and kinetic studies, the CuAAC process has been postulated to occur 

via a stepwise mechanism as shown in Scheme 3.6.237,239,240 The first step in the catalytic 

cycle is the formation of Cu(I)-acetylide complex 3.1. Initially complexation of the alkyne to 

the Cu(I) metal centre occurs to form a Cu(I)-alkyne π-complex.237,240 This process is 

accelerated in water relative to organic solvents, as rationalized by organic media having 

endothermic ligand dissociation whereas water has exothermic ligand dissociation.237,240 The 

π-coordination of Cu(I) also lowers the pKa of the acetylene C-H by 9.8 pKa units in aqueous 

media for easier deprotonation.237,240 Upon formation of the Cu(I)-acetylide, subsequent 

ligand displacement with azide results in the formation of a dimeric copper species 3.2.237,240 

The activated azide-Cu(I)-acetylide species then cyclizes to form the copper metallacycle, 3.3 

which then undergoes facile ring contraction to give a copper-triazole complex 3.4. 

Protonation of the triazole complex and subsequent dissociation of the labile copper complex 
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yields the desired 1,4-disubstituted 1,2,3-triazole 3.5 as a single regioisomer, as well as 

regenerating the Cu(I) catalyst to re-enter the cycle. 

 

 

Scheme 3.6 Proposed Mechanism of CuAAC. 

 

The robustness of CuAAC and its compatibility with most functional groups and solvents 

enable a wide range of Cu(I) catalysts to be used. Cu(I) salts such as CuI and CuBr, as well as 

coordinated salts such as (EtO)3P·CuI can be used directly as the Cu(I) source. However, due 

to its instability and high susceptibility to oxidation, a combination of Cu(II) salts with 

reducing agents (most commonly sodium ascorbate (NaAsc) and phosphine derivatives such 

as tris(2-carboxyethyl)phosphine (TCEP)) is the method of choice. Cu(I) species generated 

via disproportionation of Cu(II) salts and Cu metal have also been reported. In order to 

increase the stability of Cu(I), auxiliary ligands such as tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA) 3.6 and sulfonated bathophenanthroline 3.7 (Figure 3.2) have been 

added to the reaction mixtures.238,241 
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Figure 3.2 Common additives used in CuAAC. 

 

3.4.3 Applications of Click Chemistry 

 

The high conversion rates of click reactions and the easy purification from copper salts and 

by-products allow the utilization of CuAAC to synthesize small-molecule screening libraries 

for pharmaceutical screening. Some examples of this include the synthesis of a library of 

possible inhibitors of fucosyl transferases by Wong et al.242 whereby CuAAC was used to 

link 85 different azides to guanosine 5’-diphosphate-derived alkyne to allow rapid screening 

that eventually identified a hit that at that stage was the most potent and selective inhibitor of 

the targeted fucosyl transferase. In a separate study libraries of possible HIV-1 protease 

inhibitors using CuAAC were prepared that focused on a wide range of azide-containing 

fragments and functionalized alkyne-containing building blocks.243 The development of 

ligands that target mRNA (so-called mRNA hairpin loop binders) coding for proteins that 

lack small-molecule binding sites was also carried out using CuAAC.244 Several groups have 

also utilized CuAAC for the chemical modification of surfaces precoated with self-assembled 

monolayers (SAMs).245-248 Besides these examples, vast amounts of research have been 

published in almost all fields of chemical and materials science, and these are outlined in 

several excellent reviews.211,238,241,249-265 

 

3.4.4 Neoglycopeptides and Neoglycoproteins using Click Chemistry 

 

A considerable amount of interest has been directed toward facile synthesis of glycopeptides 

that have non-hydrolysable linkages that also mimic the geometry and electronics of the 

native N- and O-glycosidic bonds. Click chemistry between preformed carbohydrate and 

peptide fragments bearing azide and acetylene functionalities allows for the mild, 

chemoselective and stereospecific conjugation of these preformed building blocks under 
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aqueous conditions. Most protecting groups are also inert to the reaction conditions. Click 

chemistry can therefore greatly simplify synthesis and can be introduced at any stage in 

neoglycopeptide/glycoprotein synthesis. The 1,2,3-triazole linked glycosyl amino acid 

mimics share a similar structural and electronic features to that of the native amide 

counterparts, and are relatively resistant to enzyme or digestive hydrolysis.266 The triazoles 

have a larger dipole moment compared with amide bonds and can potentially enhance amide 

mimicry due to their weak hydrogen bond acceptor properties (Figure 3.3).266 Additionally, 

distances between the 1 and 4 positions within the triazole ring are similar to the distance 

between the α carbon and the carbon attached to the amide.266  

 

 
 

Figure 3.3 Dipole moments and molecular size of an amide bond and a 1,4-disubstituted triazole link. 

 

For these numerous reasons, it is not surprising that click chemistry has found wide use in the 

field of neoglycopeptides. Since the first report of CuAAC for the synthesis of 

neoglycopeptides from the Meldal group236 where the click reaction was carried out using 

CuI/iPr2NEt in THF on-resin, there has been an explosive expansion in the literature with 

regards to the use of CuAAC for the synthesis of neoglycopeptides.  Several examples of the 

use of CuAAC for the synthesis of neoglycopeptides and neoglycoproteins will be discussed. 

 

Rutjes and co-workers267 utilized protected building blocks to synthesize a series of triazole-

linked glycosyl amino acids and dipeptides in 2004 (Scheme 3.7). They subsequently 

reported the synthesis of glycosylated cyclic arginine-glycine-aspartate derivatives with a 

triazole linker to selectively target αvβ3 integrin.268  
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Scheme 3.7 Synthesis of glycosyl amino acid building blocks by Rutjes et al.267,268 

 

Recently, neoglycopeptides were prepared by Rutjes et al.269 using protected and unprotected 

glycosyl donors with propargylglycine and azidoalanine derivatives. They also used TMS-

protected propargylglycine on a dipeptide to enable orthogonal click reactions whereby two 

different glycosyl azides were incorporated onto the peptide in a stepwise fashion (Scheme 

3.8).269 

 

 

Scheme 3.8 Synthesis of a di-clicked neoglycopeptide using TMS-protected propargylglycine to incorporate 
two different sugars. 
 

In another study, Macmillan and Blanc270 have demonstrated the compatibility of the 1,2,3-

triazole ring formed from CuAAC to a NCL strategy employing a chemoselective 

nucleophilic displacement of alkyl bromides with side chain cysteine thiols. This study 

revealed that the order in which the thioether formation and click chemistry was carried out 

was not important in synthesizing neoglycopeptides (Scheme 3.9). The study also showed 

that the triazole linkage was compatible with typical conditions used in native chemical 

ligation (6 M GnHCl/0.3 M Na2HPO4 buffer, 10 mM TCEP, 1% w/v MESNa). 
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Scheme 3.9 Click chemistry and thio-ether formation can be carried out in a different order to product the same 
neoglycopeptide. 
 

Many naturally occurring antibiotics and anti-fungal drugs are carbohydrate macrocycles and 

glycosylated cyclic peptides.271 A library of mimics of these macrocycles and glycosylated 

cyclic peptides has been synthesized using a combination of ring closing metathesis and 

CuAAC.272 Mimics of another important class of antibiotics, the vancomycins, have been 

prepared from which a carboxylic acid derivative was shown to be twice as effective as 

vancomycin against antibiotic resistant strains.273 

 

Lin and Walsh274 have reported a chemoenzymatic approach to make carbohydrate-modified 

cyclic peptide antibiotics. Using a thioesterase domain from the decapeptide tyrocidine 

synthetase, 13 cyclized tyrocidin derivatives were obtained with up to three 

propargylglycines incorporated in the peptide chain. These cyclic peptides were then 

conjugated to 21 different azido sugars via CuAAC (Scheme 3.10). 

 

aaaaaaaa

aa

aa
aa aa aa

aa
NH

O O

R O N3

Cu(I)

aaaaaaaa

aa

aa
aa aa aa

aa
NH

O

N
N

N
O

O

R

N

N
NO

O

R

 

 

Scheme 3.10 Synthetic strategy employed by Lin and Walsh274 for the synthesis of click analogues of the 
thioesterase domain from the decapeptide tyrocidine synthetase. 
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A novel additive, o-phenylenediamine 3.6, was introduced as an additive when the 

CuSO4/NaAsc system was used for the click reaction in aqueous media.275 o-

Phenylenediamine was assumed to have two roles: (i) stabilizing the Cu(I) species formed 

from the reduction of Cu(II) by ascorbate; and (ii) react with the dehydroascorbate by-

product 3.7 to minimize side-reactions (Scheme 3.11). Using this method Vauzilles and co-

workers were able to synthesize a phenylalanine-derived neoglycoside in high yield without 

the need for purification.275 
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Scheme 3.11 Reaction of o-phenylenediamine with dehydroascorbate. 
 

Labelled neoglycopeptides are useful in nuclear medicine and radiopharmaceutical sciences, 

and 18F-labelled carbohydrates have contributed to the growth of the field of positron 

emission tomography (PET) technology.276 Maschauer and Prante277  have used CuAAC to 

couple 18F-labelled mannosyl azide precursors onto Fmoc-protected propargylglycine 

residues.  

 

Click chemistry has also been used to carry out the synthesis of antifreeze neoglycopeptides, 

whereby a trizaole-linked, α-GalNAc-containing TN antigen mimic found in antifreeze 

protein was synthesized by the Brimble group (Figure 3.4).278 CuAAC was carried out 

between both the furanose and pyranose forms of α-propargylated GalNAc and azidoalanine-

containing peptides with microwave irradiation using the CuSO4/NaAsc system to afford 

multi-glycosylated neoglycopeptides. In an alternative approach the sugar containing an 

acetylene group was clicked onto Fmoc-azidoalanine to synthesize the click building block 

that was then incorporated into the peptide backbone using Fmoc SPPS. 
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Firgure 3.4 Antifreeze neoglycopeptides synthesized by Brimble et al.278  

 

The highly chemoselective nature of CuAAC allows bioconjugation reactions at desired 

positions on macromolecules, thereby enabling post-synthetic modifications on whole 

proteins. Such post-synthetic modifications include labelling, tagging, imaging and 

enrichment. Proteins can be modified or functionalized with azido- or propargyl-groups via 

biochemical and enzyme strategies, and CuAAC can facilitate selective condensation of their 

glycosyl counterparts in order to effect glycosylation. One example is the synthesis of a 

pyrrolysine analogue with a terminal alkyne and its incorporation into calcium/calmodulin 

protein through the UAG codon (usually a “stop” codon) in recombinant E. coli for 

chemoselective CuAAC of a label to monitor conformational change.276 Another example 

introduced the use of CuAAC to carry out a facile, but unselective surface modification of 

BSA and tobacco mosaic virus with a non-fluorescent azidocoumarin derivative for 

tracking.279 In a separate study aimed at the identification of new O-GlcNAc glycosylated 

proteins, an azido-analogue of GlcNAc was incubated in cell cultures, then after cell lysis 

CuAAC allowed alkylated biotin probes to identify proteins that contained the azido-

analogue of O-GlcNAc.280  

 

The rapid and high conversion rate of click reactions allows the facile synthesis of polymeric 

artificial carbohydrate polymers (so-called glycopolymers). Nature compensates for the weak 

binding affinity between a monovalent carbohydrate ligand and receptor protein by 

expressing multiple copies of the carbohydrate recognition epitope, or multiple receptor 

binding sites on a cell surface receptor.281  Glycopolymers can therefore mimic this 

multivalent effect to be used as effectors or inhibitors of cellular processes and analytical 

tools for investigating carbohydrate-protein binding events.282 Many research groups have 

reported the synthesis of glycopolymers and polysaccharide mimics using CuAAC in a 

combinatorial fashion for rapid pharmaceutical screening.283-288  
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Multivalency has also been found to be essential to the development of anti-tumour 

vaccines.287 This involves the bioconjugation of multivalent antigenic oligosaccharides to 

polypeptides with the aim of stimulating the immune system towards a broad range of 

malignant transformations rather than one (when using monomeric antigen constructs). Some 

of these vaccine constructs have shown greater hydrolytic stability than their naturally 

occurring counterparts.289 In order to demonstrate proof-of-concept, Danishefsky et al.290 

have established the viability of click chemistry as a strategy for linking antigenic 

oligosaccharides to keyhole limpet hemocyanin (KLH) polypeptide carriers. More elaborate 

constructs with multiple repeats of carbohydrate epitopes using CuAAC have been published 

since then.290  

 

Besides the above selected examples of neoglycopeptides that utilize CuAAC to effect 

glycosylation, there are many other applications such as the preparation of cyclodextrins,291-

293 glycodendrimers,294-297 glycoclusters, carbohydrate microarrays298 and self-assembled 

monolayers,299,300 reported in the literature. 
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3.5 Investigation of CuAAC with Native Chemical Ligation 

 

As described above, one of the most utilized of the unnatural linkages is the 1,2,3-triazole 

ring formed via CuAAC. However, somewhat surprisingly, a detailed investigation of 

methods to perform click reactions between sugar azides and alkyne-containing unprotected 

peptides that contain all twenty amino acids found in proteins had not been carried out. 

Furthermore, a one-pot approach that combines native chemical ligation and click chemistry 

to yield neoglycopeptides had not been explored. Reverse phase HPLC purification of 

peptides often leads to low isolated yields despite the HPLC chromatogram showing highly 

pure crude product. Therefore, it was envisaged that combining these two chemistries would 

provide a powerful tool to synthesize neoglycopeptides by avoiding intervening work-up and 

HPLC purification steps. An excellent example of the combination of existing chemistries for 

the synthesis of neoglycoconjugates was shown by Boturyn et al.301,302 in two separate papers 

where, in the earlier paper click chemistry and oxime ligation was carried out in one-pot,301 

and then recently reported the combination of click chemistry, oxime ligation, and thioester 

condensation all successfully carried out in the same pot.302 The second year of this PhD 

research was undertaken in the Kent Laboratory at the University of Chicago with the 

intention of integrating the protein synthesis methods of Boc SPPS and NCL with click 

chemistry for the synthesis of neoglycopeptides.   

 

3.5.1 Aims 

 

In order to establish the facile synthesis of neoglycopeptides using click chemistry, it is 

imperative that the CuAAC can be carried out at any stage of the synthesis. This means that: 

(i) CuAAC between carbohydrates and amino acids bearing azide or acetylene moieties to 

form glycosyl amino acid building blocks must be achievable before peptide assembly; (ii) 

the triazole linkage within the glycosyl building blocks must be compatible with peptide 

assembly and cleavage conditions; (iii) azide or acetylene functional groups must survive 

peptide assembly and cleavage conditions; (iv) CuAAC must be compatible on-resin; and (v) 

CuAAC must be compatible with unprotected peptides and sugars in solution after cleavage 

of peptide from solid support.  

 

It had been shown from a vast number of studies that CuAAC can be used to synthesize a 

wide range of glycosyl amino acid building blocks, and that the triazole linkage is stable 
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under Fmoc SPPS conditions. It had also been shown that both the azido- and acetylene-

containing peptides could be assembled successfully using Fmoc SPPS,236 and on-resin 

CuAAC was widely used to synthesize neoglycopeptides.241 In solution, although with 

limited range of side chains, CuAAC had been shown to be compatible with unprotected 

peptides and sugars,274,290 and also compatibility of the triazole linkage with NCL conditions 

was reported.270 However, there had been no reports on the compatibility of CuAAC with 

Boc SPPS conditions, especially the stability of triazole linkage in anhydrous HF that is 

required for peptide cleavage from solid support. Furthermore, there had been limited reports 

of compatibility studies of CuAAC that included unprotected peptides with all naturally 

occurring amino acids, and also some of the important functional groups utilized in the 

synthesis of glycoproteins using native chemical ligation (e.g. peptide-thioesters, thiazolidine 

group, and S-acetamidomethyl protecting group). 

 

With the desire to contribute and explore this gap in this broad field of neoglycoprotein 

synthesis using click chemistry, we began our investigation to test the following: 

 

1) the compatibility of the acetylene group with Boc SPPS conditions (neat TFA for Boc 

deprotection, HBTU/iPr2NEt mediated coupling, and anhydrous HF at 0 oC for 

peptide cleavage); 

2) the compatibility of the trizole linkage with anhydrous HF at 0 oC after carrying out 

on-resin CuAAC; 

3) the compatibility of CuAAC with side chain functional groups of all twenty naturally 

occurring amino acids; 

4) the compatibility of CuAAC conditions with a peptide-thioester moiety, important for 

carrying out NCL; 

5) the compatibility of CuAAC with a thiazolidine (Thz) residue that is required for 

temporary protection of a C-terminal cysteine when using the convergent NCL 

strategy; 

6) the compatibility of CuAAC with an acetamidomethyl (Acm) protecting group of a 

cysteine residue, a widely used cysteine protecting group for orthogonal modification 

of proteins; 

7) the use of orthogonal NCL and CuAAC reactions in a one-pot approach, which would 

demonstrate a convenient method to access highly sophisticated assemblies of 

neoglycopeptides efficiently (Scheme 3.12). 
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Scheme 3.12 Synthetic strategy for the synthesis of a click neoglycopeptide using orthogonal NCL and CuAAC 
in a one-pot approach. 

 

To address these aims, model peptides that contain a propargyl group were synthesized. The 

synthetic approach to click neoglycopeptides using azidoalanine-containing peptides and 

sugar acetylenes was previously demonstrated by our research group,278 thus an alternative 

approach using propargylated peptides and sugar azides for synthesizing click 

neoglycopeptides needed to be investigated. Firstly, Boc-L-propargylglycine was 

enantioselectively synthesized using a proline-derived Ni(II) template following literature 

methods.303-305 For the azide coupling partner, N-acetylgalactosamine azide (GalNAc-N3) was 

chosen and synthesized. GalNAc is a common and well-studied motif for O-glycans found in 

higher eukaryotes,306 thus it was deemed a useful neoglycan for our model study. The details 

of the syntheses undertaken will be discussed in the following sections. 

 

3.5.2 Synthesis of Boc-L-propargylglycine 3.8 (Boc-L-Pra-OH) 

 

Boc-L-propargylglycine 3.8 was synthesized enantioselectively using a proline-derived Ni(II) 

template. The synthesis is outlined in Scheme 3.13. 

 

Scheme 3.13 Reagents and conditions: a)  BnCl, KOH, iPrOH, 40 oC, 6 h, 76%; b) N-Methylimidazole, MsCl, 
CH2Cl2, 0 oC, then 2-aminobenzophenone, 50 oC, overnight, 85%; c) Glycine, Ni(NO3)2.6H2O, NaH, KOH, 
MeOH, reflux, 2 h; d) 20% NaOH(aq), TBAI, CH2Cl2, propargyl bromide, rt, 1 h; e) 2 M HCl(aq), MeOH, 
reflux, 2 h, 56% from 4; f) Boc2O, iPr2NEt, rt, overnight, 53%. 
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Commercially available L-proline was N-benzylated and the N-benzyl-L-proline (BP) product 

was obtained as hydrochloric acid salt 3.9. This was then reacted with 2-aminobenzophenone 

using N-methylimidazole and mesyl chloride to afford (S)-2-[N-(N’-

benzylpropyl)amino]benzophenone (BPB) also as hydrochloric acid salt 3.10. Reaction of 

3.10 with glycine and Ni(NO3)2·6H2O using KOH and NaH as base afforded the Gly-BP-Ni 

complex 3.11 that was then ready for enantioselective alkylation. The enantioselectivity 

resulted from the benzylproline moiety, which sterically hinders the top face of the Gly-BP-

Ni template, allowing selective deprotonation and alkylation at the bottom face of the 

template. The Gly-BP-Ni complex 3.11 was stirred in 2:1 CH2Cl2/H2O containing 20% 

NaOH and propargyl bromide, aided by tetrabutylammonium iodide as the phase transfer 

catalyst. After reaction completion and purification, the obtained propargylated Ni template 

3.12 was hydrolyzed by heating under reflux in 2 M aqueous hydrochloric acid in methanol 

for 2 h. The advantage of using this template for the enantioselective alkylation is that after 

the hydrolysis the aqueous layer was washed with CH2Cl2 to extract the BPB 3.10 which 

could then be reused. The hydrolyzed L-propargylglycine 3.13 in the aqueous layer was 

purified by ion exchange chromatography using Dowex resin, then treated with Boc 

anhydride to afford Boc-L-Pra-OH 3.8 in an overall yield of 20%. This procedure amenable 

to grams scale synthesis without compromising the yield. 

 

3.5.3 Synthesis of N-Acetylgalactosamine azide 3.14 (GalNAc-N3) 

 

In eukaryoic systems, the most prevalent form of O-glycosylation is mucin-type 

glycosylation, in which GalNAc is α-O-linked to serine or threonine.306 Aberrant 

glycosylation of GalNAcα1-O-Ser/Thr induced by changed expression of 

glycosyltransferases can cause cancer development, tumour invasion and metastasis.306 

Because of the importance of this motif, we decided to use GalNAc-N3 3.14 as the azide 

sugar component in our model study. The synthesis of 3.14 is outlined in Scheme 3.14. 

 

 

Scheme 3.14 Reagents and conditions: a) Pyridine/Ac2O, DMAP, rt, 3 h; b) i. HBr/AcOH (30% (v/v)), 0 oC, 4 h, 
ii. NaN3, TBAB, rt, 1 h; 50% over 3 steps.; c) 1 M NaOMe, rt, 3 h, 96%. 
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Commercially available N-acetylgalactosamine was peracetylated using pyridine/acetic 

anhydride with catalytic DMAP to obtain 3.15 as white solid in quantitative crude yield. The 

crude peracetylated N-acetylgalactosamine 3.15 was then treated with HBr/AcOH (33% v/v) 

to yield the bromide at the C-1 position. After work-up, the crude product was stirred in 1:1 

CH2Cl2/H2O with sodium azide and tetrabutylammonium bisulfate as the phase transfer 

catalyst to yield the peracetylated N-acetylgalactosamine azide 3.16 in 50% overall yield after 

purification. This sugar azide 3.16 was then stirred in 1 M NaOMe for 3 h to afford the 

desired N-acetylgalactosamine azide 3.14 in 96% yield. This procedure was robust, 

synthetically simple, and also amenable to multigram scales. 

 

 

3.5.4 On-resin Click Chemistry and HF Cleavage 

 

In order to investigate the compatibility of the propargyl group with in situ Boc SPPS 

conditions, a model peptide XLYRAG-αCOSCH2CH2COAla (X=Pra) 3.17 was synthesized 

using in situ Boc SPPS protocol. Cleavage of the peptide using anhydrous HF at 0 oC 

afforded a pure crude product peptide that showed the correct mass (Figure 3.5). This showed 

that the propargyl group was compatible with in situ Boc SPPS conditions including HF 

cleavage. Next, on-resin click was performed using the same peptide and GalNAc-N3 as the 

azide sugar component. The click reaction was performed using CuI (2 eq) and iPr2NEt in 

DMF with GalNAc-N3 3.14 (1.5 eq) at rt overnight. The resin was washed with DMF and 

CH2Cl2 then dried, and cleaved using anhydrous HF at 0 oC with p-cresol (5% v/v) for 1 h. 

Pleasingly, the major product observed by LC-MS was the desired clicked neoglycopeptide 

product 3.18 with minimal by-products (Figure 3.5). This result showed that the 1,2,3-triazole 

linkage was stable under HF cleavage conditions, and thus CuAAC could be carried out on-

resin to construct neoglycopeptides using in situ Boc SPPS. Furthermore, another important 

finding was the stability of the thioester moiety to CuAAC conditions. However, the major 

disadvantage of this approach is that monitoring of the reaction required treatment of resin 

samples with anhydrous HF, and to do this more than 10 mg of product resin is required 

which is wasteful, hence this is an inefficient and inconvenient method to monitor the click 

reaction. For these reasons, although on-resin click chemistry certainly provides an option for 

neoglycopeptide synthesis using Boc SPPS, CuAAC in solution using unprotected peptides 

and sugars is the desired approach. 
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Figure 3.5 Analytical LC-MS traces for the on-resin click reaction using peptide 3.17 and GalNAc-N3 3.14: A) 
The crude peptide 3.17 after HF cleavage (observed: [M+H]+= 834.1 Da, calculated: 834.0 Da); B) Crude 
neoglycopeptide 3.18 after on-resin click reaction and HF cleavage (observed: [M+H]+= 1080.2 Da, calculated: 
1080.2 Da). The analytical RP-HPLC was carried out using an analytical column (Microsorb C18, 300 Å, 2.0 
mm x 50 mm; 3 µm) using a gradient of 1-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 
0.1% TFA in acetonitrile). 
 

3.5.5 Model Peptides for Native Chemical Ligation and CuAAC studies 

 

In order to investigate the compatibility of CuAAC with side chains of all naturally occurring 

amino acids, as well as the compatibility with Acm and Thz moieties, three different 

propargyl-containing model peptides 3.19-3.21 were designed and synthesized (Figure 3.6). 

These three peptides were synthesized using in situ Boc SPPS from Boc-L-Ala-Pam resin 

(1.036 mmol/g), and contained all twenty genetically encoded amino acids found in proteins, 

a thioester moiety, a Thz- moiety, and a Cys(Acm) residue. 

 

The Thz11-Pra18-Ala22-αCOOH peptide 3.20 was synthesized in order to test the compatibility 

of CuAAC conditions with the thiazolidine group. To effect the convergent synthesis of 

proteins, it is important for the Thz group to be intact, so that it can be converted to a cysteine 

residue when it is necessary to carry out the next ligation. The Cys11-Cys(Acm)14-Pra19-Ala23-
αCOOH peptide 3.21 was synthesized to investigate the stability of the Acm protecting group 

under CuAAC conditions. Orthogonal protection of cysteines is important for the total 
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chemical synthesis of proteins, especially during the stage of folding. There are several 

protecting groups for cysteines used for both Fmoc and Boc SPPS, and Acm group is one of 

the most widely used. Hence, it was important to investigate the stability of the Acm group in 

CuAAC conditions. These Thz- and Cys-peptides, 3.20 and 3.21, respectively, were designed 

so that when ligated with the thioester peptide Phe1-Pra9-Ser10-αCOSCH2CH2Ala 3.19, the 

ligated peptide product would contain all twenty genetically encoded amino acids as well as 

the clicked GalNAc. The successful synthesis of the clicked, ligated neoglycopeptide product 

would show that CuAAC is compatible with all side chain functional groups of amino acids. 

The LC-MS chromatograms are shown in Figure 3.7-Figure 3.9. 

H2N-Phe1-Tyr-Pro-Asn-Gln-Thr-Met-Glu-Pra9-Ser10-ααααCOSCH2CH2Ala [Phe1-Pra9-Ser10-ααααCOSCH2CH2Ala]

Peptide-thioester 3.19

Thz-peptide 3.20

H-Thz11-Ile-Asp-His-Lys-Trp-Leu-Pra18-Arg-Val-Gly-Ala22-ααααCOOH [Thz11-Pra18-Ala22-ααααCOOH]

Cys-peptide 3.21

H2N-Cys11-Ile-Asp-Cys14-His-Lys-Trp-Leu-Pra19-Arg-Val-Gly-Ala23-ααααCOOH

[Cys11-Cys(Acm)14-Pra19-Ala23-ααααCOOH]

S N
H

O

 

Figure 3.6 Model propargylglycine-containing peptides prepared via in situ Boc SPPS. 

 

Phe
1
-Pra

9
-Ser

10
-ααααCOSCH2CH2Ala 3.19 

 

 
Figure 3.7 Analytical LC-MS traces for Phe1-Pra9-Ser10-αCOSCH2CH2Ala 3.19: A) The crude peptide after in 

situ Boc SPPS and HF cleavage; B) Purified peptide (observed: [M+H]+= 1370.8 Da, calculated: 1371.5 Da). 
The analytical RP-HPLC was carried out using an analytical column (Microsorb C18, 300 Å, 2.0 mm x 50 mm; 3 
µm) using a gradient of 1-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in 
acetonitrile). 
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Thz
11

-Pra
18

-Ala
22

-ααααCOOH peptide 3.20 

 

 
Figure 3.8 Analytical LC-MS traces for Thz11-Pra18-Ala22-αCOOH peptide 3.20: A) The crude peptide after in 

situ Boc SPPS and HF cleavage; B) Purified peptide (observed: [M+H]+= 1405.5 Da, calculated: 1405.7 Da). 
The analytical RP-HPLC was carried out using an analytical column (Microsorb C18, 300 Å, 2.0 mm x 50 mm; 3 
µm) using a gradient of 1-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in 
acetonitrile). 

 

 

Cys
11

-Cys(Acm)
14

-Pra
19

-Ala
23

-ααααCOOH peptide 3.21 

 

 
Figure 3.9 Analytical LC-MS traces for Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH peptide 3.21: A) The crude 
peptide after in situ Boc SPPS and HF cleavage; B) Purified peptide (observed: [M+H]+= 1567.4 Da, calculated: 
1567.9 Da). The analytical RP-HPLC was carried out using an analytical column (Microsorb C18, 300 Å, 2.0 
mm x 50 mm; 3 µm) using a gradient of 1-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 
0.1% TFA in acetonitrile). 
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3.5.6 Investigation of CuAAC conditions using Thz
11

-Pra
18

-Ala
22

-ααααCOOH peptide 

3.20 and GalNAc-N3 3.14 

 

As briefly mentioned in section 3.4.2, the Cu(I) catalyst can be added in the form of Cu(I) 

salts, such as CuI, or Cu(II) salts in combination with reducing agents such as NaAsc and 

TCEP.241 Often when adding Cu(I) salts directly into the reaction mixture the solvent must be 

thoroughly degassed of oxygen to minimize oxidation of the Cu(I) species and prolong the 

catalytic activity. Therefore the Cu(II) salt/NaAsc approach has been more widely used in 

solution because the reducing agent keeps the copper catalyst in the Cu(I) form and renders it 

less sensitive to oxidation. For the present work, it was decided to focus on the three most 

widely used conditions found in literature: (1) the CuI/iPr2NEt method; (2) the CuSO4/NaAsc 

method; and (3) the CuSO4/TCEP method.241 We also wanted to compare the efficiency of 

click reactions between using catalytic amounts (10% mol of the Cu(I)) and stoichiometric 

amounts (100% mol of the Cu(I)). Table 3.1 summarizes the CuAAC conditions that were 

investigated using Thz11-Pra18-Ala22-αCOOH peptide 3.20 and GalNAc-N3 3.14. 

 

Method Solvent  Relative Cu(I) 
conc. to peptide Results 

CuI/iPr2NEt DMF 0.1 No reaction 

CuI/iPr2NEt 

 

CuSO4/NaAsc 

CuSO4/NaAsc 

 

CuSO4/TCEP 

CuSO4/TCEP 

DMF 

 

1:1 H2O:MeOH 

1:1 H2O:MeOH 

 
6 M GnHCl/0.2 M 
Na2HPO4 buffer, pH 7 
6 M GnHCl/0.2 M 
Na2HPO4 buffer, pH 7 

1.0 

 

0.1 

1.0 

 

0.1 

1.0 

Complex mixture 

 

No reaction 

Complex mixture 

 

No reaction 

Complex mixture 

Table 3.1 Click reaction conditions carried out using Thz11-Pra18-Ala22-αCOOH peptide 3.20 and GalNac-N3 
3.14 (1.5 eq of peptide). 
 

Disappointingly, all conditions failed to give satisfactory results (Figure 3.10). Reactions with 

catalytic amounts (10% mol) of Cu(I) did not show any change even after 12 h at room 

temperature. When stoichiometric amounts (100% mol) of Cu(I) were added, changes in the 

HPLC profile were observed after 2.5 h. However, the HPLC profiles were complex, and 

analysis of the MS data failed to show any of the desired clicked neoglycopeptide 3.22. 
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Interestingly, a mass loss of 12 Da was observed which was indicative of Thz to Cys 

conversion. This was observed at greatest extents when CuSO4/TCEP was used. It was 

postulated that the Thz group was not stable under CuAAC conditions using stoichiometric 

amounts of Cu(I), and it was also suspected that TCEP was a contributing factor to this 

instability. 

 

 
Figure 3.10 Analytical LC-MS traces for 3 different click reaction conditions using Thz11-Pra18-Ala22-αCOOH 
peptide 3.20 and GalNAc-N3 3.14. In all reactions 100% mol of Cu(I) was used. A) Reaction profile at t=2.5 h 
using CuI/DIEA; B) Reaction profile at t=2.5 h using CuSO4/NaAsc; C) Reaction profile at t=2.5 h using 
CuSO4/TCEP. 1391.5 Da suggests Thz- to Cys- conversion. In all cases a very complex mixture was obtained 
when click reactions were carried out using this peptide and GalNAc-N3. The analytical RP-HPLC was carried 
out using an analytical column (Microsorb C18, 300 Å, 2.0 mm x 50 mm; 3 µm) using a gradient of 1-65 % 
buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 
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3.5.7 Compatibility of Thz group with CuAAC conditions using Thz
11

-Pra
18

-Ala
22

-

ααααCOOH peptide 3.20 and GalNAc-N3 3.14 

 

The Thz to Cys conversion typically occurs using methoxylamine hydrochloride 

(MeONH2·HCl) at acidic pH (~ 4).307 The proposed mechanism for this reaction is described 

in Scheme 3.15. After protonation at the sulfur atom, formation of an iminium ion results in 

the release of a free thiol. Methoxylamine then adds to the sp2 carbon to afford the amine, and 

then formation of an oxime generates the free amine to yield a cysteine residue at the N-

terminus. 

 

 

Scheme 3.15 Proposed mechanism of Thz- to Cys- conversion using MeONH2·HCl. 

 

In the case of the Thz- to Cys- conversion under CuAAC, it postulated that the Cu(I) strongly 

coordinates to the sulfur atom initially, to form the imine. However, the mechanism of this 

reaction from this point is still unclear.  

 

In order to test whether Cu(I) truly facilitates the Thz- to Cys- conversion, the Thz11-Pra18-

Ala22-αCOOH peptide 3.20 was stirred with CuSO4/TCEP (Figure 3.11). Interestingly, the 

peptide showed extensive Thz- to Cys- conversion under CuSO4/TCEP (20 mM for both) 

conditions, to form the Cys-peptide 3.23. Therefore, this supported the hypothesis that Cu(I) 

causes a Thz residue to undergo conversion into a Cys residue at neutral pH. This observation 

could provide an alternative method for converting a Thz-peptide into a Cys-peptide when 

use of acidic conditions as in the use of methoxylamine hydrochloride may not be appropriate. 

 

Nevertheless, the fact that no clicked product was visible despite using stoichiometric 

amounts of Cu(I) was disappointing. It was thought that the Cu(I) catalyst may be 

coordinating to some of the side chains of the unprotected peptide thus being sequestered 
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from the reaction, hence an excess of Cu(I) catalyst was needed for the click reaction to be 

successful. We also anticipated that if enough Cu(I) catalyst was present, both the Thz- to 

Cys- conversion and the click reaction might occur simultaneously in one-pot. 

 

 
Figure 3.11 Reaction profile when Thz11-Pra18-Ala22-αCOOH 3.20 was reacted with CuSO4/TCEP (20 mM for 
both) for 1 h at room temperature. 1393.0 Da is indicative of the converted Cys-peptide 3.23. The analytical RP-
HPLC was carried out using an analytical column (Microsorb C18, 300 Å, 2.0 mm x 50 mm; 3 µm) using a 
gradient of 1-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 
 

 

Several trials of different peptide:Cu(I) ratio were explored in different solvent systems. 

Pleasingly, it was found that use of a 3 mM:20 mM peptide:Cu(I) ratio was found to be 

optimum for both the Thz- to Cys- conversion and the click reaction to occur. Furthermore, it 

was interesting to note that the ligation buffer, 6 M GnHCl/0.2 M Na2HPO4 buffer at pH 7, 

was the best solvent for carrying out these reactions in one-pot. The Thz11-Pra18-Ala22-
αCOOH peptide 3.20 (3 mM) was dissolved in 6 M GnHCl/0.2 M Na2HPO4 buffer and the pH 

adjusted to 7. CuSO4 (20 mM) and TCEP (30 mM) were added followed by GalNAc-N3 3.14 

(20 mM) and the reaction was monitored by LC-MS. After 1 h at room temperature 

quantitative conversion of starting peptide into the desired clicked neoglycopeptide 3.24 with 

an N-terminal cysteine was observed by LC-MS (Figure 3.12). This result proved that the 

click reaction cannot be used to directly make a Thz-neoglycopeptide from a propargyl-

containing Thz-peptide. However, a one-pot Thz- to Cys- conversion and click reaction can 

be successfully carried out without the need for methoxylamine hydrochloride treatment, 

allowing the resulting Cys-neoglycopeptide to directly undergo further NCL if necessary.  
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Figure 3.12 Reaction profile when Thz11-Pra18-Ala22-αCOOH 3.20 was reacted with GalNAc-N3 3.14 (20 mM) 
using CuSO4 (20 mM) and TCEP (30 mM) in 6 M GnHCl/0.2 M Na2HPO4 buffer at pH 7 for 1 h at room 
temperature. The reaction proceeded quantitatively to afford the clicked Cys-neoglycopeptide 3.24 (observed: 
[M+H]+= 1639.3 Da, calculated: 1638.9 Da). The analytical RP-HPLC was carried out using an analytical 
column (Microsorb C18, 300 Å, 2.0 mm x 50 mm; 3 µm) using a gradient of 1-65 % buffer B over 30 min 
(buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 
 

3.5.8 Compatibility of Acm group with CuAAC conditions using Cys
11

-

Cys(Acm)
14

-Pra
19

-Ala
23

-ααααCOOH peptide 3.21 and GalNAc-N3 3.14 

 

Having discovered the optimum conditions for carrying out CuAAC on the Thz11-Pra18-

Ala22-αCOOH peptide 3.20, we investigated the stability of an S-acetamidomethyl group used 

for protection of cysteine. The S-(acetamidomethyl)cysteine derivative is prepared by 

straightforward acid-catalyzed reaction of cysteine with N-(hydroxymethyl)acetamide, which 

in turn is accessed from acetamide and formaldehyde (Scheme 3.15).308  

 

OH2N
H

O

H2N CO2H

HS

H2N CO2H

S
H
N

O

Acm

 

 

Scheme 3.15 Protection of the thiol moiety of cysteine with acetamidomethyl protecting group. 

 

There are contradictory reports about the stability of the Acm group upon exposure to strong 

acids. Partial cleavage has been reported after treatment with HF309 and even TFA.310 The 

type of scavenger used also seems to play an important role.310 Nevertheless, the many 

successful syntheses of multiple cysteine peptides in solution and on solid support confirm 

that the Acm group for protection of cysteines is resistant to acid- or base-promoted Nα-

deprotections, as well as the final TFA- or HF-mediated resin cleavage. Therefore, this 
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protecting group is compatible with both Boc and Fmoc SPPS, hence is one of the most 

widely used protecting groups for cysteines. Typically, removal of Acm group is achieved 

with metal ions such as mercury(II) or silver(I) in acidic aqueous media.311 The latter has 

been used more widely as mercury(II) can cause side reactions with Trp.312 Because CuAAC 

utilizes a heavy metal ion, Cu(I), it was deemed necessary that the stability of Acm groups 

towards Cu(I) be investigated. 

 

To investigate the effect of CuAAC conditions on Acm stability, three different reactions 

using the Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH peptide 3.21 were carried out:  

(1) the peptide (3 mM) was stirred in 6 M GnHCl/0.2 M Na2HPO4 buffer at pH 7 with 

CuSO4 (20 mM) and TCEP (20 mM);  

(2) the peptide (3 mM) was stirred in 6 M GnHCl/0.2 M Na2HPO4 buffer at pH 7 with 

CuSO4 (20 mM) only; 

(3) the peptide (3 mM) was stirred in 6 M GnHCl/0.2 M Na2HPO4 buffer at pH 7 with 

CuSO4 (20 mM), TCEP (20 mM) and GalNAc-N3 3.14 (4.5 mM). 

 

Reactions (1) and (2) were run for 24 h at room temperature. In Reaction (1), less than 50% 

of starting peptide remained, and two other products were visible by LC-MS (Figure 3.13A). 

One peak corresponded to a mass loss of 71 Da from the starting peptide, which was 

indicative of Acm deprotection. Interestingly, the other major peak showed a mass gain of 71 

Da from the starting peptide, which suggested that the removed Acm was transferred 

somewhere on the peptide. Nevertheless, this proved that, over extended time periods, Cu(I) 

caused side reactions with an S-Acm containing peptide. The proposed deprotection 

mechanism is outlined in Scheme 3.16. After coordination of Cu(I) to the sulfur atom, the 

amide lone pair of electrons would shift to form an imine. Water then adds to the imine to 

yield an N-(hydroxymethyl)acetamide which is the reagent used to prepare the S-

acetamidomethyl moiety.  

 

Scheme 3.16 Proposed mechanism for Acm deprotection. 
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Reaction (2) was carried out to investigate the effects (if any) of Cu(II) ions on the stability of 

Acm groups. Pleasingly, no Acm removal was observed by LC-MS and a major product was 

observed that corresponded to a gain of 32 Da from the starting peptide (Figure 3.13B). 

Although the identity of this product remained uncertain, one possible explanation could be 

that somewhere in the peptide sequence oxidation occurred that resulted in the gaining of two 

oxygen atoms. 

 

 
Figure 3.13 Analytical LC-MS traces for Acm stability reactions using Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH 
peptide 3.21. A) After stirring with Cu(I) for 24 h, less than 50% of the starting peptide remained. 1495.7 Da 
was indicative of a des-Acm peptide, and 1637.7 Da was indicative of a peptide with an extra Acm group; B) 
After stirring with Cu(II) for 24 h, no Acm removal was observed. A product peak showing a gain of 32 Da was 
observed. The analytical RP-HPLC was carried out using an analytical column (Microsorb C18, 300 Å, 2.0 mm x 
50 mm; 3 µm) using a gradient of 1-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% 
TFA in acetonitrile). 
 

With the instability of Acm group with Cu(I) in mind, Reaction (3) was carried out to 

investigate whether the CuAAC reaction in the presence of GalNAc-N3 3.14 had any effect 

on the extent of Acm removal. Surprisingly, even after 24 h at room temperature, the desired 

clicked Acm-neoglycopeptide 3.25 was obtained and the des-Acm-neoglycopeptide product 

was observed in less than 5% shown by HPLC (Figure 3.14). From these results it was 

concluded that although Cu(I) was shown to cause deprotection of Acm group, it was 

possible to carry out the click reaction in presence of Acm as the rate of Acm removal was 

significantly slower than the rate of the click reaction. However, the possibility of different 

rates and extents of Acm deprotection depending on different peptide sequences and CuAAC 

conditions cannot be ignored. 
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Figure 3.14 Analytical LC-MS traces for Reaction 3 between Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH peptide 
3.21 and GalNAc-N3 3.14: A) Starting peptide 3.21; B) Reaction profile after 24 h at room temperature. The 
major product peak corresponds to the desired clicked neoglycopeptide 3.25 (observed: [M+H]+= 1813.8 Da, 
calculated 1813.1 Da). 1742.7 Da is indicative of clicked des-Acm neoglycopeptide. The analytical RP-HPLC 
was carried out using an analytical column (Microsorb C18, 300 Å, 2.0 mm x 50 mm; 3 µm) using a gradient of 
1-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 
 

3.5.9 Comparison of the three most common CuAAC conditions using Cys
11

-

Cys(Acm)
14

-Pra
19

-Ala
23

-ααααCOOH peptide 3.21 and GalNAc-N3 3.14 

 

Having probed the Thz and Acm compatibility with CuAAC conditions, a comparison of the 

three most common CuAAC conditions for carrying out click reactions with GalNAc-N3 3.14 

on unprotected peptide Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH 3.21 was next carried out. All 

reactions were performed at room temperature and monitored by LC-MS. 

 

The three reactions carried out are outlined below: 

 

(1) CuI/iPr2NEt: The peptide 3.21 (3 mM) and GalNAc-N3 3.14 (4.5 mM) were dissolved 

in a degassed solution of DMF containing CuI (20 mM) and iPr2NEt (30 mM); 

(2) CuSO4/NaAsc: The peptide 3.21 (3 mM) and GalNAc-N3 3.14 (4.5 mM) were 

dissolved in a degassed solution of 1:1 H2O/MeCN containing CuSO4 (20 mM) and 

NaAsc (30 mM); 
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(3) CuSO4/TCEP: The peptide 3.21 (3 mM) and GalNAc-N3 3.14 (4.5 mM) were 

dissolved in a degassed solution of 6 M GnHCl/0.2 M Na2HPO4 buffer at pH 7 with 

CuSO4 (20 mM) and TCEP (30 mM). 

 

CuAAC using the CuI/iPr2NEt conditions only yielded 40% of the desired neoglycopeptide 

product 3.25 after 12 h (Figure 3.15B). This may be due to the high susceptibility of the Cu(I) 

species to oxidation despite degassing the solvent. Although iPr2NEt is reported to stabilize 

the Cu(I) species to a certain extent, the slow and incomplete reaction observed using these 

conditions suggest difficulties keeping Cu(I) in the reduced form to enable catalysis of the 

CuAAC reaction. 

 

The CuSO4/NaAsc conditions gave a much more satisfactory result. The desired 

neoglycopeptide 3.25 was obtained in greater than 85% purity in an acceptable time period of 

4 h (Figure 3.15C). The main by-products of this reaction were clicked neoglycopeptide with 

an additional mass of 16 Da, which was indicative of oxidation possibly at a Met residue, and 

a des-Acm neoglycopeptide indicated by a loss of 71 Da.  

 

The CuSO4/TCEP conditions proved to be the superior method among the three conditions 

evaluated. In this case the desired clicked neoglycopeptide 3.25 was obtained in greater than 

95% purity after 3 h (Figure 3.15D). The high purity allowed easy purification of the peptide 

by HPLC to afford a 45% isolated yield (Figure 3.15E). Use of these conditions showed that 

CuAAC was compatible with all the side chains of amino acids present in this peptide. 
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Figure 3.15 Analytical LC-MS traces for comparison study of three most common click reaction conditions 
carried out using Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH peptide 3.21 and GalNAc-N3 3.14: A) starting peptide 
3.21; B) the CuI/iPr2NEt method showed less than 40% conversion at 12 h; C) the CuSO4/NaAsc method 
showed a major peak that corresponded to the desired click neoglycopeptide 3.25 after 4 h; D) the CuSO4/TCEP 
method showed nearly quantitative conversion into the desired click neoglycopeptide 3.25 after 3 h (observed: 
[M+H]+= 1813.1 Da, calculated: 1813.1 Da); E) purified click neoglycopeptide product 3.25. The analytical RP-
HPLC was carried out using an analytical column (Microsorb C18, 300 Å, 2.0 mm x 50 mm; 3 µm) using a 
gradient of 1-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 
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3.5.10 Comparison of the two best CuAAC conditions using Phe
1
-Pra

9
-Ser

10
-

ααααCOSCH2CH2Ala peptide 3.19 and GalNAc-N3 3.14 

 

The two best conditions from the previous study using Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH 

3.21 were CuSO4/NaAsc and CuSO4/TCEP involving in situ reduction of the Cu(II) salts into 

Cu(I) salts in the presence of reducing agents. These two CuAAC conditions were next used 

to compare the efficiency of the CuAAC reaction using the thioester peptide Phe1-Pra9-Ser10-
αCOSCH2CH2Ala 3.19. The two reactions carried out are outlined below: 

 

(1) CuSO4/NaAsc: The peptide 3.19 (3 mM) and GalNAc-N3 3.14 (4.5 mM) were 

dissolved in a degassed solution of 1:1 H2O/MeCN containing CuSO4 (20 mM) and 

NaAsc (30 mM); 

(2) CuSO4/TCEP: The peptide 3.19 (3 mM) and GalNAc-N3 3.14 (4.5 mM) were 

dissolved in a degassed solution of 6 M GnHCl/0.2 M Na2HPO4 buffer at pH 7 with 

CuSO4 (20 mM) and TCEP (30 mM). 

 

Interestingly, even after 1 h there was no change when both reaction conditions were carried 

out at room temperature. Therefore, the temperature was raised to 35 oC and within 1 h the 

formation of the desired neoglycopeptide product 3.26 was observed by LC-MS. Reaction (1) 

proceeded at a slow rate, showing completion in 8 h with greater than 85% purity (Figure 

3.16B). By comparison, the CuSO4/TCEP conditions also proved to be the superior method, 

showing complete conversion into the desired neoglycopeptide product in 6 h in greater than 

95% purity (Figure 3.16C) and in 48% isolated yield (Figure 3.16D). The requirement of an 

elevated temperature reflects that the rate and efficiency of CuAAC reactions, like most 

chemical reactions, differ depending on the substrates, in this case peptide sequences, thus 

optimization may be necessary for different peptides. 
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Figure 3.16 Analytical LC-MS traces for comparison study of three most common click reaction conditions 
carried out using Phe1-Pra9-Ser10-αCOSCH2CH2Ala peptide 3.19 and GalNAc-N3 3.14: A) starting peptide 3.19; 
B) the CuSO4/NaAsc method showed a major peak that corresponded to the desired click neoglycopeptide 3.26 
after 8 h at 35 oC; C) the CuSO4/TCEP method showed nearly quantitative conversion into the desired click 
neoglycopeptide 3.26 after 6 h at 35 oC (observed: [M+H]+=1616.6 Da, calculated: 1616.7 Da); D) purified click 
neoglycopeptide product 3.26. The analytical RP-HPLC was carried out using an analytical column (Microsorb 
C18, 300 Å, 2.0 mm x 50 mm; 3 µm) using a gradient of 1-65 % buffer B over 30 min (buffer A= 0.1% TFA in 
H2O; buffer B= 0.1% TFA in acetonitrile). 
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3.5.11 The Investigation of “One-pot CuAAC and Native Chemical Ligation” using 

Phe
1
-Pra

9
-Ser

10
-ααααCOSCH2CH2Ala 3.19, Cys

11
-Cys(Acm)

14
-Pra

19
-Ala

23
-ααααCOOH 3.21 and 

GalNAc-N3 3.14 

 

The results reported above showed that click reactions with GalNAc-N3 can be successfully 

carried out on unprotected propargyl-containing peptides that contain all the twenty amino 

acids found in proteins, using high concentrations of CuSO4 and TCEP, in 6 M GnHCl/0.2 M 

Na2HPO4 buffer at pH 7. This was an interesting and welcoming discovery, as these are the 

same reaction buffer conditions used for native chemical ligation reactions between a 

peptide-thioester and a Cys-peptide. Furthermore, TCEP is a common additive in NCL 

reactions in order to avoid the formation of mixed disulfides between the 4-

mercaptophenylacetic acid (MPAA) catalyst and cysteine-containing reactant/product 

peptides.64 We therefore postulated that it should be possible to devise conditions under 

which consecutive NCL and CuAAC reactions could be carried out in a one-pot fashion, 

without intervening isolations. 

 

With this aim in mind, the peptide-thioester Phe1-Pra9-Ser10-αCOSCH2CH2Ala 3.19 (3 mM) 

and Cys-peptide Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH 3.21 (3 mM) were dissolved in a 

degassed solution of 6 M GnHCl/0.2 M Na2HPO4 buffer containing TCEP (40 mM). MPAA 

(20 mM) was added and the pH was adjusted to 7.0 and the reaction was monitored by LC-

MS. The ligated product 3.27 was detected within 5 min (Figure 3.17A), and the reaction was 

allowed to proceed to completion (overnight). Upon completion of the NCL (Figure 3.17B), 

CuSO4 (20 mM) was added to the reaction mixture, followed by GalNAc-N3 3.14 (9 mM). 

Within 2 h at room temperature more than 50% of the starting ligated peptide was converted 

into the desired double-clicked neoglycopeptide product 3.28, and two different single-

clicked neoglycopeptide intermediate peptides were also observed (Figure 3.17C). After 6 h 

the reaction was complete (Figure 3.17D), and the desired 23 amino acid, double-clicked 

neoglycopeptide product 3.28 was readily purified by reverse phase HPLC (Figure 3.17E). It 

was pleasing to see that the thiol catalyst did not hinder the click reaction, and that NCL and 

CuAAC were compatible with each other allowing the ligated neoglycopeptide to be obtained 

without any intermediate purification. 
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Figure 3.17 Analytical LC-MS traces for the one-pot NCL and CuAAC reaction using Phe1-Pra9-Ser10-
αCOSCH2CH2Ala 3.19 and Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH 3.21: A) NCL t= 5 min. Peak 1 corresponds 
to 3.19 and Peak 2 corresponds to 3.21. Peak 3 is the ligated product peptide 3.27; B) NCL t= 16 h. NCL was 
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completed quantitatively to give the ligated product peptide 3.27 (observed: [M+2H]2+= 1380.7 Da, calculated: 
1381.1 Da); C) CuAAC t= 2 h. Peak 1 is the desired double-clicked neoglycopeptide product 3.28, peaks 2 and 
3 are single-clicked products at different sites, and peak 4 is the starting ligated peptide 3.27; D) CuAAC t= 6 h. 
The desired double-clicked neoglycopeptide product 3.28 was produced in near quantitative yield (observed: 
[M+2H]2+= 1627.0 Da, calculated: 1627.3 Da); E) purified double-clicked neoglycopeptide product 3.28. 

 

3.6 Conclusion and Summary 

 

The investigations described above showed that the two ligation chemistries, native chemical 

ligation and CuAAC, were fully compatible. CuAAC was found to be compatible with in situ 

Boc SPPS conditions, and the triazole linkage between the sugar and peptide survived the 

harsh HF treatment during peptide cleavage from the resin. The optimized click conditions 

developed in these studies were fully compatible with all twenty genetically encoded amino 

acids, an N-terminal cysteine, a peptide-thioester moiety, and a Cys(Acm) residue, all of 

which are important for chemical protein synthesis by native chemical ligation. Finally, 

native chemical ligation and click chemistry have been successfully combined to effect an 

efficient one-pot synthesis of a neoglycopeptide containing two sugars, starting from three 

unprotected building blocks (two peptides and a sugar azide). We anticipate that these 

findings will provide a versatile chemical toolkit for the fully convergent synthesis of 

neoglycoproteins using click chemistry, native chemical ligation, and kinetically controlled 

ligation.  
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3.7 Experimental Data 

 

3.7.1 General Information 

 

All reagents were purchased as reagent grade and used without further purification. 

Analytical thin layer chromatography was performed using 0.2 mm plates of Kieselgel F254 

(Merck) and compounds were visualised by ultra-violet fluorescence or by staining with 4% 

sulphuric acid in ethanol or ethanolic ninhydrin solution (0.3% ninhydrin in ethanol + 1% v/v 

acetic acid), followed by heating the plate for a few minutes. Flash chromatography was 

performed using Kieselgel F254 S 0.063-0.1 mm (Riedel de Hahn) silica gel with indicated 

solvents. Infrared spectra were obtained using a Perkin Elmer Spectrum One Fourier 

Transform infrared spectrometer as a thin film between sodium chloride plates. Absorption 

maxima are expressed in wave numbers (cm-1) with the following abbreviations: s = strong, 

m = medium, w = weak, br = broad and v = varying. Optical rotations were determined at the 

sodium D line (589 nm) at 20 °C with a Perkin-Elmer 341 polarimeter and are given in units 

of 10-1deg cm2 g-1. Nuclear magnetic resonance (NMR) spectra were recorded as indicated on 

either a Bruker AVANCE DRX300 (1H, 300 MHz, 13C, 75 MHz) or Bruker AVANCE 

DRX400 spectrometer (1H, 400 MHz, 13C, 100 MHz). Chemical shifts are reported in parts 

per million (ppm) relative to the tetramethylsilane signal recorded at δH 0.00 ppm in 

CDCl3/SiMe4 solvent or were referenced to the residual water signal at δH 4.79 ppm in D2O 

solvent. The 13C values were referenced to the residual chloroform signal at δC 77.0 ppm in 

CDCl3/SiMe4 solvent. 1H NMR shift values are reported as chemical shift (δH), relative 

integral, multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet; br s, broad singlet; dd, 

doublet of doublets, ddd, doublet of doublets of doublets), coupling constant (J in Hz) and 

assignments. 13C values are reported as chemical shift (δC), degree of hybridisation and 

assignment. 

 

3.7.2 Synthesis of N-acetylgalactosamine azide (GalNAc-N3) 3.14 

 

2-Acetamido-3, 4, 6-tri-O-acetyl-2-deoxy-β-D-galactopyranosyl azide 3.16
313

 

N-Acetylgalactosamine (2.15 g, 9.76 mmol) was stirred in dry pyridine (10 mL) and cooled 

to 0 oC. Acetic anhydride (7 mL) and DMAP (0.012 g, 0.10 mmol) were added and the 

reaction mixture was left to stir at room temperature for 3 h. The reaction mixture was then 
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diluted with dichloromethane, washed with 1 M aqueous hydrochloric acid, saturated sodium 

bicarbonate solution, and the organic layer was dried with anhydrous MgSO4 then 

concentrated in vacuo to afford peracetylated galactosamine 3.15 as a white solid. This crude 

product (3.80g, 9.76 mmol) was then added to a solution of HBr/AcOH (33% (v/v), 25 mL) 

that was pre-cooled to 0 oC, and the reaction mixture was stirred at 0 oC for 4 h. The reaction 

mixture was then diluted with dichloromethane and washed consecutively with ice-cold water, 

10% sodium bicarbonate solution, saturated sodium bicarbonate solution and brine. The 

organic layer was dried with anhydrous MgSO4 and concentrated in vacuo to afford crude 

peracetylated galactosamine bromide as an oil. This crude product was immediately dissolved 

in dichloromethane (40 mL), then sodium azide (1.84 g, 28.3 mmol) in water (40 mL) and 

tetrabutylammonium bisulphate (3.15 g, 9.30 mmol) were added. After vigorous stirring at 

room temperature for 1 h, the reaction mixture was extracted with dichloromethane and the 

organic layer was dried with anhydrous MgSO4 then concentrated in vacuo.314 The crude 

product was purified by silica gel flash chromatography to afford the title compound 3.16 as 

an off-white solid (1.97 g, 4.88 mmol, 50% over 3 steps).  1H NMR data was identical to that 

reported in the literature.313 1H NMR (400 MHz, CDCl3): δ 6.30 (d, J = 8.7, 1H), 5.35-5.22 

(m, 2H), 4.79 (m, 1H), 4.03 (m, 4H), 2.12 (s, 3H), 2.01 (s, 3H), 1.96 (s, 3H). 

 

N-Acetylgalactosamine azide 3.14
313,314

 

3,4,6-Tri-O-acetyl-2-acetamido-galactopyranosyl azide 3.16 (0.44 g, 1.07 mmol) was stirred 

in 1 M NaOMe (3 mL) for 3 h. The solution was neutralized with Dowex H+ resin, then the 

solution filtered and the filtrate concentrated in vacuo to afford the title compound 3.14 as 

pale-yellow solid (0.25 g, 1.03 mmol, 96%). 1H NMR data was identical to that reported in 

the literature.313,314 1H NMR (400 MHz, MeOD): δ 4.75 (br s, 3H), 4.27 (d, J = 9.2 Hz, 1H), 

3.85 (m, 1H), 3.69 (s, 1H), 3.54-3.40 (m, 4H), 1.83 (s, 3H). 

 

3.7.3 Synthesis of N-Boc-L-propargylglycine 3.8 

 

N-Benzyl-L-proline (BP) hydrochloride 3.9
305

  

A suspension of L-proline (18.0 g, 156 mmol) and potassium hydroxide (33.3 g, 593 mmol) 

in isopropanol (150 mL) was heated at 40 oC until mostly dissolved. Benzyl chloride (27.6 

mL, 239 mmol) was added dropwise during which the internal temperature rose to 70 oC. The 

addition was stopped, the reaction flask placed in an ice bath until an internal temperature of 

40 oC had been obtained, and then the addition continued at 40 oC. The pale-yellow 
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suspension was stirred at 40 oC for 6 h, cooled to room temperature and neutralized with 37% 

HCl(aq) until pH 4 had been obtained. Dichloromethane was added, the suspension stored 

overnight at 0 oC and the resulting solid was removed by filtration.  The filtrate was 

concentrated in vacuo, suspended in acetone, the solid filtered and air dried to give the title 

compound 3.9 as an off-white solid (28.9 g, 119 mmol, 76%). 1H NMR data was identical to 

that reported in the literature.305 1H NMR (300 MHz, D2O): δ 7.42 (br s, 5H), 4.28-4.39 (m, 

2H), 4.06-4.12 (m, 1H), 3.53-3.59 (m, 1H), 3.19-3.28 (m, 1H), 2.39-2.52 (m, 1H), 1.86-2.13 

(m, 3H). 

 

(S)-2-[N-(N’-Benzylpropyl)amino]benzophenone (BPB) hydrochloride 3.10
305

 

BP hydrochloride 3.9 (9.53 g, 39.0 mmol) was dissolved in a solution of dry dichloromethane 

(200 mL), N-methylimidazole (12.6 mL, 158 mmol) and mesyl chloride (3.05 mL, 39.0 mmol) 

and stirred for 5 min at 0 oC.  2-Aminobenzophenone (7.00 g, 35.0 mmol) was then added at 

room temperature and the reaction mixture was left to stir overnight at 40-50 oC. A saturated 

ammonium chloride solution was then added to the reaction mixture and the organic phase 

was extracted three times with dichloromethane, and the combined extracts dried with 

anhydrous MgSO4. The solvent was evaporated in vacuo, diluted with acetone, acidified to 

pH 2 with 37% HCl(aq), and stirred at room temperature for 3 h. The resulting precipitate 

was filtered and air dried to give the title compound 3.10 as off-white solid (14.0 g, 33.2 

mmol, 85%). 1H NMR data was identical to that reported in the literature.305 1H NMR (300 

MHz, MeOD): δ 7.27-7.74 (m, 14H), 4.22-4.40 (m, 3H), 3.57-3.64 (m, 1H), 3.27-3.36 (m, 

1H), 2.28-2.40 (m, 1H), 2.09-2.19 (m, 1H), 1.81-1.93 (m, 1H), 1.42-1.54 (m, 1H). 

 

Gly-Ni-BPB complex 3.11
305

 

To a suspension of BPB hydrochloride 3.10 (14.0 g, 33.3 mmol) in methanol (150 mL) was 

added glycine (12.5 g, 166 mmol), sodium hydride (4.59 g, 191 mmol), potassium hydroxide 

(7.46 g, 133 mmol) and nickel nitrate hexahydrate (19.3 g, 66.5 mmol) at 50 oC under an inert 

atmosphere. The reaction mixture was refluxed for 2 h, then neutralized with acetic acid and 

left stirring at room temperature overnight. Water (150 mL) was added and the aqueous phase 

was extracted with dichloromethane. The solvent was removed in vacuo and the resulting 

blood-red syrup crude product 3.11 was used in the next step without further purification. 
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PropargylGly-Ni-BPB complex 3.12
304

 

Tetrabutylammonium iodide (6.12 g, 16.5 mmol), 20% aqueous sodium hydroxide solution 

(50 mL) and propargyl bromide (7.75 mL, 0.10 mmol) were added to a solution of crude Gly-

Ni-BPB complex 3.11 (16.5 g, 33.3 mmol) in dichloromethane (100 mL) and stirred at room 

temperature for 1 h. The aqueous phase was extracted with dichloromethane, and combined 

organic extracts were concentrated in vacuo.  The resulting blood-red syrup crude product 

3.12 was used in the next step without further purification. 

 

L-propargylglycine 3.13
304

 

A mixture of crude PropargylGly-Ni-BPB complex 3.12 (17.8 g, 33.3 mmol) and 2 M 

aqueous hydrochloric acid (100 mL) in methanol (250 mL) was refluxed for 2 h. The light 

green solution was then cooled to room temperature and basified to pH 9.5 with 28% 

ammonia solution. The aqueous layer was extracted with dichloromethane to recover BPB 

3.10 (12.7 g, 33.3 mmol, 100% recovery) and the aqueous layer was concentrated in vacuo to 

afford a blue solid that was purified by ion exchange chromatography (Dowex 50Wx8-100, 

H2O then 5% ammonia solution). The fractions that were positive by ninhydrin stain were 

combined, evaporated to dryness, suspended in toluene and concentrated in vacuo to yield a 

solid that was lyophilized to afford the title compound 3.13 as an off-white solid (2.10 g, 18.6 

mmol, 56% over 3 steps from 3.11). [α]D
20 -33.0 (c=1 g/100 mL, H2O) (lit.,304 -32.9). 1H 

NMR data was identical to that reported in the literature.304 1H NMR (400 MHz, D2O): δ 3.94 

(t, J = 5.4 Hz, 1H), 2.89 (d, J = 3.4 Hz, 2H), 2.56 (t, J = 2.4 Hz, 1H). 

 

N-Boc-L-propargylglycine 3.8
303

 

Di-tert-butyl dicarbonate (3.05 mL, 13.3 mmol) and N,N-diisopropylethylamine (3.75 mL, 

26.5 mmol) were added to a solution of L-propargylglycine 3.13 (1.00 g, 8.80 mmol) in 

water:dioxane (1:1, 40 mL) and stirred at room temperature overnight.  The reaction mixture 

was acidified to pH 3 using 10% aqueous hydrochloric acid, extracted with dichloromethane 

and the combined organic extracts dried with anhydrous MgSO4 then concentrated in vacuo. 

The crude oil was purified by silica gel flash chromatography (1-3% MeOH in DCM with 1% 

acetic acid) to afford the title compound 3.8 as an oil (1.00 g, 7.05 mmol, 53%). 1H NMR 

data was identical to that reported in the literature.303 1H NMR (300 MHz, CDCl3): δ 10.59 

(br s, 1H), 6.49-5.41 (m, 1H), 4.54-4.15 (m, 1H), 2.78 (m, 2H), 2.08 (s, 1H), 1.46 (s, 9H). 
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3.7.4 Peptide Synthesis 

 

3.7.4.1 General 

 

Boc-amino acids were obtained from Peptide Institute, Inc. (Osaka, Japan). S-Trityl-β-

mercaptopropionic acid and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU) were obtained from Peptides International, Inc. (Louisville, 

KY). N,N-Diisopropylethylamine (DIEA) was obtained from Applied Biosystems (Foster 

City, CA). N,N-Dimethylformamide (DMF), dichloromethane (DCM), and acetonitrile were 

purchased from Fisher (Chicago, IL). p-Cresol, methoxylamine hydrochloride, 4-

mercaptophenylacetic acid (MPAA) and triisopropylsilane were purchased from Sigma-

Aldrich (St. Louis, MO). Trifluoroacetic acid (TFA) was from Halocarbon (New Jersey). 

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was obtained from Fluka. Boc-L-

thiazolidine-4-carboxylic acid was obtained from NovaBiochem, San Diego. HF was from 

Matheson Tri-Gas. The Boc-Ala-Pam-resin was synthesized using established methods in the 

literature.315 

 

3.7.4.2 Synthesis 

 

Peptides were prepared manually by “in situ neutralization” Boc-chemistry stepwise solid 

phase peptide synthesis.53 Side-chain protection for amino acids was as follows: Arg(Tos), 

Asp(OcHex), Asn(Xan), Cys(4-MeBzl), Cys(Acm), Glu(OcHex), His(DNP), Lys(ClZ), 

Ser(Bzl), Thr(Bzl), Trp(CHO), Tyr(BrZ). The 1,3-thiazolidine-4-carboxyl (Thz) group was 

introduced to protect the N-terminal Cys of the Cys11-Pra18-Ala22-αCOOH and Cys11-

Cys(Acm)14-Pra19-Ala23-αCOOH. After chain assembly of the Cys-peptides were complete, 

the protecting groups on His(DNP) and Trp(CHO) were deprotected on-resin by 2 x 30 min 

treatments with a solution of 20% β-mercaptoethanol, 10% piperidine, 5% H2O and 65% 

DMF at 0 oC. The resulting peptides were then side-chain deprotected and simultaneously 

cleaved from the resin support by treatment with anhydrous HF containing 10% (v/v) p-

cresol for 1 h at 0 oC. After evaporation of the HF under reduced pressure, crude products 

were precipitated and triturated with chilled diethyl ether, and the peptide products were 

dissolved in 50% aqueous acetonitrile containing 0.1% TFA and lyophilized. 
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3.7.4.3 Analysis and Purification 

 

Analytical RP-HPLC was performed on an Agilent 1100 system with in-house packed C-18 

silica columns (2.1 x 50 mm, Microsorb 300 Å, 3 µm) at flow rate of 0.5 mL/min. Peptides 

were eluted from the column using a gradient of water/0.1% TFA (solvent A) versus 

acetonitrile/0.08% TFA (solvent B). Peptide masses were obtained using on-line electrospray 

MS detection with an Agilent 1100 LC/MSD ion trap. 

 

Purification of crude peptides after SPPS was performed on an Agilent 1100 prep system on 

C-18 silica with columns of dimension 10 x 250 mm. The silica used was TP Vydac. Crude 

peptides were loaded onto the prep column and eluted at a flow rate of 5 mL per minute with 

a shallow gradient of increasing concentrations of solvent B (0.08% TFA in acetonitrile) in 

solvent A (0.1% TFA in water). Fractions containing the pure target peptide were identified 

by analytical LC, and were combined and lyophilized. 

 

3.7.5 Click reaction of Thz
11

-Pra
18

-Ala
22

-αCOOH 3.20 with GalNAc-N3 3.14: 

Thz11-Pra18-Ala22-αCOOH 3.20 (1.10 mg, 3 mM) was dissolved in 6 M GnHCl/0.2 M 

Na2HPO4 buffer solution (233 µL) containing TCEP hydrochloride (1.99 mg, 30 mM). The 

pH was adjusted to 7.0 and the solution was degassed with helium gas for 30 min. CuSO4 

(9.39 µL of 0.5 M solution, 20 mM) was then added, followed by GalNAc-N3 3.14 (1.04 mg, 

20 mM) and the reaction was allowed to proceed at room temperature under an argon 

atmosphere. After 1 h nearly complete conversion of starting peptide into a product 

neoglycopeptide 3.24 that was both Thz- to Cys-converted and clicked with GalNAc-N3 was 

shown by analytical HPLC. (LC-MS: obs. 1639.3 Da, calc. 1638.9 Da) 

 

3.7.6 Optimized click chemistry using Cys
11

-Cys(Acm)
14

-Pra
19

-Ala
23

-αCOOH 3.21 

and GalNAc-N3 3.14: 

 

The CuI/DIEA method: 

Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH 3.21 (1.16 mg, 3 mM) was dissolved in DMF (246 µL) 

and sparged with helium gas for 30 min. CuI (0.94 mg, 20 mM) and DIEA (1.5 µL, 30 mM) 

were then added, followed by GalNAc-N3 3.14 (0.28 mg, 4.5 mM) and the reaction was 
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proceeded at room temperature under argon atmosphere. LC-MS analysis after 12 h showed 

less than 40% conversion into the desired product 3.25. 

 

The CuSO4/NaAsc method: 

Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH 3.21 (1.10 mg, 3 mM) was dissolved in 1:1 

MeCN:H2O solution (233 µL) and sparged with helium gas for 30 min. CuSO4 (9.32 µL of 

0.5 M solution, 20 mM) and NaAsc (14.0 µL of 0.5 M solution, 30 mM) were then added, 

followed by GalNAc-N3 3.14 (0.27 mg, 5 mM) and the reaction was proceeded at room 

temperature under argon atmosphere. LC-MS analysis after 4 h showed complete 

consumption of starting peptide and the major peak to be the desired product 3.25. 

 

The CuSO4/TCEP method: 

Cys11-Cys(Acm)14-Pra19-Ala23-αCOOH 3.21 (1.22 mg, 3 mM) was dissolved in 6 M 

GnHCl/0.2 M Na2HPO4 buffer solution (260 µL) containing TCEP hydrochloride (2.22 mg, 

30 mM), pH adjusted to 7 and sparged with helium gas for 30 min. CuSO4 (10.3 µL of 0.5 M 

solution, 20 mM) was then added, followed by GalNAc-N3 3.14 (0.30 mg, 5mM) and the 

reaction was proceeded at room temperature under argon atmosphere. After 3 h of reaction, 

the reaction was complete and the product 3.25 was purified by RP-HPLC. (LC-MS: obs. 

1813.1 Da, calc. 1813.1 Da; isolated yield 0.55 mg (39%)) 

 

3.7.7 Optimized click chemistry using Phe
1
-Pra

9
-Ser

10
-αCOSCH2CH2Ala 3.19 and 

GalNAc-N3 3.14: 

 

The CuSO4/NaAsc method: 

Phe1-Pra9-Ser10-αCOSCH2CH2Ala 3.19 (0.55 mg, 3 mM) was dissolved in 1:1 MeCN:H2O 

solution (134 µL) and sparged with helium gas for 30 min. CuSO4 (5.40 µL of 0.5 M solution, 

20 mM) and NaAsc (8.04 µL of 0.5 M solution, 30 mM) were then added, followed by 

GalNAc-N3 3.14 (0.15 mg, 5 mM) and the reaction stood at room temperature under argon 

atmosphere. LC-MS analysis showed no reaction after 1 h, and the temperature was increased 

to 35 oC.  After 7 h at 35 oC LC-MS analysis showed complete consumption of starting 

peptide and a major peak of the desired product 3.26. 
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The CuSO4/TCEP method: 

Phe1-Pra9-Ser10-αCOSCH2CH2Ala 3.19 (0.55 mg, 3 mM) was dissolved in 6M GnHCl/0.2M 

Na2HPO4 buffer solution (134 µL) containing TCEP hydrochloride (1.15 mg, 30 mM), pH 

adjusted to 7 and sparged with helium gas for 30 min. CuSO4 (5.40 µL of 0.5 M solution, 20 

mM) was then added, followed by GalNAc-N3 3.14 (0.15 mg, 5 mM) and the reaction was 

kept at room temperature under argon atmosphere. LC-MS analysis showed no reaction after 

1 h, and the temperature was increased to 35 oC. After 5 h at 35 oC the reaction was complete 

and the product 3.26 was purified by RP-HPLC. (LC-MS: obs. 1616.6 Da, calc. 1616.7 Da; 

isolated yield 0.26 mg (40%)) 

 

 

3.7.8 One-pot native chemical ligation plus click chemistry using Phe
1
-Pra

9
-Ser

10
-

α
COSCH2CH2Ala 3.19 and Cys

11
-Cys(Acm)

14
-Pra

19
-Ala

23
-αCOOH 3.21:  

Peptides Phe1-Pra9-Ser10-αCOSCH2CH2Ala 3.19 (0.82 mg, 3 mM) and Cys11-Cys(Acm)14-

Pra19-Ala23-αCOOH 3.21 (0.94 mg, 3 mM) were dissolved in 6 M GnHCl/0.2 M Na2HPO4 

buffer solution (200 µL) containing TCEP hydrochloride (2.29 mg, 40 mM) and degassed 

with helium gas for 30 min.  MPAA (0.67 mg, 20 mM) was then added and the pH adjusted 

to 7. The reaction was left to proceed under an argon atmosphere at room temperature. After 

15 h, LC-MS analysis showed the ligation to be complete. At this point, CuSO4 (21.3 µL of 

0.5 M solution, 20 mM) was added followed by GalNac-N3 (1.31 mg, 10 mM), and LC-MS 

analysis after 6 h showed complete consumption of the initial ligated peptide and a major 

product of the desired double-clicked neoglycopeptide product 3.28, which was purified by 

RP-HPLC. (LC-MS: obs. [M+2H]2+= 1627.0 Da, calc. 1627.3 Da; isolated yield 0.96 mg 

(49%)) 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 

 

Synthesis of MUC1 Neoglycopeptides using Efficient Microwave-Enhanced Chaotrope-

Assisted Click Chemistry 
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4 MUC1: The Membrane Bound Mucin 

 

4.1 Introduction 

 

MUC1 is the most extensively studied glycoprotein from the family of epithelial mucins that 

exhibit ubiquitous organ distribution.316-319 Nonepithelial expression has also been described 

to occur on immune cells such as lymphoid cells and also erythroblasts in bone marrow.317 It 

is a transmembrane molecule and was first identified in human milk as a large molecular 

weight glycoprotein carrying a high percentage of O-linked oligosaccharides.320 Considerable 

interest in this glycopeptide has arisen since its discovery by monoclonal antibody techniques 

which were originally used to identify surface molecules on normal and cancerous epithelial 

cells. Among the numerous functions proposed for MUC1 it plays a major role in tumour 

progression and metastasis.321-325 A dramatic increase in its expression was shown in 

malignant cells in various types of cancers.316-319 Furthermore, changes in glycosylation 

patterns and MUC1 topology that affects the steric and electrostatic properties of the cell 

surface lead to the prevention of cell-cell interactions between integrins and other cell surface 

molecules.326 MUC1 may also facilitate the survival and metastasis of tumour cells by 

rendering the tumour cells that overexpress these molecules resistant to natural killer cells 

and cytotoxic T cells.327 Moreover, MUC1 displayed on tumour cells has been shown to 

inhibit the activation and proliferation of cytotoxic T cells resulting in the downregulation of 

the immune response towards tumour cells to facilitate their escape from the host immune 

surveillance.327 For these reasons, MUC1 has been a very attractive target for the 

development of cancer vaccines. 

 

4.2 Structure of MUC1 

 

MUC1 is a type 1 transmembrane glycoprotein, which is ubiquitously expressed on the apical 

cell surface of glandular and ductile epithelia in a wide range of organs including the 

mammary gland, the pancreas, lungs, and gastrointestinal tract, as well as some lymphocytic 

cells.319 The first human mucin gene (designated as MUC1) was sequenced independently by 

four groups in 1990.328-331 The mature glycoform exists as a heterodimer complex, and 

consists of three domains- a 69 amino acid C-terminal cytoplasmic domain, a 31 amino acid 

hydrophobic transmembrane domain, and the main extracellular mucin domain. The major 

portion of this core MUC1 extracellular domain is represented by a variable number of 
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tandem repeats (VNTR) of twenty amino acids, and the number of tandem repeats can be 

varied between 20-120 depending on the allele, making the MUC1 gene highly polymorphic 

(i.e. several isoforms of the mucin originating from different processing events on the protein 

level).328-331 This tandem repeat region contains high contents of serine, threonine and proline. 

One repeat unit of the MUC1 icosapeptide contains five potential O-glycosylation sites at Ser 

and Thr residues, and the density of glycosylation can vary considerably in vivo.328-331 Figure 

4.1 shows the twenty amino acid sequence of the tandem repeat region with the five possible 

glycosylation sites.  

 

 
Figure 4.1 VNTR region of MUC1. The repeating 20 amino acid sequence has five possible glycosylation sites 

at Thr and Ser sites (marked in red*). 
 

4.3 O-Glycosylation Patterns in MUC1 in Normal and Tumour Cells 

 

Glycosylation occurs when the MUC1 protein passes through the Golgi apparatus, and after 

the initial stages of glycosylation premature glycoforms of MUC1 are presented on the cell 

membrane.318,332 These premature MUC1 proteins are recycled through repetitive 

internalization and glycosylation cycles until the mature state of glycosylation is reached, 

characterized by the addition of neuraminic acid and fucose to the oligosaccharide chains.333-

335 The mature MUC1 protein will either stay on the cell membrane or be shed into 

plasma.333-335 MUC1 has a rigid linear conformation, as a result of a combination of heavily 

glycosylated Thr and Ser residues as well as electrostatic effects exerted by the terminal sialyl 

groups on the oligosaccharides.333-335  

 

O-Glycosylation in mammalian cells is initiated by the addition of N-acetylgalactosamine to 

Ser or Thr residues.107,336,337 This is catalyzed by a family of enzymes called N-

acetylgalactosaminyltransferases (GalNAc-Ts) that show different specificities with regards 

to peptide sequence.107,336,337 O-Glycosylation also underlies tissue-specific variations of site 

specificity dependent on the expression of different GalNAc-Ts isoforms.107,336,337  A number 

of interesting studies using recombinant GalNAc-Ts showed that different enzymes show 

different specificities and preferences along the peptide sequence to glycosylate.338-345 For 

example, recombinant GalNAc-T1 (rGalNAc-T1) showed preferential glycosylation at Thr 

within the VTSA peptide motif, while rGalNAc-T4 showed preferential glycosylation at Ser 
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within the VTSA motif and Thr within the PDTR motif.341-345 As well as being affected by 

the peptide sequence and conformation, the action of these transferases seems to be affected 

by the level of extended glycans at proximal sites. A positive regulation is exerted by initial 

glycosylation of certain sites along the sequence, and negative regulatory effects are exerted 

by elongation of the core GalNAc (i.e. elongation of glycans stops further initial GalNAc 

glycosylation at Ser/Thr residues).341-345 MUC1 oligosaccharides contain two types of cores, 

Core 1 and Core 2 as shown in Figure 4.2.317 This core is elongated with repetitive Galβ1-

4GlcNAc disaccharides (lactosamine units) and eventually the glycosylation is terminated by 

attachment of neuraminic (sialic) acid and/or fucose to give elongated polylactosamine type 

oligosaccharides in normal cells.  

 
Figure 2 The two types of cores found in MUC1 oligosaccharides 

 

The O-glycosylation pathway in normal and breast cancer-associated MUC1 glycoforms is 

shown in Scheme 4.1. In the normal human mammary gland, glycosylation of Ser and Thr by 

GalNAc-Ts is followed by the addition of galactose at the C3 position to form Core 1, which 

in turn, acts as a substrate for the β6-GlcNAc-T enzyme to form Core 2. Polylactosamine side 

chains are then formed and terminated by sialic acid and/or fucose.346 In normal lactating 

mammary gland cells the average number of O-glycans is approximately 2.5 within the 

VNTR region.347 In comparison, analysis of the sites of glycosylation of MUC1 produced by 

the breast cancer cell line T47D showed that all five sites are glycosylated.347 In addition to 

the level of glycosylation, the types of O-glycans were also different in cancer cells compared 

to normal cells. Closer analysis of the MUC1 O-glycans associated with T47DA showed 59% 

Core 1, 33% sialylated Core 1, and 8% GalNAc.318 These results reflect on the characteristic 

feature of MUC1 oligosaccharide biosynthesis in carcinoma cells, whereby the reduced 

expression or lack of Core 2-specific β6-N-acetylglucosaminyltransferase and the 

concomitant overexpression of the α3-sialyltransferase results in the termination of 

elongation of Core 1 disaccharide by sialylating at C3 of galactose.317 An overexpression of 

the α6-sialyltransferase also competes with β6-N-acetylglucosaminyltransferase to cause 
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sialylation at C6 of GalNAc. The oligosaccharide that results is the formation of short bis-

sialylated Core 1 type oligosaccharide that cannot take part in further elongation. By virtue of 

the high level of sialic acid, MUC1 becomes negatively charged and cells expressing high 

levels may repel each other.317,318 This dramatic change in carbohydrate structure may be the 

reason why cancerous MUC1 inhibits extracellular matrix interactions, as these cell-cell 

interactions including immune responses are highly dependent on carbohydrate interactions.  
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Scheme 4.1 Glycosylation pathways of MUC1 in normal and tumour cells. Premature sialylation in tumour cells 
prevent further elongation of oligosaccharide chains what is normally observed in normal cells. 
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4.4 Biological Functions of MUC1 

 

One function of MUC1 is the protection of epithelia, by trapping debris, bacterial or viral 

pathogens aiding in their removal from mucosal surfaces by mucociliary clearance.348,349 

However, a more important role of MUC1 is involved with cell-cell interactions, having both 

adhesive and anti-adhesive effects.316-319 The latter effect could be caused due to its large, 

extended conformation, and overexpression of MUC1 glycoproteins on the cell surface has 

been shown to inhibit integrin-mediated adhesion of tumour cells to extracellular matrix 

components.316-319 On the other hand, the sialylated oligosaccharides on MUC1 can bind to 

specific adhesion molecules such as the sialylated Lewis blood group antigens, and this could 

facilitate the process of metastasis.350,351 There has been evidence that the VNTR domain of 

the MUC1 core is involved in facilitating early stages of metastasis in colonic cancer and 

breast cancer via interactions between tumour cells and immobilized extracellular matrix 

proteins.316-319 Therefore, MUC1 has a complex, yet vital role in the modulation of the 

immune system. Interestingly, partially glycosylated MUC1 peptides found on some tumour 

cells have been found to be immunostimulatory.352-354 Therefore, the antigenicity of the 

tandem repeat peptides may be influenced by the change in O-glycosylation in two ways: (1) 

a global reduction in the chain length of O-glycans exposes the core peptide epitopes, making 

them more accessible to antibodies; and (2) glycosylation may cause a favourable topology or 

conformation in the peptide to enhance antibody binding.355 In addition to antibody responses, 

MUC1 causes cellular immune responses. MUC1 has been reported to inhibit attachment of 

cytotoxic T lymphocytes (CTL) to tumour cell targets, inhibit specific CTL killing, and also 

the sialylated oligosaccharides contribute to the inhibition of natural killer cell 

cytotoxicity.356-358 For the induction of strong and long-lasting CTL responses, specific 

priming of helper T cells is vital. The elongated complex O-glycans found on normal cells 

hinder the interactions between immune cells, thus inhibiting the cells unable to cause an 

immune response.359 However, partially glycosylated MUC1 and the shortened sialylated O-

glycans found in MUC1 presented on tumour cells were found to elicit strong helper T cell 

responses.359 Therefore, incorporating the partially glycosylated glycoform of MUC1 in a 

vaccine construct may induce a strong immune response towards tumour cells that display the 

O-glycans that have the same pattern.  
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4.5 MUC1 in Immunotherapy 

 

Cancer immunotherapy is an attractive, nontoxic treatment that should enable the activation 

of the immune system to attack a developing or metastasizing tumour. MUC1 is an attractive 

target for immunotherapy because of its ubiquitous distribution in a wide range of organs. 

The increased expression of the truncated oligosaccharide chains in cancer, and the loss of 

polarized expression render antigenic MUC1 to be highly recognized as foreign components 

by the immune system. Since the early 1980s monoclonal antibodies to MUC1 have been 

used in the clinic mainly as carriers of radioactive elements such as yttrium.359 A small trial 

that involved adjuvant therapy of breast cancer patients showed that the antibody alone can 

inhibit metastatic growth.360 In another study, antibodies toward MUC1 have also been 

shown to be useful in distinguishing benign tumours from malignant ones in ovarian 

cancer.318 Furthermore, antibodies against MUC1 have found use in early detection of breast 

cancer cells MUC1 in serum in an attempt to detect relapse before clinical symptoms 

appear.361 Antibodies to MUC1 initiated a huge interest in immunotherapy using MUC1 as 

the target. For the therapy to be effective, cytotoxic T cells (CTL), which are responsible for 

killing of tumour cells, must be efficiently activated. The immune response must also be very 

specific towards the cells that are being targeted. A predominant CTL response was 

demonstrated in a study that used tandem repeat fusion proteins conjugated with keyhole 

limpet hemocyanin (KLH), which is a potent immunogenic agent that is safe for human 

use.362  One disadvantage associated with the use of tandem repeat peptides as immunogens 

is the fact that the response is restricted towards one domain of the mucin protein. One way to 

overcome this was to carry out immunizations using viral vectors carrying cDNA encoding 

MUC1.363 This had an additional benefit that cells were able to be infected and thus the 

MUC1 peptide would be presented via MHC class I pathway for display to CTL. Results 

obtained from multicentre trials using this method of vaccinationfor the treatment of breast 

cancer were promising.  

 

4.6 Chemically Synthesized Vaccines using the MUC1 VNTR Sequence 

 

A prerequisite for selective immunotherapy is to identify antigenic target structures that 

clearly distinguish a normal cell from a tumour cell. The partially glycosylated MUC1 

glycopeptides presented on tumour cells as a result of premature sialylation are attractive 

targets. However, MUC1 isolated from epithelial tumour cells is not suitable for the induction 
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of tumour-selective response due to the microheterogeneity of the carbohydrate moieties of 

the glycoproteins, as they can contain both tumour-associated and normal oligosaccharides. 

This is also the case for glycoproteins other than MUC1 in which a synthetic vaccine is 

desired. Therefore, chemical synthesis of single glycoforms of antigenic MUC1 for 

incorporation into a vaccine is of paramount importance to elicit a tumour-specific immune 

response. The vaccine needs to have two roles: (1) naїve B cells need to be stimulated to 

proliferate and differentiate into antibody-secreting plasma cells in order to produce a 

humoral immune response. To achieve this an additional activation of CD4+ T helper cells is 

required that interacts with major histocompatibility complex II (MHC II) molecules on 

antigen presenting cells that have antigenic peptides bound to them364; and (2) the innate 

immune system needs to be stimulated together with the humoral immune response, and this 

can be done by addition of adjuvants in conjunction with the vaccine such as complete 

Freund’s adjuvant, or even incorporated into the vaccine, such as Pam3Cys which is a ligand 

for the Toll-like receptors.365 The antigenic MUC1 glycopeptide itself has been found to be 

only moderately immunogenic, so in order to improve the humoral response additional 

immunostimulating agents such as KLH carrier protein and a peptide sequence from 

ovalbumin that is a TH-cell peptide epitope have been utilized in the past.365 A number of 

groups have successfully attempted to chemically synthesize cancer vaccines that have these 

roles, and a selection of these examples will be discussed below. 

 

4.6.1 Synthetic Vaccine Constructs synthesized by Kunz et al. 

 

Over the last decade the Kunz group has made invaluable contributions in the design and 

synthesis of MUC1-based synthetic cancer vaccines. A summary of their development of 

cancer vaccines will be described. 

 

(i) Synthesis of Sialyl-TN-containing GVTSAPDTRPAP MUC1 glycopeptide 

conjugated to Tetanus Toxin (TTox) T cell epitope 

 

In 2001 Kunz et al.366 reported the synthesis of a sialyl-TN-antigen glycopeptide from the 

tandem repeat region of MUC1. Sialyl-TN-antigen was chemically synthesized and 

incorporated at position 3 in the dodecapeptide sequence GVT3SAPDTRPAP which contains 

the immunodominant domain PDTRP. This sequence was conjugated to a T cell epitope from 
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tetanus toxin (TTox) (YSYFPSV) via a non-immunogenic spacer to produce the vaccine 

construct 4.1. The summary of the synthesis is outlined in Scheme 4.2. 

 

Sialyl-TN-antigen MUC1 glycopeptide was synthesized out on aminomethyl-polystyrene 

resin functionalized with an allylic HYCRON anchor and β-alanine.367 To avoid the 

formation of diketopiperazine, Boc SPPS was used for coupling of the second amino acid 

(Ala), which did not affect the allylic linker.367 Further elongation of the glycopeptide 4.2 

was carried out using Fmoc SPPS with the incorporation of fully protected sialyl-TN-

threonine building block at the 3 position. In parallel to this, the tetanus toxin-T cell epitope 

4.3 was also synthesized on the allylic HYCRON linker using Fmoc SPPS. This epitope was 

released from solid support using Pd0-catalyzed cleavage of the allylic anchor, and the 

resulting peptide was coupled to the solid-phase-bound MUC1 glycopeptide using 

HATU/HOAt coupling to yield the TTox T cell epitope-spacer-MUC1 antigen conjugate 4.4. 

The whole vaccine construct 4.1 was obtained by Pd0-catalyzed cleavage and sequential 

deprotection of the carbohydrate and amino acid side-chain protecting groups. Preliminary 

immunological evaluation of this construct showed that antigen-specific activation and 

proliferation of cytotoxic T-cells was induced and this gave the foundation from which more 

efficient vaccines to be developed.368  
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Scheme 4.2 Reagents and conditions: a) i. Morpholine/DMF (1:1), ii. Boc-Ala-OH, TBTU, HOBt, NMM, DMF; 
b) i. CH2Cl2/TFA (1:1), ii. iPr2NEt/CH2Cl2, iii. Amino acid coupling x 10 (coupling: Fmoc-Aaa-OH, TBTU, 
HOBt, NMM, DMF); c) i. HATU, HOAt, NMM, DMF, 20 oC, 2 d, 42 %, ii. Ac2O/pyridine (1:3); d) i. 
[Pd(PPh3)4], morpholine, DMF/DMSO (1:1), 20%, ii. Pd/C (10%), H2, MeOH, 20 oC, 1h, ii. 
CH2Cl2/TFA/thioanisole/ethanediol (10:10:1:1), 20 oC, 2h, iii. NaOMe, MeOH, pH 8.5, 20 oC, 18 h, 47% over 3 
steps. 
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(ii) Synthesis of Sialyl-TN-containing GVTSAPDTRPAP MUC1 Glycopeptide 

conjugated to Ovalbumin T cell epitope 

 

The synthesis of a similar vaccine construct was reported by Kunz et al.369 in 2005, but in this 

construct a T cell epitope from ovalbumin (OVA323-339 [I
323SQAVHAAHAEINEAGR339])370 

was conjugated for the immunostimulant to induce the humoral immune response (Scheme 

4.3). The sialyl-TN-antigen glycopeptide from MUC1 was assembled by Fmoc SPPS on a 2-

phenyl-2-trimethylsilylethyl ester (PTMSEL) linker.371 The peptide elongation was carried 

out using HBTU/HOBt coupling, and the coupling of sialyl-TN-threonine building block was 

done using the more efficient HATU/HOAt method. After peptide assembly, the fully 

protected glycopeptide fragment 4.5 was released from the solid support by cleaving the 

PTMSEL linker with tetrabutylammonium fluoride (TBAF) trihydrate in CH2Cl2.
371 In 

parallel to this, the OVA323-339 heptadecapeptide fragment 4.6 was synthesized on a TentaGel-

bound Wang linker using Fmoc SPPS strategy. At the end of peptide assembly, the Fmoc-

protected triethylene glycol spacer (a polar, non-immunogenic linker) amino acid was 

coupled and deprotected at the N-terminus to give the resin-bound spacer-OVA323-339 

construct. The C-terminus of the sialyl-TN glycopeptide was activated with HATU/HOBt and 

coupled to the resin-bound spacer-OVA323-339 conjugate, and the construct was released from 

the solid support by aqueous TFA treatment. The protecting groups on the carbohydrate 

moiety were fully deprotected to give the sialyl-TN-glycopeptide-spacer-OVA323-339 vaccine 

construct 4.7. Immunological evaluation of this construct was carried out in combination with 

complete Freund’s adjuvant using transgenic mice, whose T cells express a receptor specific 

for OVA323-339. The results showed that immunization of mice with the vaccine construct 

generated a strong but also highly specific humoral response directed against the tumour-

associated structure.369 
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Scheme 4.3 Reagents and conditions: a) SPPS: i. Fmoc removal: 20% piperidine in NMP, ii. Amino acid 
coupling: Fmoc-Aaa-OH, HBTU, HOBt, iPr2NEt in DMF, iii. glycosyl amino acid coupling: HATU, HOAt, 
NMM, DMF, 3 h, iv. capping: Ac2O, catalytic HOBt, iPr2NEt in NMP, v. Resin cleavage: TBAF·3H2O (2 x 2.5 
eq), CH2Cl2, 2 x 45 min, 45%; b) i. HATU, HOAt, NMM in DMF, 16 h, ii. Ac2O/pyridine (1:3), iii. TFA, TIPS, 
H2O (15:0.9:0.9), 2 h, 42%, iii. H2, Pd/C (10%), MeOH, 21 h, iv. NaOMe/MeOH, 16 h, 43% over two steps. 
 

 

(iii) Synthesis of MUC1 Glycopeptide analogue containing Sialyl-TN saccharide 

conjugated to Bovine Serum Albumin 

 

The synthesis of a model MUC1 dodecapeptide containing the sialyl-TN saccharide 

conjugated to bovine serum albumin (BSA) was also reported by Kunz et al. in 2005 

(Scheme 4.4).372 Firstly, syntheses of the full length 20 amino acid MUC1 glycopeptide 
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analogues were carried out using different antigenic saccharides. This involved elongation of 

the peptide sequence on Rapp-Tentagel resin functionalised with a trityl linker using 

HBTU/HOBt coupling. The fully protected tumour-associated sialyl saccharide antigens, 

sialyl-TN 4.8, bis-sialyl-T 4.9, 2,6-sialyl-T 4.10, and 2,3-sialyl-T 4.11 were chemically 

synthesized and coupled with Fmoc-L-Thr-OH for incorporation into the peptide backbone 

using HATU/HOAt as coupling reagents (Scheme 4.3).372 The successful preparation of these 

glycopeptides suggested that different analogues of MUC1 glycopeptides containing different 

antigenic saccharides could be made for further bioconjugation.372  
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Scheme 4.4 Reagents and conditions: a) SPPS: i. Fmoc removal: 20% piperidine in NMP, ii. Amino acid 
coupling: Fmoc-Aaa-OH, HBTU, HOBt, iPr2NEt in DMF, iii. glycosyl amino acid coupling: HATU, HOAt, 
NMM, DMF, 5 h, iv. capping: Ac2O, catalytic HOBt, iPr2NEt in NMP, v. resin cleavage: TFA, TIPS, H2O 
(15:0.9:0.9), vi. H2, Pd/C (10%), MeOH, vii. NaOMe/MeOH, pH 9.5, viii. NaOH (aq), pH 11.5, 1 h, then AcOH. 
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Of the MUC1 analogues prepared, a dodecapeptide analogue of a MUC1 glycopeptide 4.12 

containing a sialyl-TN saccharide was synthesized and used to carry out bioconjugation onto 

bovine serum albumin (BSA) which was envisaged to induce a strong T cell response. After 

the elongation of the dodecapeptide containing the sialyl-TN saccharide, a polar, non-

immunogenic spacer was coupled at the N-terminus. At the resulting free N-terminal amine, 

diethyl squarate (3,4-diethoxy-3-cyclobutene-1,2-dione) was coupled in ethanol/water at pH 

8. Subsequent coupling of this conjugate 4.13 to amino group-containing BSA in a sodium 

borate buffer at pH 9 furnished the desired siayly-TN MUC1 glycopeptide-spacer-BSA cancer 

vaccine model 4.14 (Scheme 4.4).372  

 

 

Figure 4.4 Reagents and conditions: a) EtOH/H2O (1:1), Na2CO3, pH 8.0, 2 h; b) sodium borate (0.07 M), 
NaHCO3 (0.035 M), pH 9, 24 h, gel filtration chromatography purification. 
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(iv) Synthesis of MUC1-OVA323-339 and MUC1-BSA conjugate analogues and their 

Immunological evaluations 

 

Recently, further study involving OVA323-339 conjugated MUC1 glycopeptide vaccines were 

reported, using antigenic saccharides sialyl-TN and TN antigens. Using analogous methods 

described in section (ii), 20 amino acid MUC1 glycopeptides were synthesized and 

conjugated to OVA323-339.
373 These glycopeptides were mono-, di-, and tri-glycosylated with 

sialyl-TN and TN saccharides at different threonine residues within the sequence. The three 

MUC1 glycopeptide analogues 4.15-4.17 prepared are shown in Figure 4.3. When the same 

immunizations were carried out using the transgenic mice as described in section (ii), the 

mono- and di-glycosylated MUC1 analogues showed antibody response, however in contrast, 

the tri-glycosylated vaccine failed to show any immune response.373 This result reflected on 

the importance of the recognition of the PDTRP motif in order to induce an immune response. 

When threonine within the PDTRP motif is glycosylated (i.e. as in the tri-glycosylated 

vaccine) antibodies could not recognise this motif, inhibiting any induction of immune 

response. 

 

 

Figure 4.3 OVA323-339 conjugated MUC1 glycopeptide vaccine constructs. 

 

In parallel to this, vaccine components that contained mono-, di-, and tri-glycosylated sites 

with sialyl-TN and TN saccharides on full 20 amino acid MUC1 glycopeptide sequences 

conjugated to BSA (4.18-4.20) were synthesized and evaluated immunologically (Figure 

4.4).373 The glycopeptides were synthesized using the same method as in the model study 

described in section (iii), and also coupled to BSA similarly using diethyl squarate at the N-

terminal group of the glycopeptide anaglogues. The BSA conjugate analogues synthesized 

are shown in Figure 4.4. When antibodies induced by mono- and di-glycosylated MUC1-
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OVA323-339 conjugates (4.15 and 4.16) were tested for binding to these MUC1-BSA 

conjugates (4.18-4.20) in ELISA binding assays, the results showed that the antibodies 

recognised and bound to mono- and di-glycosylated MUC1-BSA conjugated vaccines (4.18 

and 4.19), which was expected. Surprisingly, the tri-glycosylated MUC1-BSA conjugate 4.20 

was also shown to be recognised and bound by these antibodies. Therefore, it can be 

concluded that the antibodies induced from the mono- and di-glycosylated MUC1-OVA323-329 

conjugates (4.15 and 4.16) are highly specific. However, the importance of the peptide 

backbone in antibody recognition is also emphasized from the fact that these antibodies 

bound to the tri-glycosylated MUC1-BSA conjugate 4.20 despite the threonine being 

glycosylated in the PDTRP domain. This shows that the MUC1 glycopeptides on tumour 

cells that are glycosylated in the PDTRP domain can be recognized by the antibodies induced 

with the synthetic vaccines.373 The fact that the antibody induced by the mono-glycosylated 

MUC1-OVA323-339 vaccine 4.15 exhibited the highest binding affinity to all three tumour-

associated MUC1-BSA conjugates, provided evidence that a specific immune response can 

be induced with a synthetic vaccine that is directed to several aberrant glycopeptide structures 

present on a tumour cell.373  

 

 

Figure 4.4 BSA conjugated MUC1 glycopeptide vaccine constructs. 

 

Recently, MUC1-TTox conjugates were reported by the same group.374 Using analogous 

methods employed for the synthesis of MUC1-BSA conjugate vaccines as described in 

section (iii), TTox was conjugated to mono-glycosylated MUC1 glycopeptide 4.12 via a 

diethyl squarate linker. Analogues containing different degrees of glycosylation were also 

synthesized and immunologically evaluated.374 The mono-glycosylated analogue of this 

conjugate was also proven to induce very strong and selective immune response in transgenic 

mice. This is an exceptional result as the use of TTox as a carrier protein is possible for 

immunization in humans.374 
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(v) Synthesis of MUC1 glycopeptide vaccine construct conjugated with 

Pam3CysSKKKK lipopeptide for targeting Toll-like Receptor 2 (TLR2) 

 

In 2010 Kunz et al.375 reported the synthesis of a vaccine construct where they exploited a 

lipopeptide ligand of the Toll-like receptor 2 (TLR2) and conjugated it to MUC1 

glycopeptides that were mono-glycosylated with TN, T, and sialyl-TN antigenic saccharides. 

The lipopeptide ligand tripalmitoyl-S-glycerylcysteine (Pam3Cys) linked to an SKKKK 

peptide is known to be an agonist for TLR2 and induce immunostimulatory effects.375 Using 

analogous procedures described in section (iii), three MUC1 glycopeptide analogues 4.21-

4.23 with N-terminal triethylene glycol spacers were synthesized. The protected 

Pam3CysSKKKK lipopeptide 4.24 was synthesized from preloaded PMTSEL resin as 

described in section (ii). The C-terminus of Pam3CysSKKKK was activated using 

HATU/HOAt and coupled to the MUC1 glycopeptide at the N-terminal free amine by 

fragment condensation, and treatment with aqueous TFA resulted in MUC1-

Pam3CysSKKKK conjugate analogues 4.25-4.27 (Scheme 4.4).375 Of the analogues prepared, 

the MUC1-Pam3CysSKKKK conjugate 4.26 containing T-antigen was evaluated for humoral 

immune response and its selectivity. ELISA analysis indicated that a humoral immune 

response had been elicited in the immunized mice, although not as strong as the one elicited 

by its TTox vaccine analogue. An interesting finding relates to the specificity of the induced 

immune reaction. Neutralization experiments with the antisera induced by the T-antigen 

MUC1-Pam3CysSKKKK conjugate 4.26 revealed that the response was not specific for the 

type of the sugar attached at the same position.375 This suggested that, at least in the case of 

antibodies induced by the T-antigen MUC1-Pam3CysSKKKK vaccine 4.26, the recognition 

process is more dominated by the peptide sequence of the antigen and its conformation than 

was previously observed for vaccines containing sialyl-TN antigens, T cell epitopes, or the 

tetanus toxoid.375 One possibility accounting for this behaviour could be the influence of the 

Pam3Cys lipopeptide on the B-cell epitope. Nevertheless, the authors envisaged that these 

vaccines could supplement the protein carrier conjugates, such as TTox and BSA, in inducing 

strong immune responses toward human tumour cells. 
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Scheme 4.4 Reagents and conditions: a) i. preactivate 4.24 in HATU, HOAt, NMM in DMF, 15 min, then add 
4.21-4.23, 20 h, ii. TFA/TIPS/H2O (10:1:1), 1.5 h. 
 

The above examples show invaluable contributions in the design and synthesis of cancer 

vaccines based on MUC1 glycopeptides by the Kunz group. Their research mainly focused 

on the importance of sialyl-TN-antigen present within the tandem repeat sequence, while 

leaving the immunodominant domain PDTRP unglycosylated for maximum recognition by 

antibodies. Conjugation to carrier proteins BSA and TTox has been found to provide a very 

strong immunostimulant, while Pam3CysSKKKK has been effective in stimulating TLR2 for 

innate immune response. In the process of constructing the vaccines, the non-immunogenic 

triethylene glycol spacer and different types of linkers (e.g. diethyl squarate, thioether 
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linkage376) have been utilized for conjugation of MUC1 glycopeptides onto protein carriers. 

Current research involving dendrimers of MUC1-based vaccines containing MUC1 

glycopeptide antigens and T cell epitope peptides is also in progress by the same group.377 A 

vast number of research articles and reviews by Kunz et al.365,368,369,372-386 further highlight 

the advance towards MUC1-based cancer vaccine synthesis. 

 

4.6.2 Synthetic Vaccine Constructs Synthesized by Delmas et al. 

 

Artificial mimics of the MUC1 glycopeptide were designed and synthesized by Delmas et 

al.387,388 in 2004 and 2006. With the aim of obtaining a well-defined peptide construct as a 

means of evoking the precise immune responses required in immunotherapy, they designed a 

construct where three MUC1 tandem repeats, one containing no sugars (muc), one containing 

the TN-antigen (MUCTN) and another containing the T-antigen (MUCT), were ligated onto a 

stem peptide via oxime formation.387,388 As the immunostimulant, PADRE, the universal Pan 

DR epitope (aKXVAAWTLKa where a is D-Ala and X is cyclohexylalanine),389 was also 

incorporated into the stem peptide. The synthetic details are outlined in Scheme 4.5. The 

PADRE-muc-Lys(Ser)Ala-acetal stem peptide 4.28 was synthesized on aminomethyl resin 

preloaded with Boc-Ala-4-(oxymethyl)phenylacetic acid linker. The aldehyde 4.29 was then 

unmasked at the side chain of lysine which underwent oxime ligation with the 

aminooxyacetic acid (Aoa)-containing MUCTN glycopeptide fragment 4.30. The acetal 

moiety 4.31 was then converted to an aldehyde 4.32 with 10% TFA at 0 oC which 

subsequently underwent a second oxime ligation with Aoa-MUCT glycopeptide fragment 

4.33. The resulting PADRE-muc-MUCTN-MUCT vaccine construct 4.34 was then evaluated 

for immune response. Immunization of mice with this vaccine construct invoked a strong 

immune response that was specific against tumour-associated structures on human MCF7 

mammary adenocarcinoma cells, which have been extensively used to characterize tumour-

associated MUC1. Therefore, this is an excellent example of a multiantigenic glycopeptide 

conjugate, a mimic of the MUC1 glycoprotein that contains an unnatural oxime linkage, 

which in mice is able to elicit antibodies that recognize native tumour-associated MUC1 

present on a human breast cancer cell line. 
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Scheme 4.5 Reagents and conditions: a) i. TFA/CH2Cl2, (1:1). 30 min, ii. iPr2NEt/NMP (1:9), iii. Fmoc-
Lys(trt)-OH, HBTU, iPr2NEt, iv. 20% piperidine in NMP, v. couple Boc-PADRE-muc-OH, HBTU, iPr2NEt, 
TFA/CH2Cl2/TIPS (1:98:1), 30 x 2 min, vi. Fmoc-Ser(tBu)-OH, HBTU, iPr2NEt, 4 h, vii. 20% piperidine in 
NMP, viii. TFA/H2O/TIPS (95:2.5:2.5), 2 h, viiii. iPr2NEt/NMP (1:9), x. resin cleavage by aminolysis: H2N-
CH2-CH(OCH3)2/DMF (1:2), 18 h, 40 oC; b) NaIO4; c) NaOAc (0.1 M, pH 4.6); d) 10% TFA; e) NaOAc (0.1 M, 
pH 4.6). 
 
 

4.6.3 Synthetic Vaccine Constructs Synthesized by Payne et al. 

 

Payne et al.390 have reported the rapid synthesis of MUC1 glycopeptide dendrimers using 

Cu(I)-catalyzed click chemistry (Scheme 4.6). Firstly, polyamidoamine (PAMAM) 

generation zero possessing an ethylenediamine core and four amino groups on the periphery 

was alkylated with pentynoic acid to yield four alkyne groups on the periphery (4.35). In 

parallel, the tetrapeptide GSTA motif containing the TN-antigen at the threonine and serine 

residues bearing N-terminal azide was prepared via Fmoc SPPS. The tetra-alkyne PAMAM 
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generation zero 4.35 and azido-tetrapeptide GSTA were reacted in 1:1 tBuOH/H2O using 

CuSO4 (0.4 eq) and NaAsc (4.0 eq) to yield the tetra-clicked dendrimer containing four 

glycosylated GSTA motifs joined via a triazole linkage. Next, the full unglycosylated 

eicosapeptide MUC1 tandem repeat sequence with N-terminal azide was prepared and 

subjected to CuAAC with the tetra-alkyne partner using the same conditions to yield the 

tetra-triazole linked MUC1 peptide dendrimer.390 This demonstrated a strategy where a small 

library of peptide and glycopeptide dendrimers could be prepared in a fast and efficient 

manner for biological screening. 

 

 
Scheme 4.6 Reagents and conditions: a) CuSO4 (0.4 eq), NaAsc (4 eq), tBuOH/H2O (1:1), rt, 48 h. 

 

Recently, Payne and co-workers391 also reported the synthesis of MUC1-lipopeptide chimeras 

4.36 and 4.37 containing multiple copies of TN and T-antigens (Scheme 4.7). Pam3Cys was 

chosen as the immunostimulating moiety, and was chemically synthesized. The lipopeptide 

fragment 4.38 was synthesized on 2-chlorotrityl chloride resin which was preloaded with 

Fmoc-protected triethylene glycolic acid. Upon Fmoc deprotection serine was incorporated, 

then Fmoc-Pam3Cys was coupled using HATU. In parallel to this, the glycosylated 

eicosapeptide MUC1 glycopeptides 4.39 and 4.40 were synthesized using Fmoc SPPS on 2-
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chlorotrityl chloride resin which was preloaded with Fmoc-His(Trt)-OH. The protected TN-

Thr and T-Thr building blocks were pre-synthesized and incorporated into all five possible 

glycosylation sites using HATU as the coupling reagent. After cleavage of peptide from solid 

support with aqueous TFA, and deprotection of sugar protecting groups the glycopeptides 

were purified by reverse phase HPLC. For conjugation between the MUC1 glycopeptides 

4.39 or 4.40 and Pam3CysS lipopeptide 4.38, the C-terminal acid of the lipopeptide fragment 

was activated using DIC and pentafluorophenol to form the desired pentafluorophenyl ester. 

This then underwent fragment condensation with the MUC1 glycopeptides 4.39 or 4.40 in the 

presence of HOBt and iPr2NEt to afford the MUC1-Pam3CysS chimeras 4.36 and 4.37. The 

synthesized conjugates (Scheme 4.7) are in the process of immunological evaluation. 
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4.6.4 Synthetic Vaccine Constructs Synthesized by Danishefsky et al. 

 
Danishefsky et al.392-394 reported the synthesis of a vaccine construct 4.41 consisting of 

glycan multi-epitope peptides conjugated to KLH as the carrier protein (Figure 4.5). The 

problem with immunizations using combined vaccines with different antigens separately 

conjugated to the carrier protein is the risk that increased levels of the carrier protein used 

may lead to decreased immunogenicity of the individual antigens. To avoid this disadvantage 

a unimolecular pentavalent MUC1 glycopeptide vaccine construct was synthesized.392-394 

First, five breast and prostate cancer-related antigen building blocks (Globo-H, GM2, sialyl-

TN, T, and TN-antigens) were separately synthesized.392-394 These building blocks were then 

incorporated in the hybrid glycan-peptide conjugates through step-wise coupling. At the C-

terminus a spacer containing a thiol group was coupled to KLH which had been 

functionalized with a maleimide by stirring in phosphate buffer at neutral pH. On average 

505 hybrid glycopeptides consisting the five antigenic building blocks were coupled per 

molecule of KLH. The vaccine conjugate 4.41 (Figure 4.5) showed strong induction of 

antibodies against MCF7 breast cancer cell lines expressing the five carbohydrate 

antigens.392-394 
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 Figure 4.5 Unimolecular pentavalent MUC1 vaccine synthesized by Danishefsky et al.392-394 

The design and synthesis of cancer vaccines based on MUC1 glycopeptides described above 

represent only a selection of the wide range of outstanding research that has been carried out 

in pursuit of developing non-toxic, selective and effective treatments towards cancer cells 

displaying aberrant glycosylated MUC1 glycopeptides. On-going research (that has not been 

discussed in detail in this section) to achieve this is currently underway in many 

laboratories.78,163,395-403  
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4.7 Synthesis of MUC1 Neoglycopeptides using Click Chemistry 

 

As is evident from the extensive literature on the topic of MUC1 glycopeptides being targeted 

for cancer vaccines, there is no doubt that these are of paramount importance. The 

conventional method of synthesizing MUC1 glycopeptides as described previously involves 

the synthesis of fully protected glycosyl amino acid building blocks that are incorporated into 

the peptide backbone using Fmoc SPPS strategy. As discussed in Chapter 2, the major 

drawback of this approach is the need for extensive protection and deprotection of 

carbohydrate moieties, and a different synthesis must be carried out separately from the 

beginning for synthesizing different glycopeptides with different sugars despite using the 

same peptide backbone. It has also been described in Chapter 2 that the synthesis of 

neoglycopeptides that are produced by the union of unprotected carbohydrates and peptides 

via chemoselective reactions containing unique reactive partners would provide good 

alternatives for the rapid synthesis of glycopeptide mimics for biological evaluation. We have 

successfully demonstrated the usefulness of Cu(I)-catalyzed click chemistry for the synthesis 

of neoglycopeptides (Chapter 3). Therefore we envisaged that the complementary click 

chemistry using unprotected sugar-azides and peptides containing one or more propargyl 

groups would facilitate rapid synthesis of a library of MUC1 neoglycopeptides with a 

variable number of GalNAcα1-O-Thr/Ser mimics for biological evaluation. Somewhat 

surprisingly, click mimics of MUC1 glycopeptides have not been reported, therefore we 

aimed to apply click chemistry for the synthesis of MUC1 neoglycopeptides to synthesize 

different glycoforms for evaluation. Previous experience in our laboratory showed that the 

azide moiety in the peptide can be susceptible to elimination during Fmoc deprotection cycles 

in SPPS under certain conditions, thus it is preferable to incorporate propargylglycine into the 

peptide and have sugars bearing the azide. The general synthetic plan is outlined in Scheme 

4.8. By a chemoselective coupling of the sugar azides and propargylated MUC1 peptides it 

was envisaged that MUC1 neoglycopeptides would be synthesized rapidly with relative ease. 

 

Scheme 4.8 Synthetic strategy towards neoglycopeptides using click chemistry. 
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4.7.1 GalNAcαααα1-O-Thr/Ser and their Mimics 

 

The chemical synthesis of glycosylated Fmoc-threonine and Fmoc-serine building blocks for 

Fmoc SPPS still remains a difficult and demanding task. Most of these building blocks stem 

from the TN-Thr/Ser core (GalNAcα1-O-Thr/Ser). The synthesis of these building blocks is 

well-documented in the literature, and commonly utilized methods were outlined in Chapter 2. 

The difficulty in making the native GalNAcα1-O-Thr/Ser building blocks (2.23a and 2.23b) 

lies in the fact that the yield of the azidonitration step never improves beyond 55%, and also 

the glycosylation step is affected by many factors such as temperature and humidity, and also 

the nucleophilicity of Fmoc-Ser/Thr is greatly compromised, thus giving very inconsistent 

yields and purities. This makes it difficult to obtain GalNAcα1-O-Thr/Ser building blocks in 

the large quantities needed for Fmoc SPPS. This fact prompted us to explore more 

convergent methods to obtain MUC1 glycopeptide mimics.  

 

The key GalNAcα1-O-Thr/Ser neoglycosyl amino acid mimic 4.42 was designed to 

incorporate an N-acetyl group at C-2, and an α-O-glycosidic link at the C-1 anomeric 

position. The commercially available D-galactosamine hydrochloride was used as the 

substrate for diazo-transfer using imidazole-1-sulfonyl azide hydrochloride 4.43 with K2CO3 

as base and catalytic CuSO4.
404 Traditionally the most widely used diazo-transfer reagent is 

trifluoromethanesulfonyl azide (TfN3).
405 However, the explosive nature of neat TfN3 and its 

poor shelf life necessitates its preparation in solution just prior to use.406 The yield of TfN3 

obtained is often inconsistent thus the solution needs to be standardised. Removal of TfN3 

from polar products may need arduous work-up procedures.407 Furthermore, 

trifluoromethanesulfonic anhydride used to make TfN3 is expensive, prohibiting the 

deployment of this reaction on a large scale. In 2007 Goddard-Borger and Stick404 reported 

the synthesis of a shelf-stable and relatively cheap diazo-transfer reagent, imidazole-1-

sulfonyl azide (Scheme 4.9). The synthesis of this reagent is outlined in Scheme 4.9. Using 

this procedure, the imidazole-1-sulfonyl azide hydrochloride reagent 4.43 was synthesized on 

gram scale in our laboratory for further use. 

 
Scheme 4.9 Reagents and conditions: a) SO2Cl2, MeCN, rt, overnight, then imidazole, rt, 8 h, AcCl in EtOH 
(1:3 v/v), 0 oC. 
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The synthesis of GalNAcα1-O-Thr/Ser neoglycosyl amino acid mimic 4.42 is described in 

Scheme 4.10. The azido-acetate 2.15 obtained was then glycosylated with alcohol 4.44 to 

afford tosylate 4.45 as a 2:1 mixture of α:β anomers, which were separated by flash 

chromatography to give the α-anomer in 41% yield. The α-anomer was subjected to 

reductive acetylation in 87% yield, then tosylate 4.46 underwent subsequent azide 

displacement followed by deacetylation to afford the desired 3’-azido-1’-propyl-2-acetamido-

2-deoxy-α-D-galactopyranoside 4.42 ready for reaction with the synthetic propargylated 

peptides. 

 

 

Scheme 4.10 Reagent and conditions: a) i. imidazole-1-sulfonyl azide hydrochloride, K2CO3, CuSO4·5H2O, 
MeOH, 3 h, rt.; ii. pyridine/Ac2O, DMAP, 12 h, rt., 83%; b) BF3.OEt2, DCM, 48 h, 40 oC, 41% (α purified); c) 
THF/Ac2O/AcOH (3/2/1 (v/v/v)), powdered Zn, aq. CuSO4 (sat.), 1 h, rt., 87%; d) NaN3, 

nBu4N
+HSO4

-, 
H2O/DCM, 16 h, rt., 80%; e) 1 M NaOMe, 3 h, rt., 98%. 

 

4.7.2 Synthesis of Propargylated Peptides 

 

Using methods described in Chapter 3, L-propargylglycine 3.13 was synthesized 

enantioselectively using the proline-derived Ni(II) complex. Subsequent N-terminal Fmoc 

protection using Fmoc-succinimide and 10% aqueous Na2CO3 in water/dioxane afforded 

Fmoc-L-Pra-OH 4.48 for incorporation into MUC1 peptide sequence (Scheme 4.11). 

 

 

Scheme 4.11 Reagents and conditions: a) Fmoc-succinimide, 10% Na2CO3 (aq), 1,4-dioxane/H2O (1:1), rt, 24 h, 
87%. 
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A series of propargylated peptide derivatives of the MUC1 sequence were synthesized 

through an acid labile hydroxymethylphenoxypropionic acid (HMPP) linker on in-house 

prepared amino-functionalized polystyrene resin (1 mmol/g). Amino acid coupling was 

carried out using microwave enhanced Fmoc SPPS using HBTU and iPr2NEt as base, and 

Fmoc-L-Pra-OH 4.48 was coupled using the more efficient HATU coupling reagent as a 

lesser amount (1.5 eq) of the special amino acid was used. After peptide assembly the 

propargylated peptides were released from the solid support using 95% TFA:2.5% H2O:2.5% 

TIPS and purified by reverse phase HPLC (Scheme 4.12). Fmoc-L-Pra-OH 4.48 was 

incorporated into the peptide to replace threonine and/or serine residues at selected positions 

in the MUC1 sequence. These replacements were chosen to aid the determination of which 

specific sites were important for biological activity (Figure 4.6).  

 

 

Scheme 4.12 Fmoc SPPS of propargylated peptides 4.49-4.54. Reagents and conditions: (a) 20% piperidine in 
DMF, MW (25 W), 80 °C, 0.5 min plus 3 min; (b) For standard amino acids: HBTU, iPr2EtN, DMF, MW 
(25W), 80 °C, 5 min. For 4.48: HATU, HOAt, collidine, DMF, MW, 80 °C, 20 min; (c) TFA, iPr3SiH, H2O, rt, 
3 h. 
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Figure 4.6 Synthesized propargylated peptides 4.49-4.54. 

 

 

The HPLC and MS data of the purified propargylated peptides 4.49-4.54 are shown in Figure 

4.7. 
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Figure 4.7 Analytical LC-MS traces for the purified propargylated peptides 4.49-4.54: A) peptide 4.49 
(observed: [M+2H]2+= 941.5 Da, calculated: 941.5 Da); B) peptide 4.50 (observed: [M+2H]2+= 945.5 Da, 
calculated: 945.5 Da); C) peptide 4.51 (observed: [M+2H]2+= 938.5 Da, calculated: 938.5 Da); D) peptide 4.52 
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(observed: [M+2H]2+= 935.5 Da, calculated: 935.5 Da); E) peptide 4.53 (observed: [M+2H]2+= 946.5 Da, 
calculated: 946.5 Da); F) peptide 4.54 (observed: [M+2H]2+= 943.5 Da, calculated: 943.5 Da). The analytical 
RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 150 mm x 4.6 mm; 5 
µm) using a gradient of 1-51 % buffer B over 60 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in 
methanol). 
 

4.7.3 Initial Click Reaction Experiments 

 

Initial attempts to carry out click reactions between peptide 4.49 and sugar azide 4.42 using 

catalytic amounts of CuSO4 and NaAsc in aqueous Na2HPO4 buffer were unsuccessful, even 

at elevated temperatures using microwave irradiation. This was not unsurprising, as our 

previous studies of click reactions involving unprotected peptides and sugars highlighted the 

need to use more than equimolar amounts of Cu(I) “catalyst” per propargyl group (described 

in Chapter 3).  

 

We therefore applied the optimized click conditions as described in Chapter 3. Peptide 4.49 

(3 mM) and sugar azide 4.42 (5 mM) was dissolved in 6 M GnHCl/0.2 M Na2HPO4 buffer at 

pH 7 with CuSO4 (20 mM) and NaAsc (20 mM) and the reaction allowed to proceed at room 

temperature. When the reaction was analyzed by reverse phase HPLC the desired click 

neoglycopeptide was observed, however with significant amounts of side-products (Figure 

4.8).  
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Figure 4.8 Click reaction between peptide 4.49 and sugar azide 4.42 was carried out using CuSO4 (20 mM) and 
NaAsc (20 mM) in 6 M GnHCl/0.2 M Na2HPO4 at pH 7: A) starting peptide 4.49; B) The desired click 
neoglycopeptide product 4.55 was observed with significant amounts of side-products. The analytical RP-HPLC 
was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a 
gradient of 1-51 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in methanol). 
 

 

 

A double-click reaction was also carried out on peptide 4.51 using the CuSO4/NaAsc 

conditions. Peptide 4.51 (3 mM) and sugar azide 4.42 (5 mM) were dissolved in 6 M 

GnHCl/0.2 M Na2HPO4 buffer at pH 7 with CuSO4 (40 mM) and NaAsc (40 mM) and the 

reaction stood at room temperature. HPLC showed that only a small amount of the desired di-

clicked neoglycopeptide 4.56 was formed with extensive formation of side-products (Figure 

4.9). 
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Figure 4.9 Click reaction between peptide 4.51 and sugar azide 4.42 was carried out using CuSO4 (40 mM) and 
NaAsc (40 mM) in 6 M GnHCl/0.2 M Na2HPO4 at pH 7: A) starting peptide 4.51; B) the desired double-click 
neoglycopeptide product 4.56 was observed with significant amounts of side-products; C) more extensive 
formation of side-products was visible. The analytical RP-HPLC was carried out using an analytical column 
(Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 1-51 % buffer B over 30 min 
(buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in methanol). 

 

Studies in the literature revealed that addition of large quantities of CuSO4 and NaAsc is 

undesirable in bioconjugation due to copper-mediated generation of reactive oxygen 

species.408,409 Dehydroascorbate and other ascorbate by-products can also react with lysine 

amino and arginine guanidino groups, resulting in covalent modification and aggregation of 

proteins.410,411 Therefore, we needed to re-evaluate the click conditions required to synthesize 

our click MUC1 neoglycopeptide analogues.  
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4.7.4 Synthesis of Click Neoglycopeptides of MUC1 

 

Given the drawbacks of using large quantities of NaAsc, we focused on a much milder and 

biologically friendly reductant, namely TCEP.  Although a weaker reducing agent than 

NaAsc, it was found from studies described in Chapter 2 that the use of TCEP as the 

reductant for CuSO4 often gave a much cleaner conversion of propargylated peptide into the 

clicked neoglycopeptide and in higher yield. This result may be attributed to the fact that its 

oxidised by-product, TCEP oxide, is relatively inert and therefore does not cause undesired 

side reactions.  

 

A simple experiment was performed whereby reduction of CuSO4 was attempted in 0.2 M 

Na2HPO4 at pH 7 using a neutral TCEP solution. CuSO4 (20 mM) was added to 0.2 M 

Na2HPO4 buffer (1 mM) at pH 7 containing TCEP (20 mM). Interestingly, the blue solution 

did not decolorize (reduction of Cu(II) into Cu(I) should show a colour change from blue to 

colourless) immediately, but instead blue aggregates were formed. Extensive heating at 80 oC 

and vortexing was required for the aggregates to be solubilised and the solution to decolorize. 

In comparison, when the same experiment was carried out in 6 M GnHCl/0.2 M Na2HPO4 

buffer at pH 7, almost immediately the solution decolorized to indicate a rapid reduction of 

Cu(II) species into Cu(I). A comparison of these two solutions immediately after adding 

CuSO4 is shown in Figure 4.10. This suggested that the 6 M GnHCl solution facilitated in 

solubilising the blue aggregates and also helped to increase the rate of Cu(II) reduction by 

TCEP. When the solutions were observed after 6 h being exposed to air, a faint blue colour 

was observed in 0.2 M Na2HPO4 buffer solution, whereas the 6 M GnHCl/0.2 M Na2HPO4 

buffer solution remained colourless, suggesting that the 6 M GnHCl solution also played a 

role in stabilizing the Cu(I) species and rendering them less susceptible to air oxidation. 

 

 
Figure 4.10 Left: CuSO4/TCEP in 0.2 M Na2HPO4 buffer without GnHCl; Right: CuSO4/TCEP in 0.2 M 
Na2HPO4 buffer with GnHCl. A more rapid reduction of Cu(II) was observed with GnHCl. 
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In addition to its use as a common solvent for the native chemical ligation of peptides, 

GnHCl solution is also an important chaotrope used to minimize aggregation in proteins and 

to facilitate chemical modification.412 Therefore, the apparent beneficial effect of this agent 

on the click reaction was a welcoming discovery. It is noteworthy that a broadly eluting peak 

was observed on the HPLC chromatograms (Figure 4.11A) where CuSO4 and TCEP 

coexisted with GnHCl that was not present in aqueous buffer solutions lacking GnHCl. When 

the reaction mixture was blue (i.e. suggesting that the Cu(II) species was present instead of 

Cu(I)) this chromatographic behaviour was not observed by HPLC (Figure 4.11). 

 
Figure 4.11 (A) CuSO4/TCEP in 6 M GnHCl/0.2 M Na2HPO4 buffer. The broad peak pattern (*) was observed 
in successful click reactions. (B) CuSO4/TCEP in 0.2 M Na2HPO4 buffer only. (C) CuSO4 in 6 M GnHCl/0.2 M 
Na2HPO4 buffer. (D) CuSO4 in 0.2 M Na2HPO4 buffer only. (E) TCEP in 6 M GnHCl/0.2 M Na2HPO4 buffer. (F) 
TCEP in 0.2 M Na2HPO4 buffer only. In C-F, the broad peak was not observed. In all successful click reactions, 
the broad peak observed in (A) was present. 
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Using the modified click conditions, sugar azide 4.42 and peptide 4.49 were reacted at room 

temperature, 50 oC, and using microwave (25W, 70 oC). The reaction profiles were similar, 

except that the microwave-assisted click reaction was much faster than when carried out at 

room temperature or 50 oC. There are many reports in literature that take advantage of the 

enhanced rate and efficiency of click reactions under microwave conditions.296,297,413-419 

Encouraged by this result, microwave-assisted click reactions between peptides 4.49-4.54 and 

sugar azide 4.42 were studied. Table 4.1 summarizes the results obtained from these reactions, 

and Figures 4.12-4.17 show the corresponding HPLC and MS data. All mono-, di-, tri-, tetra- 

and penta-click reactions were complete in a matter of hours proceeding in higher than 90% 

yield as determined by integration of the HPLC chromatogram. The neoglycopeptide 

constructs 4.55-4.60 were easily purified by reverse phase HPLC.  

 

Peptide (3mM) 
CuSO4 

conc. (mM) 
TCEP 

conc. (mM) 
Time taken (h)a Yield (%)b 

4.49 20 20 1.0 95 (43) 

4.50 40 40 2.5 95 (36) 

4.51 40 40 4.0 95 (34) 

4.52 60 60 4.5 95 (28) 

4.53 80 80 3.5 95 (34) 

4.54 100 100 4.0 90 (30) 
Table 4.1 Summary of click reactions. All click reactions were carried out in 6 M GnHCl/0.2 M Na2HPO4 
buffer at pH 7 with microwave irradiation (25 W). a Time taken to completion observed by HPLC; b % 
Conversion from starting peptide to product observed by HPLC. Isolated yield after reverse phase HPLC 
chromatography and lyophilisation, depicted in parentheses. 
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Synthesis of Neoglycopeptide 4.55 

 
Figure 4.12 Analytical LC-MS traces for the click reaction between peptide 4.49 and sugar azide 4.42: A) 
starting peptide 4.49; B) the desired mono-clicked neoglycopeptide product 4.55 was visible after 30 min; C) the 
click reaction was complete in nearly quantitative yield after 1 h; D) purified mono-clicked neoglycopeptide 
4.55 (observed: [M+2H]2+= 1093.5 Da, calculated: 1093.7 Da). The analytical RP-HPLC was carried out using 
an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 1-51 % 
buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in methanol). 
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Synthesis of Neoglycopeptide 4.57 

 
Figure 4.13 Analytical LC-MS traces for the click reaction between peptide 4.50 and sugar azide 4.42: A) 
starting peptide 4.50; B) the desired di-clicked neoglycopeptide product 4.57 was visible after 60 min; C) the 
click reaction was complete in nearly quantitative yield after 2.5 h; D) purified di-clicked neoglycopeptide 4.57 

(observed: [M+2H]2+= 1249.6 Da, calculated: 1249.8 Da). The analytical RP-HPLC was carried out using an 
analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 1-51 % buffer 
B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in methanol). 
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Synthesis of Neoglycopeptide 4.56 

 
Figure 4.14 Analytical LC-MS traces for the click reaction between peptide 4.51 and sugar azide 4.42: A) 
starting peptide 4.51; B) the desired di-clicked neoglycopeptide 4.56 and mono-clicked intermediate were 
visible after 120 min; C) the click reaction was complete after 4 h; D) purified di-clicked neoglycopeptide 4.56 

(observed: [M+2H]2+= 1242.6 Da, calculated: 1242.8 Da). The analytical RP-HPLC was carried out using an 
analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 1-51 % buffer 
B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in methanol). 
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Synthesis of Neoglycopeptide 4.58 

 
Figure 4.15 Analytical LC-MS traces for the click reaction between peptide 4.52 and sugar azide 4.42: A) 
starting peptide 4.52; B) the mono-/di-clicked neoglycopeptide intermediates were observed after 30 min; C) the 
major peak corresponded to the desired tri-clicked neoglycopeptide product 4.58 after 4.5 h; D) purified tri-
clicked neoglycopeptide 4.58 (observed: [M+2H]2+= 1391.6 Da, calculated: 1392.0 Da). The analytical RP-
HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) 
using a gradient of 1-51 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in 
methanol). 
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Synthesis of Neoglycopeptide 4.59 

 
Figure 4.16 Analytical LC-MS traces for the click reaction between peptide 4.53 and sugar azide 4.42: A) 
starting peptide 4.53; B) the mono-/di-/tri-clicked neoglycopeptide intermediates were observed after 30 min; C) 
the major peak corresponded to the desired tetra-clicked neoglycopeptide product 4.59 after 3.5 h; D) purified 
tetra-clicked neoglycopeptide 4.59 (observed: [M+2H]2+= 1554.7 Da, calculated: 1555.1 Da). The analytical 
RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) 
using a gradient of 1-51 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in 
methanol). 
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Figure 4.17 highlights the success of the multiple, contiguous click reaction on a penta-

propargylated peptide 4.54. Peptide 4.54 (3 mM) was dissolved in 6 M GnHCl/0.2 M 

Na2HPO4 buffer at pH 7 with CuSO4 (100 mM) and TCEP (100 mM). After incubation for 10 

min, GalNAcα1-O-propylazide 4.42 (22.5 mM) was added. The progression of reaction was 

observed by the presence of multiple peaks in the HPLC chromatogram after 30 min that 

corresponded to mono-, di-, tri-, and tetra-clicked intermediates with only a minor amount of 

starting peptide remaining. After 4 h the reaction was essentially complete at all five click 

sites affording the desired penta-clicked neoglycopeptide 4.60, which was isolated by solid 

phase extraction then lyophilized. The crude product was formed in 90% yield by HPLC 

integration, and this was purified by reverse phase HPLC to give the penta-clicked 

neoglycopeptide 4.60 in high purity and isolated yield (Table 4.1). 
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Synthesis of Neoglycopeptide 4.60 

 
Figure 4.17 Analytical LC-MS traces for the click reaction between peptide 4.54 and sugar azide 4.42: A) 
starting peptide 4.54; B) the mono-/di-/tri-/tetra-clicked neoglycopeptide intermediates were observed after 30 
min; C) the major peak corresponded to the desired penta-clicked neoglycopeptide product 4.60 after 4 h; D) 
purified penta-clicked neoglycopeptide 4.60 (observed: [M+2H]2+= 1704.3 Da, calculated: 1704.3 Da). The 
analytical RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 
mm; 5 µm) using a gradient of 1-51 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA 
in methanol). 
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4.8 Conclusion 

 

In this study, the first click neoglycopeptide analogues of the immunologically important 

MUC1 sequence were synthesized using a new combination of click reaction conditions that 

may be used on a routine basis for the synthesis of click neoglycopeptides using unprotected 

sugar-azides and peptides. As demonstrated from the synthesis of these analogues, the 

convergent approach deployed using the optimized click conditions allowed the facile, rapid 

and highly efficient preparation of a focused, homogeneous library of MUC1 glycopeptide 

mimics. A subsequent step would involve carrying out chemoselective conjugation of the 

synthesized click neoglycopeptides onto immunostimulants, such as a carrier protein or 

Pam3Cys, for the preparation of possible MUC1 cancer vaccines. Furthermore, using 

analogous click methods described herein, more complex oligosaccharide antigens bearing 

azide moieties could be synthesized and conjugated onto propargylated MUC1 peptides for 

the rapid synthesis of more elaborate cancer vaccine conjugates of complex structures. 
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4.9 Experimental Data 

 

4.9.1 General Information 

 

All reagents were purchased as reagent grade and used without further purification. 

Analytical thin layer chromatography was performed using 0.2 mm plates of Kieselgel F254 

(Merck) and compounds were visualised by ultra-violet fluorescence or by staining with 4% 

sulphuric acid in ethanol or ethanolic ninhydrin solution (0.3% ninhydrin in ethanol + 1% v/v 

acetic acid), followed by heating the plate for a few minutes. Flash chromatography was 

performed using Kieselgel F254 S 0.063-0.1 mm (Riedel de Hahn) silica gel with indicated 

solvents. Infrared spectra were obtained using a Perkin Elmer Spectrum One Fourier 

Transform infrared spectrometer as a thin film between sodium chloride plates. Absorption 

maxima are expressed in wavenumbers (cm-1) with the following abbreviations: s = strong, m 

= medium, w = weak, br = broad and v = varying. Optical rotations were determined at the 

sodium D line (589 nm) at 20 °C with a Perkin-Elmer 341 polarimeter and are given in units 

of 10-1deg cm2 g-1. Nuclear magnetic resonance (NMR) spectra were recorded as indicated on 

a Bruker AVANCE DRX300 (1H, 300 MHz, 13C, 75 MHz). Chemical shifts are reported in 

parts per million (ppm) relative to the tetramethylsilane signal recorded at δH 0.00 ppm in 

CDCl3/SiMe4 solvent or were referenced to the residual water signal at δH 4.79 ppm in D2O 

solvent. The 13C values were referenced to the residual chloroform signal at δC 77.0 ppm in 

CDCl3/SiMe4 solvent. 1H NMR shift values are reported as chemical shift (δH), relative 

integral, multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet; br s, broad singlet; dd, 

doublet of doublets, ddd, doublet of doublets of doublets), coupling constant (J in Hz) and 

assignments. 13C values are reported as chemical shift (δC), degree of hybridisation and 

assignment. 

 

4.9.2 Synthesis of 3΄-Azido-1΄-propyl-2-acetamido-2-deoxy-α-D-galactopyranoside 

4.42 

 

Synthesis of 3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α,β-D-galactopyranosyl acetate 2.15  

Imidazole-1-sulfonyl azide hydrochloride420 (2.52 g, 12.0 mmol) was added to D-

galactosamine hydrochloride (2.15 g, 10.0 mmol), K2CO3 (3.73 g, 27.0 mmol), and 

CuSO4·5H2O (25.0 mg, 0.010 mmol) in MeOH (50 mL) and the mixture stirred at room 

temperature for 2 h. The mixture was concentrated and co-evaporated with PhMe. The 
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resulting residue was suspended in pyridine (40 mL) at 0 oC, then acetic anhydride (30 mL) 

was added and the reaction mixture stirred at room temperature for 16 h. The reaction 

mixture was diluted with EtOAc, washed with 10% HCl (aq), sat. NaHCO3, dried with 

MgSO4 then concentrated. The crude product was purified by flash chromatography to afford 

the title compound 2.15 as a pale-yellow oil (3.08 g, 8.25 mmol, 83% (both α and β anomers 

(2:1 α:β) were obtained). 1H NMR data was in agreement with that reported in the 

literature.421 

 

Synthesis of 3΄-p-Toluenesulfonyl-1΄-propyl-3,4,6-tri-O-acetyl-2-azido-2-deoxy-α-D-

galactopyranoside 4.45  

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α,β-D-galactopyranosyl acetate 2.15 (0.80 g, 2.14 mmol) 

and 3΄-hydroxy-1΄-propyl p-toluenesulfonate 4.44 (0.74 g, 3.21 mmol) were dried together in 

the presence of P2O5 under high vacuum for 16 h prior to the reaction. The mixture was 

dissolved in dry CH2Cl2 (25 mL) and stirred under argon for 30 min at 0 oC. BF3.Et2O (2.63 

mL, 21.4 mmol) was added slowly and the reaction mixture was stirred at 40 oC for 48 h. The 

solution was cooled to room temperature then neutralized with sat. NaHCO3. The product 

was extracted with CH2Cl2, washed with sat. NaHCO3, brine, dried with MgSO4 then 

concentrated. The crude product was purified by flash chromatography to afford the title 

compound 4.45 as a colorless solid (0.48 g, 0.88 mmol, 41%): (Found: [M+Na]+, 566.1422, 

C22H29N3NaO11S requires 566.1415); mp 105-107 oC; [α]D
��  +94.9 (c 1.0 in CHCl3); vmax 

(film)/cm-1 2964 (s, C-H alkane), 2110 (s, N3), 1750, 1734 (s, C=O ester), 1465, 1404 (m, 

ArC=C), 1364, 1175 (s, O=S=O), 1229, 1128 (s, C-O), 1035 (s, C-N); δH (300 MHz, CDCl3) 

2.01-2.02 (2H, m, -CH2-CH2-OTs), 2.04, 2.05, 2.13 (3 x 3H, s, COCH3), 2.45 (3H, s, PhCH3), 

3.51-3.56 (1H, m, -O-CH2-CH2-CH2-OTs), 3.60 (1H, dd, J 11.0, 3.6, H-2), 3.78-3.85 (1H, m, 

-O-CH2-CH2-CH2-OTs), 4.04-4.12 (4H, m, -CH2-OTs, H-6A, B), 4.17 (1H, t, J 6.0, H-5), 4.93 

(1H, d, J 3.3, H-1), 5.25 (1H, dd, J 11.1, 3.3, H-3), 5.38 (1H, d, J 3.0, H-4), 7.37 (2H, d, J 7.8, 

ArH), 7.80 (2H, d, J 8.1, ArH); δC (75 MHz, CDCl3) 20.4, 20.4, 20.5 (COCH3), 21.4 (PhCH3), 

28.9 (-CH2-CH2-OTs), 57.2 (C-2), 61.6 (-CH2-OTs), 64.0 (O-CH2-CH2-CH2-OTs), 66.6 (C-5), 

66.9 (C-6), 67.4 (C-4), 67.9 (C-3), 98.0 (C-1), 127.7 (Ar-CH), 129.8 (Ar-CH), 132.7 (quat., 

Ar-C), 144.8 (quat., Ar-C), 169.6, 169.9, 170.3 (quat., COCH3). 
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Synthesis of 3΄-p-Toluenesulfonyl-1΄-propyl-3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-α-D-

galactopyranoside 4.46  

3΄-p-Toluenesulfonyl-1΄-propyl-3,4,6-tri-O-acetyl-2-azido-2-deoxy-α-D-galactopyranoside 

4.45 (80.0 mg, 0.15 mmol) was dissolved in a mixture of THF/Ac2O/AcOH (3:2:1 (v/v/v), 5 

mL), then powdered zinc (100 mg, 1.53 mmol) was added. After addition of sat. CuSO4 (200 

µL) the reaction mixture was left to stir for 1 h at room temperature. The reaction mixture 

was then filtered through Celite®, diluted with CH2Cl2 and co-evaporated with PhMe. The 

crude product was purified by flash chromatography to afford the title compound 4.46 as a 

yellow oil (71.0 mg, 0.13 mmol, 87%): (Found: MH+, 560.1790, C24H34NO12S requires 

560.1796); [α]D
�� +76.5 (c 1.0 in CHCl3); vmax (film)/cm-1 2964 (s, C-H alkane), 1742 (s, C=O 

ester), 1661 (s, C=O amide), 1537 (m, C=O amide), 1436 (m, ArC=C), 1368, 1175 (s, 

O=S=O), 1229, 1132 (s, C-O), 1041 (s, C-N); δH (300 MHz, CDCl3) 1.88-1.90 (2H, m, -CH2-

CH2-OTs), 1.93, 1.95, 1.99, 2.11 (4 x 3H, s, COCH3), 2.41 (3H, s, PhCH3), 3.47-3.54 (1H, m, 

-O-CH2-CH2-CH2-OTs), 3.72-3.79 (1H, m, -O-CH2-CH2-CH2-OTs), 3.99-4.07 (4H, m, -CH2-

OTs, H-6A, B), 4.20-4.27 (1H, m, H-5), 4.51-4.59 (1H, m, H-2), 4.81 (1H, d, J 3.3, H-1), 5.07 

(1H, dd, J 11.4, 3.3, H-3), 5.30 (1H, d, J 3.0, H-4), 5.99 (1H, d, J 9.6, NH), 7.32 (2H, d, J 8.1, 

ArH), 7.73 (2H, d, J 8.1, ArH); δC (75 MHz, CDCl3) 20.5, 20.6, 20.6, 21.5 (COCH3), 23.0 

(PhCH3), 28.5 (-CH2-CH2-OTs), 47.4 (C-2), 61.8 (O-CH2-CH2-CH2-OTs), 63.4 (-CH2-OTs), 

66.7 (C-5), 66.8 (C-6), 67.2 (C-4), 68.3 (C-3), 97.6 (C-1), 127.6 (Ar-CH), 129.9 (Ar-CH), 

132.7 (quat., Ar-C), 145.0 (quat., Ar-C), 170.2, 170.3, 170.4, 170.7 (quat., COCH3). 

 

Synthesis of 3΄-Azido-1΄-propyl-3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-α-D-

galactopyranoside 4.47 

 Tetrabutylammonium hydrogen sulfate (137 mg, 0.40 mmol) was added to a solution of 3΄-

p-toluenesulfonyl-1΄-propyl-3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-α-D-galactopyranoside 

4.46 (150 mg, 0.27 mmol) in CH2Cl2 (10 mL). NaN3 (170 mg, 2.62 mmol) in H2O (10 mL) 

was added and the reaction mixture was stirred vigorously for 16 h. The aqueous layer was 

extracted with CH2Cl2, and the combined organic layer was dried with MgSO4 and 

concentrated. The crude product was purified by flash chromatography to afford the title 

compound 4.47 as a yellow oil (92.2 mg, 0.21 mmol, 80%): (Found: MH+, 431.1757, 

C17H27N4O9 requires 431.1773); [α]D
�� +80.1 (c 1.0 in CHCl3); vmax (film)/cm-1 2935 (s, C-H 

alkane), 2097 (s, N3), 1743 (s, C=O ester), 1660 (s, C=O amide), 1535 (m, C=O amide), 1435 

(m, ArC=C), 1219, 1131 (s, C-O), 1042 (s, C-N); δH (300 MHz, CDCl3) 1.93 (2H, p, J 6.3, -
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CH2-CH2-N3), 1.97, 1.99, 2.05, 2.16 (4 x 3H, s, COCH3), 3.38-3.48 (2H, m, -CH2-N3), 3.51-

3.58 (1H, m, -O-CH2-CH2-CH2-N3), 3.78-3.86 (1H, m, -O-CH2-CH2-CH2-N3), 4.06-4.19 (3H, 

m, H-5, H-6A, B), 4.52-4.60 (1H, m, H-2), 4.91 (1H, d, J 3.6, H-1), 5.14 (1H, dd, J 11.4, 3.3, 

H-3), 5.38 (1H, d, J 3.0, H-4), 5.97 (1H, d, J 9.6, NH); δC (75 MHz, CDCl3) 20.4, 20.4, 20.4, 

22.9 (COCH3), 28.3 (-CH2-CH2-N3), 47.5 (C-2), 48.2 (-CH2-N3), 61.8 (C-6), 65.1 (O-CH2-

CH2-CH2-N3), 66.6 (C-5), 67.1 (C-4), 68.1 (C-3), 97.5 (C-1), 169.9, 170.0, 170.2, 170.6 

(quat., COCH3). 

 

Synthesis of 3΄-Azido-1΄-propyl-2-acetamido-2-deoxy-α-D-galactopyranoside 4.42 

 3΄-Azido-1΄-propyl-3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-α-D-galactopyranoside 4.47 

(220 mg, 0.51 mmol) was stirred in 1 M NaOMe (5 mL , pH 11.5) for 3 h at room 

temperature. The reaction mixture was acidified with H+ Dowex resin then filtered. The 

filtrate was concentrated, diluted with Milli Q water and lyophilized to afford the pure title 

compound 4.42 as a colorless solid (152 mg, 0.50 mmol, 98%): (Found: [M+Na]+, 327.1273, 

C11H20N4NaO6 requires 327.1275); mp 142-144 oC; [α]D
��  +160.7 (c 1.0 in H2O); vmax 

(film)/cm-1 3297 (s, O-H), 2924 (s, C-H alkane), 2097 (s, N3), 1616 (s, C=O amide), 1553 (m, 

C=O amide), 1448 (m, ArC=C), 1115, 1065, 1017 (s, alcohol C-O), 1037 (s, C-N); δH (300 

MHz, D2O) 1.96 (2H, p, -CH2-CH2-N3), 2.11 (3H, s, COCH3), 3.46-3.64 (2H, m, -CH2-N3, -

O-CH2-CH2-CH2-N3), 3.79-3.91 (3H, m, -O-CH2-CH2-CH2-N3, H-6A, B), 3.96-4.06 (3H, m, H-

3, H-4, H-5), 4.22 (1H, dd, J 12.0, 3.0, H-2), 4.97 (1H, d, J 3.0, H-1); δC (75 MHz, D2O) 22.0 

(COCH3), 28.0 (-CH2-CH2-N3), 48.2 (-CH2-N3), 50.0 (C-2), 61.3 (C-6), 65.0 (O-CH2-CH2-

CH2-N3), 67.7 (C-5), 68.5 (C-4), 71.0 (C-3), 97.0 (C-1). 

 

 

 

 

 

 

 

 

 

 

 

 



155 

 

1
H NMR (300 MHz): 3΄-p-Toluenesulfonyl-1΄-propyl-3,4,6-tri-O-acetyl-2-azido-2-deoxy-

α-D-galactopyranoside 4.45 

 

13
C NMR (75 MHz): 3΄-p-Toluenesulfonyl-1΄-propyl-3,4,6-tri-O-acetyl-2-azido-2-deoxy-

α-D-galactopyranoside 4.45 
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1
H NMR (300 MHz): 3΄-p-Toluenesulfonyl-1΄-propyl-3,4,6-tri-O-acetyl-2-acetamido-2-

deoxy-α-D-galactopyranoside 4.46 

 

13
C NMR (75 MHz): 3΄-p-Toluenesulfonyl-1΄-propyl-3,4,6-tri-O-acetyl-2-acetamido-2-

deoxy-α-D-galactopyranoside 4.46 
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1
H NMR (300 MHz): 3΄-Azido-1΄-propyl-3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-α-D-

galactopyranoside 4.47 

 

13
C NMR (75 MHz): 3΄-Azido-1΄-propyl-3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-α-D-

galactopyranoside 4.47 
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1
H NMR (300 MHz): 3΄-Azido-1΄-propyl-2-acetamido-2-deoxy-α-D-galactopyranoside 

4.42 

 

 

13
C NMR (75 MHz): 3΄-Azido-1΄-propyl-2-acetamido-2-deoxy-α-D-galactopyranoside 

4.42 
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4.9.3 Synthesis of Imidazole-1-sulfonyl azide hydrochloride 4.43 

Sulfuryl chloride (8.05 mL, 100 mmol) was added drop-wise to an iced-cooled suspension of 

NaN3 (6.5 g, 100 mmol) in acetonitrile (100 mL) and the mixture stirred overnight at room 

temperature. Imidazole (13.0 g, 190 mmol) was added portion-wise to the iced-cooled 

mixture and the resulting slurry was stirred for 3 h at room temperature. The mixture was 

diluted with EtOAc, washed with H2O then sat. NaHCO3, dried over MgSO4 and filtered. A 

solution of HCl in EtOH was added drop-wise to the filtrate while stirring at 0 oC. The 

precipitate was filtered and washed with EtOAc to afford the title compound 4.43 as 

colourless solid (13.6 g, 65%). 1H NMR data was identical to that reported in the literature.404 
1H NMR (300 MHz, D2O): δ 9.56 (dd, J = 1.3, 1.6 Hz, 1H), 8.05 (dd, J = 1.6, 2.3 Hz, 1H), 

7.65 (dd, J = 1.3, 2.3 Hz, 1H). 

 

4.9.4 Synthesis of Fmoc-L-propargylglycine (Fmoc-L-Pra-OH) 4.48 

L-Propargylglycine 3.13 (340 mg, 2.98 mmol) was suspended in a mixture of 10% aqueous 

Na2CO3 (10 mL) and 1,4-dioxane (10 mL) and cooled in an ice bath. N-

Fluorenylmethoxycarbonyl succinimide (1.05 g, 3.13 mmol) was dissolved in 1,4-dioxane 

(10 mL) by gentle heating and the solution was added over 30 min via a dropping funnel with 

efficient stirring. The reaction mixture was stirred overnight and the solvent was removed in 

vacuo. The suspension was diluted with H2O, washed with Et2O and the aqueous phase was 

acidified with citric acid to pH 3.5. The aqueous phase was extracted with EtOAc, the organic 

phases were combined, dried over MgSO4, filtered, the solvent was removed in vacuo and the 

crude product was purified by flash chromatography to afford the title compound 4.48 as an 

off-white solid (0.87 g, 2.59 mmol). 1H NMR data was identical to that reported in the 

literature. 1H NMR (300 MHz, DMSO): δ 11.9 (br s, 1H), 7.89-7.33 (m, 8H), 4.25-4.32 (m, 

3H), 4.07-4.11 (m, 1H), 2.91 (t, J = 2.1 Hz), 2.55-2.61 (m, 2H). 

 

4.9.5 Peptide synthesis 

 

4.9.5.1 General 

All solvents and reagents were used as supplied. O-(Benzotriazol-1-yl)-N,N,N′,N′′-

tetramethyluronium-hexafluorophosphate (HBTU), N-hydroxy-benzotriazole (HOBt) were 

purchased from Advanced Chemtech (Louisville, KY). Dimethylformamide (DMF) (AR 

grade) and acetonitrile (HPLC grade) were purchased from Ajax Chemicals, 

diisopropylethylamine (DIPEA), piperidine, and triisopropylsilane (TIS) were purchased 
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from Aldrich. N-methylpyrrolidine (NMP) was purchased from Fluka. Trifluoroacetic acid 

(TFA) was purchased from Halocarbons. 

Fmoc-amino acids were purchased from CEM or Advanced Chemtech (Louisville, KY). 

Fmoc-Ala-HMPP-linker was purchased from PolyPeptide Group. Tris(2-

carboxyethyl)phosphine (TCEP, 0.5 M solution) was purchased from Global Science & 

Technology Ltd. Aminomethyl resin was synthesized using literature methods.19  

 

4.9.5.2 Synthesis 

Solid phase peptide synthesis was performed using a Liberty Microwave Peptide Synthesiser 

(CEM Corporation, Mathews, NC) using the Fmoc/tBu strategy. The Fmoc group was 

deprotected with 20% v/v piperidine in DMF for 30 seconds followed by a second 

deprotection for 3 min using a microwave power of 60 W for both deprotections. The 

maximum temperature for both deprotections was set at 75°C.  

 

The coupling step was performed with 5 equivalents of Fmoc protected amino acid in DMF 

(0.2 M), 4.5 equivalents of HBTU in DMF (0.45 M) and 10 equivalents of DIPEA in NMP 

(2 M). All couplings were performed for 5 min at 25 W at a maximum temperature of 75°C 

except for the following amino acids: Fmoc–Arg(Pbf)–OH was double coupled using a 

25 min room temperature coupling followed by a 5 min period at 25 W; Fmoc-His(Trt)-OH 

coupling was performed for 5 min at 25 W at a maximum temperature of 50 oC. 

 

Following completion of the sequence, the peptide was released from the resin with 

concomitant removal of protecting groups by treatment with TFA/TIS/H2O (38/1/1, v/v/v) at 

room temperature for 2.5 h as required. The crude peptide was precipitated with cold diethyl 

ether, isolated by centrifugation, washed with cold diethyl ether, dissolved in 1:1 (v/v) 

acetonitrile:water containing 0.1% TFA and lyophilised.  

 

4.9.5.3 Analysis and Purification 

 

The crude peptide products were analysed for purity by analytical RP-HPLC (Dionex P680 

equipped with a 4 channel UV detector) at 210 and 254 nm using a Gemini C18 (5 µ; 

2.0 × 50 mm) column (Phenomenex) at 0.2 ml/min using a linear gradient. The solvent 

system used was A (0.1% TFA in H2O) and B (0.1% TFA in MeOH). Peptide masses were 



161 

 

confirmed by LC-MS (Dionex Ultimate 3000 equipped with a Thermo Finnegan MSQ mass 

spectrometer) using ESI in the positive mode.  

 

Purification of crude peptides was performed by semi-prep RP-HPLC (Dionex P680 

equipped with a 4 channel UV detector) at 210 and 254 nm using a Gemini C18 (5 µ; 

10 × 250 mm) column (Phenomenex) at 5.0 ml/min using a shallow gradient of increasing 

concentrations of solvent B. The solvent system used was A (0.1% TFA in H2O) and B (0.1% 

TFA in MeOH). Fractions containing the pure target peptide were identified by analytical 

RP-HPLC, then combined and lyophilized. 

 

4.9.6 General Procedure of Click Reaction 

Peptide (3 mM) and CuSO4/TCEP (20 mM per 3 mM of propargyl group) were mixed in a 

degassed solution of 6 M GnHCl/0.2 M Na2HPO4 buffer. After 30 min, 3΄-Azido-1΄-propyl-2-

acetamido-2-deoxy-α-D-galactopyranoside 4.42 (1.5 equiv. per propargyl group) was added 

and the reaction was carried out under argon with microwave irradiation (25 W). The reaction 

progress was monitored by analytical RP-HPLC, and upon completion of the reaction the 

crude product was isolated by solid phase extraction then lyophilized. The crude product was 

purified by semi-prep RP-HPLC to afford the desired clicked neoglycopeptide products. 

Details of the amount (mg) of starting peptide used and product neoglycopeptides obtained 

are summarized in Table 4.2. 

 

Starting peptide  
(mg)a 

Product 
neoglycopeptide 

CuSO4 
conc. (mM) 

TCEP 
conc. (mM) 

Time taken 
(h)b 

Yield 
(mg)c 

Isolated yield 
(%) 

4.49 (5.01) 4.55 20 20 1.0 2.50 43 

4.50 (4.95) 4.57 40 40 2.5 2.35 36 

4.51 (5.00) 4.56 40 40 4.0 2.25 34 

4.52 (4.73) 4.58 60 60 4.5 1.97 28 

4.53 (4.85) 4.59 80 80 3.5 2.73 34 

4.54 (4.97) 4.60 100 100 4.0 2.69 30 
Table 4.2 Summary of click reactions. All click reactions were carried out in 6 M GnHCl/0.2 M Na2HPO4 
buffer at pH 7 with microwave irradiation (25 W). aPeptide concentrations were 3 mM;  b Time taken to 
completion observed by HPLC; cAmount obtained after HPLC purification. 
 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

 

Synthesis of Neoglycopeptide Analogues of EPO using Click Chemistry 
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5 Erythropoietin (EPO) 

 

5.1 Physiology and Structure of Erythropoietin 

 

Erythropoietin (EPO) is the principal hormone that regulates mammalian erythrocyte 

differentiation.422 Hypoxia stimulates production of EPO, and this increases the number of 

developing erythroid precursors and accelerates release of reticulocytes from the bone 

marrow.423 This function of EPO renders it useful for the treatment of different types of 

anemia. Recombinant human EPO (rHuEPO) was first approved by the US Food and Drug 

Administration for the treatment of chronic renal failure in 1989.423 Currently there are a 

number of preparations of rHuEpo available (Epoetin Alfa, Darbepoetin Alfa- Amgen Inc.; 

Epoetin Alfa- Johnson & Johnson).   

 

EPO is a heavily glycosylated protein that contains 166 amino acid residues and has a 

calculated molecular weight of 18,398 for the protein moiety.424 The peptide backbone 

contains three more basic amino acids than acidic ones, and the charged residues are 

irregularly distributed with higher densities of charged residues at both the N-terminus and C-

terminus.424 The entire polypeptide sequence of Epo is shown in Fig 5.1. Epo has three N-

linked complex-type oligosaccharides attached to the asparagine side chain at positions 24, 

38 and 83, and a short O-linked oligosaccharide at serine 126.424-427 Two disulfide bonds exist 

between Cys7 and Cys161, and between Cys29 and Cys33 residues.424 

 

A1PPRLIC7DSR VLERYLLEAK EAEN24ITTGC29A EHC33SLNEN38IT

VPDTKVNFYA WKRMEVGQQA VEVWQGLALL SEAVLRGQAL

LVN83SSQPWEP LQLHVDKAVS GLRSLTTLLR ALGAQKEAIS

PPDAAS126AAPL RTITADTFRK LFRVYSNFLR GKLKLYTGEA

C161RTGDR166
 

 
Figure 5.1 Peptide sequence of Epo. Disulfide bonds are formed between Cys7-Cys161 and Cys29-Cys33. N-

glycosylation occurs at Asn24, 38, 83. O-glycosylation occurs at Ser126. 
 

Early studies using circular dichroism measurements suggested that the secondary structure 

of EPO is mainly composed of α-helices and turns with minimum amounts of β-sheet 

structures possibly due to the distribution of proline, aspartic acid, and glutamic acid residues 

within the EPO sequence that are highly unfavourable for β-sheet structure.424 The crystal 



163 

 

structure of EPO bound to its receptors (EpoR) revealed that the protein has an up-up-down-

down four-helical bundle topology, with two small antiparallel 3-residue β-strands (Ile39-

Val41 and Ile133-Ala135).428 The crystal structure also showed that one molecule of EPO binds 

to two receptors as shown in Figure 5.2.428 A detailed study of EPO-(EpoR)2 interactions can 

be found in literature.428  

 

 
Figure 5.2 Crystal structure of one molecule of Epo bound to two receptor molecules.  

 

The human form of native EPO (HuEPO) was obtained from urinary samples of patients with 

aplastic anemia.429 Isolation and characterization of genomic and cDNA clones of the HuEPO 

gene was first carried out by Jacobs et al., that confirmed EPO as a sialoglycoprotein with a 

molecular weight of 34,000-39,000.430 The EPO gene was first introduced into Chinese 

hamster ovary (CHO) cells where fully glycosylated Epo protein was produced that was 

biologically active in vitro and in vivo.431 This allowed sufficient quantities of the EPO 

glycoprotein to facilitate a more comprehensive understanding of the structure and function 

of the molecule in hemopoiesis. N-terminal sequencing of the recombinant hormone revealed 

a 27-residue leader peptide that was correctly and consistently cleaved during secretion of the 

rHuEPO into the conditioned medium, yielding the mature NH2-terminus of the protein.432 

Interestingly, analysis of rHuEPO by peptide mapping and fast atom bombardment mass 

spectrometry (FABMS) revealed that the C-terminal arginyl residue was missing from the 

purified protein, and this truncated des-Arg166 rHuEPO showed complete in vivo activity.432 

Further analysis of the urinary HuEPO protein also revealed a missing C-terminal arginine 

residue.432 This C-terminal processing of both urinary HuEPO and rHuEPO could occur: (i) 

intracellularly, prior to, or associated with secretion of the hormone into plasma; or (ii) 

extracellularly, due to the activity of a serum carboxypeptidase that specifically removes C-
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terminal basic residues. There have been reports that intracellular, membrane-associated and 

serum-derived, terminal arginine/lysine-specific carboxypeptidases are present in mammalian 

systems.433,434 Human carboxypeptidase N, which also hydrolyzes synthetic substrates 

containing arginine/lysine residues at the C-terminus, is also reported to circulate in the 

plasma.434,435 Interestingly, both intracellular and membrane-bound carboxypeptidases of this 

sort have been identified in target cells that produce EPO in vivo.436,437 From these results it 

was proposed that the physiologically active form of the hormone circulating in plasma and 

interacting with target cells in vivo is des-Arg166 EPO.  

 

5.2 Structure and Functions of N- and O-glycans in EPO 

 

The structure and role of the complex N- and O-linked carbohydrates in EPO have been 

studied in great detail.425-427,438-441 In all studies it was found that deglycosylated EPO showed 

an increased activity in vitro, however it showed diminished or even lack of activity in vivo, 

suggesting that the complex oligosaccharides are essential for activity. The proposed 

structures of the N- and O-glycans in EPO are shown in Figure 5.3. 

 

Significant results from the studies that have been carried out to date are summarized below: 

1. Because rHuEPO could be obtained in sufficient amounts by recombinant means, 

detailed studies on the structure and function of oligosaccharides in EPO were carried 

out using rHuEPO. Interestingly, it was found that the oligosaccharide structures of 

urinary HuEPO and rHuEPO were essentially the same, except the degree of 

silylation was slightly less in the latter.427 Therefore, it was assumed that the 

carbohydrate structures proposed from studies using rHuEPO would be similar to that 

of urinary HuEPO. 

2. The O-linked oligosaccharide on Ser126 in rHuEPO was characterized by Tsuda et al. 

by digesting the protein with endo-α-N-acetylgalactosaminidase that detaches O-

linked carbohydrates.440 This study revealed that the oligosaccharides on Ser126 

contained a core structure of Gal(β1-3)GalNAc with one or two sialyl moieties on Gal 

and/or GalNAc.440 The importance of this O-linked oligosaccharide is still unclear, 

but thermal stability analysis of EPO analogues of different degrees of 

deglycosylation revealed that this moiety is important for heat stability of the 



165 

 

protein.440 However, studies by Higuchi et al. showed that these O-linked glycans are 

not important for both the in vitro and in vivo activity of EPO.441  

3. Enzymatic digestion studies revealed that the terminal sialyl groups on N-glycans are 

crucial for the in vivo activity of rHuEPO.440 In vitro studies showed that 

deglycosylation of N-linked oligosaccharides increased activity and EPO receptor 

binding, suggesting that the interaction with the target receptor is not dependent on 

the presence of oligosaccharide chains.440,441 However, all digested EPO analogues 

were completely inactive in in vivo studies.440 This observation was in agreement with 

previous reports of loss of in vivo activity of deglycosylated EPO,442-445 and this is 

thought to be due to rapid metabolic clearance by binding of asialylated EPO to 

galactose-binding receptors on hepatic cells.438,440  
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Figure 5.3 Structures of N-glycans (A-F) and O-glycan (G) in EPO. A: biantennary N-glycan (~1.4%); B,C: 
triantennary N-Glycans (~13.5%); D-F: tetraantennary N-glycans (~85.1%). *= could be mono- to tri-sialylated, 
specific positions were not determined. **= the specific positions of repeated Galβ1-4GlcNAcβ repeat units 
were not determined. 
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5.3 Glycoengineering of EPO 

 

The vast amount of information obtained from previous studies by many research groups on 

the structure and functions of EPO allowed modifications to be explored in order to obtain 

EPO analogues that show better biological activity and a prolonged duration of activity. A 

detailed study of the glycoengineering of EPO was carried out by Elliott et al. at Amgen. 

Their aim was to recombinantly express EPO glycosylation analogues with appropriately 

targeted N-linked glycosylation in order to find one that has increased in vivo activity with 

prolonged duration of action.446 Their approach was based on the fact that N-linked 

carbohydrates are typically attached to consensus sequences (Asn-X-Ser/Thr, where X is any 

amino acid except proline).447-449 Elliott and co-workers carried out a series of mutation 

experiments that, for some analogues, resulted in a higher amount of N-glycosylation than 

native rHuEPO. This result was achieved by mutations that would create Asn-X-Thr at 

desired sites within the sequence. The “engineered” genes were expressed and the 

glycosylated proteins were purified and tested for in vitro activity, receptor binding, and 

structural integrity compared to that of native rHuEPO. It was found that an analogue that had 

A30/H32/P87/W88/P90→N30/T32/V87/N88/T90 mutations, thus leading to two extra N-

glycans at Asn30 and Asn88, exhibited similar receptor binding activities in vitro, while 

retaining structural conformation.446 The protein was further tested for in vivo activity after 

being expressed in CHO cells. The mutated EPO analogue had a higher in vivo activity as 

well as a longer duration of action compared to the native rHuEPO. This was likely due to the 

additional sialic acid-containing N-linked carbohydrates that could render the protein 

susceptible to hepatic clearance. After it was shown that the EPO analogue was not 

immunogenic, it was tested in clinical trials and eventually approved for use in patients with 

anemia associated with renal failure and chemotherapy. It is currently marketed as 

Darbepoetin Alfa by Amgen.446 
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5.4 Chemical Approach to Homogeneous Glycosylated EPO Analogues 

 

Although glycoproteins can be obtained recombinantly, control of the site and structure of 

glycosylation remains a challenge. The cells required for expression of glycoproteins may not 

always be readily available (for example, glycosylation of EPO could be achieved in CHO 

cells but not in E.coli), and the proteins obtained are usually heterogeneous, rendering them 

difficult to purify in order to examine each of the glycoforms for their structure and activity. 

Additionally, in the case of EPO, although studies of urinary HuEPO and rHuEPO have 

provided a wide array of information on the biological properties of EPO, a rigorous 

comparison of the therapeutic value of defined glycoforms of EPO has not been possible, 

owing to the huge difficulties in obtaining homogeneous EPO from natural sources. For these 

reasons, chemical synthesis would provide an alternative approach to obtain homogeneous 

glycoproteins of defined structure. To date, a number of research groups have used chemistry 

to design and synthesize different analogues of glycosylated EPO that may show increased 

activity both in vitro and in vivo. The chemical approaches to synthetic EPO carried out by 

several research groups are described in detail in the subsequent sections. 

 

5.4.1 Chemical synthesis of an EPO analogue by Robertson and Ramage
450

 

 

The first total chemical synthesis of a 166 amino acid deglycosylated human erythropoietin 

(dHuEPO) was carried out by Robertson and Ramage 450 in 1999. The synthesis was achieved 

using Fmoc SPPS on a cross-linked polystyrene support, coupled to the 4-alkoxybenzyl 

alcohol (Wang) linker, starting from the carboxy terminal arginine residue and adding amino 

acids in a stepwise fashion using a fully automated peptide synthesizer (Scheme 5.1). This 

target protein was chosen to test their novel coupling reagent ethyl 1-hydroxy-(1H)-1,2,3-

triazole-4-carboxylate (HOCt) in conjunction with diisopropylcarbodiimide (DIC) for 

carboxy activation used in peptide elongation. A base-labile Nα-protecting group, 

tetrabenzo[a,c,g, i]fluoren-17-ylmethoxycarbonyl (Tbfmoc), developed by Ramage et 

al.451,452 was used for affinity purification on porous graphitised carbon (PGC), and also acted 

as a hydrophobic chromatographic probe to simplify the purification of peptides by RP-

HPLC and gel filtration. The linear synthesis of dHuEPO protein which had a molecular 

weight of 18,389 Da was successfully achieved; however no biological data was obtained. 
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Scheme 5.1 Synthetic strategy employed by Robertson and Ramage.450 

 

 

5.4.2 Chemical synthesis of an EPO analogue by Kochendoerfer et al.
453

 

 

The total chemical synthesis of homogeneous polymer-modified erythropoietin protein was 

reported by Kochendoerfer et al. in 2003.453 The synthetic erythropoietin (SEP) 5.1 contained 

a 166 amino acid polypeptide chain that differed significantly to the native protein by the 

number and type of attached polymers 5.2. Two branched polymer moieties were attached 

through an oxime bond between an aminooxy group on the polymer and two ketone-bearing 

Lys24 (Nε-levulinyl) and Lys126 (Nε-levulinyl) residues,454 and each branched polymer had: (i) 

a chemoselective linker; (ii) a hydrophilic spacer; (iii) a core structure with four branch points; 

(iv) a linear polymer with 12 repeat units attached to each branch point; and (v) a total of four 

negative charges as shown in Scheme 5.2.453,455 The polymer was designed to give the SEP a 

large hydrodynamic radius and a net negative charge at physiological pH for optimal potency 

and prolonged duration of action in vivo by providing protection against proteolytic enzymes. 

SEP was divided into four segments which were synthesized using the in situ neutralization 

protocol developed for Boc (tert-butoxycarbonyl) stepwise solid-phase peptide synthesis,53 

with the segments sequentially condensed using native chemical ligation (Scheme 5.2).63 The 

cysteine ligation sites were selected at the 33rd, 89th and 117th positions of which the latter 

two were S-acetylated after ligation to mimic the glutamic acid side chain present in the 

native sequence at those positions. The full-length polypeptide product was folded by using 

stepwise dialysis,456 and the protein was characterized using analytical and biological 

methods. The correct covalent structure, correct attachment of the polymer, and the correct 

formation of the two desired disulfide bonds were confirmed by a combination of tryptic 
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peptide mapping, electrospray mass spectrometry, and NH2-terminal sequencing. The in vitro 

biological activity of SEP was evaluated in a cell proliferation assay, and the in vivo potency 

was also compared with EPO in several animal models. The results showed that SEP had 

similar in vitro activity to that of EPO, and a superior hematopoietic activity and prolonged 

lifetime and duration of action in vivo. These results demonstrated that the complex 

carbohydrate moieties on EPO could be replaced by non-carbohydrate moieties such as the 

polymers used in this case, and the polymer-modified EPO would still retain full biological 

potency with even prolonged in vivo lifetimes. This work was carried out by Gryphon 

Therapeutics, and clinical trials have been pursued by Roche Ltd before it was abandoned by 

the company for an in-house PEGylated recombinant EPO. 
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Scheme 5.2 Synthesis of polymer-containing synthetic EPO 5.1: A) Synthetic scheme. Reagents and conditions: 
(a) 50% aqueous MeCN (0.01% TFA); (b) i. thiophenol (1% v/v), TFE/6 M GnHCl/0.3 M Na2HPO4, pH 7.9, rt, 
overnight, ii. β-mercaptoethanol/TFE/6 M GnHCl/0.3 M Na2HPO4, pH 7.9, HPLC purification; (c) Hg(OAc)2, β-
mercaptoethanol; (d) bromoacetic acid, TFE/6 M GnHCl/0.3 M Na2HPO4, pH 7.9, rt; B) structure of aminooxy-
polymer 5.2. 
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5.4.3 Chemical synthesis of an EPO analogue by Richardson and Macmillan
457

 

 

In 2008 Richardson and Macmillan457 reported the semi-synthesis of a deglycosylated EPO 

analogue using native chemical ligation and bacterial protein expression methods. The N-

terminal cysteine-containing EPO(29-166) fragment 5.3 was obtained via CNBr-cleavage of 

the His10-tag-Met fusion EPO(29-166) protein expressed in E. coli using methods developed 

by Macmillan et al.458 An acetylenic functional group containing EPO(1-28)-SBn thioester 

fragment 5.4 was synthesized using automated Fmoc SPPS on a pre-loaded glycine-

sulfamylbutyryl resin (Scheme 5.3). The introduction of this acetylene group 5.5 allowed for 

site-specific modification of the protein with glycosylation or polyethylene glycol (PEG) 

using click chemistry, although this was not carried out. The native chemical ligation was 

performed under normal ligation conditions using 4-mercaptophenylacetic acid (MPAA) as 

the thiol catalyst.64 The folded semi-synthetic protein 5.6 was analyzed in in vitro assays for 

TF-1 cell proliferation. The EC50 value of deglycosylated, bacterially-derived EPO[M54L] 

that did not contain an acetylene functional group was approximately 16 fold less than that of 

the acetylene-containing semi-synthetic EPO, however it was nevertheless sufficiently active 

in the nanomolar range.457 Disappointingly, in vivo data for this semi-synthetic 

deglycosylated EPO was not reported.  
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Scheme 5.3 Synthesis of an EPO analogue using semi-synthesis and NCL. Reagents and conditions: a) Fmoc 
SPPS: i. amino acid coupling: HBTU, HOBt, iPr2NEt, ii. Fmoc deprotection: 20% piperidine in DMF; b) 
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5.4.4  Chemical synthesis of EPO analogue by Danishefky et al.
459-461

 

 

A number of investigations towards the synthesis of glycosylated EPO peptide segments have 

been carried out Danishefsky and co-workers.72,86,459-468 To date, this group has synthesized 

three glycosylated fragments- EPO(1-28),459 EPO(29-77),461 and EPO(78-166).460 Although 

the fully ligated EPO polypeptide has yet to be completed, the chemistry developed during 

the synthesis of these peptides has contributed significantly to the field of peptide and 

glycopeptide ligation. 

 

(i)  Synthesis of glycosylated peptide fragments (Scheme 5.4): 

Three small glycopeptide fragments that contain N-linked oligosaccharides were synthesized. 

The biantennary dodecasaccharide (shown in Scheme 5.4) amine 5.7 was chemically 

synthesized by Danishefsky et al.466,467 by Kochetkov amination,469 and subsequently 

aspartylated on partially protected peptide fragments using modified Lansbury 

aspartylation470 conditions using HATU, iPr2NEt in DMSO (Scheme 5.4A) in the presence of 

either S(CH2)3CO2Et thioester (EPO(22-28)), p-cyanophenyl ester (EPO(29-42)), or 2-

(ethyldithio)-phenol ester (EPO(78-87)).  The O-linked glycan 5.8 was also chemically 

synthesized by Danishefsky et al.,468 pre-glycosylated with serine, and this glycosyl amino 

acid building block 5.9 was incorporated into the polypeptide using direct condensation 

methods with two trimers (Scheme 5.4B). 
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(ii) Synthesis of EPO(78-166) (Scheme 5.5):  

This synthetic approach to the glycopeptide domain EPO(78-166) involved a non-NCL-based 

chemical synthetic strategy (Scheme 5.5).460 The EPO(78-166) glycopeptide was divided into 

4 segments and each of the fragments was synthesized using an Fmoc SPPS protocol. Firstly, 

the 7-amino acid glycopeptide segment EPO(123-129) 2-(ethyldithio)phenyl ester 5.10 was 

synthesized by HATU-mediated incorporation of glycosylated Fmoc-Ser building block 5.9 

(Scheme 5.5)468 into the peptide sequence. This glycopeptide fragment 5.10, containing the 2-

(ethyldithio)phenyl ester which acts as a masked thioester, then underwent reductive disulfide 

cleavage to generate the active thioester moiety upon exposure to TCEP.HCl and hydroxy-

3,4-dihydro-4-oxo-1,2,3-benzotriazine (HOOBt) to form an amide bond with EPO(130-166) 

5.11 via modified Blake-Aimoto condensation86,462,463,465,471,472 to yield EPO(123-166). After 

Fmoc deprotection EPO(123-166) was condensed with EPO(88-122) 2-(ethyldithio)phenyl 

ester 5.12 under the same modified Blake-Aimoto conditions. The N-glycopeptide fragment 

EPO(78-87) 2-(ethyldithio)phenyl ester 5.13 was separately synthesized. The biantennary 

dodecasaccharide amine 5.7 underwent Lansbury aspartylation with the EPO(78-87) 2-

(ethyldithio)phenyl ester peptide backbone at Asp83 using HATU and iPr2NEt in DMSO. This 

glycopeptide segment EPO(78-87) 2-(ethyldithio)phenyl ester 5.13 underwent condensation 

with EPO(88-166), then the Fmoc group was deprotected to yield the desired glycosylated 

EPO(77-166) fragment 5.14. The highlight of this work is the successful synthesis of the O-

glycopeptide using unprotected sugars. It was previously reported by Reimer et al.473 that 

under controlled conditions solid phase glycopeptide synthesis was possible using glycosyl 

amino acids containing unprotected O-glycans, and this approach has been employed by 

other groups with limited success.473-476 Notably however, despite the presence of carboxylic 

acid groups in the O-glycans used in this synthesis, HATU coupling of peptide fragments did 

not cause undesired side reactions and the successful assembly of peptides was achieved. 
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Scheme 5.5 Synthesis of EPO(78-166) fragment 5.14. Reagents and conditions: a) i. TCEP·HCl, HOOBt, 
iPr2NEt, DMSO, ii. 20% piperidine, DMSO, 59%; b) i. TCEP·HCl, HOOBt, iPr2NEt, DMSO, ii. 20% piperidine, 
DMSO, 52%; c) i. TCEP·HCl, HOOBt, iPr2NEt, DMSO, ii. 20% piperidine, DMSO, 50%. 

 

 

(iii) Synthesis of EPO(29-77) (Scheme 5.6):  

Synthesis of the glycosylated EPO(29-77) segment involved the N- to C-terminal 

condensation of 3 shorter segments- EPO(29-42) 5.15, EPO(43-57) 5.16, and EPO(58-77) 

5.17.461 EPO(29-42) 5.15 was synthesized as a p-cyanophenyl ester and the biantennary 

dodecasaccharide amine 5.7 was aspartylated at Asp38 using HATU and iPr2NEt in DMSO. 

This fragment was then condensed with EPO(43-57) 2-(ethyldithio)-6-propylphenyl ester 

5.16 using HOOBt and iPr2NEt in DMSO to yield EPO(29-57) 2-(ethyldithio)-6-

propylphenyl ester 5.18. The EPO(58-77)-S(CH2)3CO2Et fragment 5.17 then underwent 

modified Blake-Aimoto condensation with EPO(29-57) 2-(ethyldithio)-6-propylphenyl ester 

5.18 using TCEP.HCl, HOOBt, and iPr2NEt in DMSO to afford the desired EPO(29-77)-

S(CH2)3CO2Et 5.19. The highlights of this work include the use of a p-cyanophenyl ester in 

place of p-nitrophenyl ester477 to suppress base hydrolysis observed in the presence of 

complex oligosaccharides. Furthermore, the elegant alkylation at the ortho position of the o-

disulfide phenol provided steric hindrance at the Gly57 carbonyl group, thus suppressing 

vulnerability to nucleophilic attack and therefore hydrolysis. 
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Scheme 5.6 Synthesis of EPO(29-77) fragment 5.19. Reagents and conditions: a) i. HOOBt, iPr2NEt, DMSO, 
47%; b) TCEP·HCl, HOOBt, iPr2NEt, DMSO, 51%. 
 

 

(iv) Synthesis of EPO(1-28) (Scheme 5.7):  

Despite being the smallest fragment, EPO(1-28) has no functional cysteine and 

glycine/proline residues upon which to base a synthetic strategy. Eventually, Danishefsky and 

co-workers divided the fragment into two parts- EPO(1-21) 5.20 and EPO(22-28) 5.21.459 

Ala22 was replaced by Cys22, which was desulfurized after native chemical ligation to give 

the native alanine at that position. Firstly the glycosylated peptide EPO(22-28) 5.21 was 

synthesized. Fully protected Fmoc-EPO(22-28) was synthesized, then converted into -

S(CH2)3CO2Et thioester. After side chain deprotection using a TFA cocktail, the biantennary 

dodecasaccharide amine 5.7 was aspartylated at Asp24 using HATU and iPr2NEt in DMSO. 

Fmoc deprotection of the glycosylated EPO(22-28)-S(CH2)3CO2Et thioester 5.21 yielded the 

free N-terminal glycopeptide. The Fmoc-EPO(1-21) 2-(ethyldithio)phenyl ester 5.20 

underwent native chemical ligation with EPO(22-28)-S(CH2)3CO2Et thioester 5.21 in 6 M 

GnHCl/0.2 M Na2HPO4 buffer containing TCEP and thiopropionic acid to yield Fmoc-

EPO(1-28)-S(CH2)3CO2Et thioester 5.22. Desulfurization73,478 of this peptide to give the 

native Ala22 was carried out using 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride 
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(VA-044) in ligation buffer to yield the desired product Fmoc-EPO(1-28)-S(CH2)3CO2Et 

thioester 5.23.72  

CENITTG S(CH2)3CO2EtH2NAPPRLICDSRVLERYLLEAKE

SSEt

OFmocHN

EPO(1-21)

+

EPO(Cys22-28)

APPRLICDSRVLERYLLEAKECENITTG S(CH2)3CO2EtFmocHN
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Scheme 5.7 Synthesis of EPO(1-28) fragment 5.23. Reagents and conditions: a) thiopropionic acid, 6 M 
GnHCl/0.2 M Na2HPO4, TCEP, 20%; b) VA-044, 6 M GnHCl/0.2 M Na2HPO4, TCEP, thiopropionic acid, 37 oC. 

 

With these three segments in hand, a potentially biologically active homogeneous synthetic 

EPO as a single glycoform is within reach. To date, the full length glycosylated EPO has not 

been reported by the group. The primary drawback in their synthesis is the limited 

availability of the complex dodecasaccharide, as this is not commercially available. 

Nevertheless, the new amide bond forming chemistry delineated during the synthesis of these 

glycopeptide segments provide alternative methods to conventional native chemical ligation 

in cases when cysteines are not readily available within the peptide sequence. 

 

 

5.4.5 Chemical synthesis of EPO analogue by Kajihara et al.
479

 

 

The design and synthesis of a homogeneous glycosylated EPO analogue with two human 

complex-type sialyl oligosaccharides using a combination of native chemical ligation and 

bacterial protein expression methods was recently reported by Hirano and co-workers.479 The 

same group previously reported the synthesis of homogeneous glycopeptides and 

glycoproteins by using biantennary complex-type sialyl oligosaccharides isolated from egg 

yolk,480-482 and a glycosylated analogue of EPO was chosen as the target to demonstrate the 

efficient synthesis using the same methodology. The synthesis of this glycosylated, semi-
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synthetic EPO analogue was divided into two parts: (i) a synthetic glycopeptide-α-thioester 

fragment, EPO(1-32)-SEt 5.24, that contains complex-type sialyl oligosaccharides 5.25 at 

Cys24 and Cys30 positions (Cys30 is an unnatural glycosylation position) linked via thioether 

linkages using the haloacetamide method; and (ii) the N-terminal cysteine-containing 

EPO(33-166) polypeptide chain 5.26, prepared by Macmillan’s group using CNBr-cleavage 

of the bacterially expressed His10-tag-Met fusion EPO(29-166) protein.457,458 The 

glycopeptide-α-thioester fragment 5.24 was prepared by general Fmoc SPPS on HMPB-

PEGA resin using HBTU/HOBt/ iPr2NEt coupling. After the construction of the 32-residue 

peptide, the fully protected peptide 5.27 was released from the HMPB linker after exposure to 

AcOH/trifluoroethanol, and the selectively deprotected C-terminal α-carboxylic acid was 

converted to peptide-α-thioester 5.28 using PyBOP, DIPEA and excess EtSH at -20 oC. This 

peptide fragment 5.28 was then condensed with bromoacetamidyl undecasaccharide (Scheme 

5.8) via haloacetamide reaction to afford the desired glycopeptide-α-thioester 5.24.230,483 This 

synthesized EPO(1-32)-SEt 5.24 was then condensed with the bacterially expressed N-

terminal cysteine-containing EPO(33-166) 5.26 using native chemical ligation (Scheme 5.8). 

After removal of Acm groups on Cys7 and Cys29 the polypeptide 5.29 was folded and the 

glycoprotein was characterized using analytical and biological methods. The data obtained 

from HPLC analysis, SDS-PAGE, ESI mass spectrum, CD spectrum, and peptidase digestion, 

showed that a pure, correctly folded EPO analogue had been prepared. In vitro studies 

demonstrated that induction of TF-1 cell proliferation was comparable to that of 

commercially available native EPO, with cell proliferation activity from 50 pg mL-1. In terms 

of in vivo assay with the synthetic EPO no clear hematocrit activity was seen with doses of 20 

µg kg-1, whereas native rHuEPO EPO and polymer-modified EPO analogues showed a 

definite activity with doses of 22.5 µg kg-1.453 The authors anticipated that additional N-

glycosylation in the protein may be required for enhanced bioactivity in vivo, hence further 

research is underway.  
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Scheme 5.8 Synthesis of a glycosylated EPO analogue by Kajihara et al.479 Reagents and conditions: a) Fmoc 
SPPS: i. amino acid coupling: Fmoc-Aaa-OH, HOBt, DIPCDI, ii. Fmoc deprotection: 20% piperidine in DMF; 
b) AcOH/TFE (1:1 v/v); c) PyBOP, EtSH, iPr2NEt, DMF, -20 oC; d) TFA/H2O/TIPS (95%:2.5%:2.5% v/v/v); e) 
urea (30 mM), Na2HPO4 (100 mM)/DMF (2:1 v/v), pH 7.2, rt; f) MPAA (200 mM), TCEP (40 mM), 6 M 
GnHCl/0.3 M Na2HPO4, TCEP; g) AgOAc, CH3COOH, then DTT. 
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5.5 Proposed Synthesis of Neoglycopeptide Analogues of EPO using Click 

Chemistry 

 

Inspired by the findings from the previous work carried out at the Kent laboratory,484 we 

aimed to design click analogues of EPO that could show prolonged bioactivity in vivo. It was 

envisaged that incorporation of propargylated amino acids within the EPO polypeptide would 

allow site-specific glycosylation of different carbohydrate moieties via click chemistry using 

oligosaccharides bearing an azide group. Because the 1,2,3-triazole ring is known to be 

resistant to enzymatic hydrolysis, union of the peptide and carbohydrate moieties with this 

linkage would render the neoglycoprotein less susceptible to enzymatic degradation, allowing 

its survival for longer periods in plasma, thus leading to prolonged biological activity. 

Furthermore, the ability to click different oligosaccharides at different positions on the 

peptide backbone enable the synthesis of homogeneous neoglycosylated EPO analogues that 

would be used to provide further insight into the role of carbohydrates on the bioactivity of 

EPO. 

 

5.5.1 Synthetic Strategy 

 

Unlike previous syntheses of the 166-amino acid EPO polypeptide backbone by other 

research groups,450,453,457,459-461,479 we set out to synthesize the des-Arg166 form of EPO as this 

was found to be the protein circulating in plasma.432 The synthetic design and preparation of 

deglycosylated des-Arg166 EPO had already been carried out in the Kent laboratory at The 

University of Chicago in 2006-2008 (unpublished data). This synthetic strategy involved 

dividing the 165-amino acid polypeptide into five fragments, which were convergently 

ligated using both kinetically controlled ligation (KCL) and native chemical ligation (NCL). 

This route proved to be more efficient than the route devised by Kochendoerfer,453 hence we 

decided to employ the same disconnections. The five fragments that were prepared for the 

synthesis of our neoglyco-EPO prototype are shown in Figure 5.4. 

 
 
Figure 5.4 Five fragments of EPO polypeptide divided for convergent synthesis. X= click neoglycosylation 
sites; C= Cys(Acm); Z= thiazolidine; W= Trp(CHO). 
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Several important points need to be noted: 

• Because the cysteines needed for cysteine-mediated NCL63 are not evenly spaced out 

in EPO, alanine residues at positions 30, and 128 were substituted for cysteine 

residues, and positions 68 and 98 were substituted for thiazolidine residues. The 

thiazolidine residues are necessary for N-terminal protection during the C- to N-

terminus ligation of EPO3-EPO5 segments which would be converted to cysteines 

after each ligation. After the final ligation the four free cysteine residues (Cys30, Cys68, 

Cys98, Cys128) will be desulfurized to yield the native alanines at the corresponding 

positions.  

• In order to avoid desulfurization of the native cysteine residues at positions 7, 29, 33, 

and 161 that are needed to form the two disulfide bonds during protein folding, these 

cysteines were protected with acetamidomethyl (Acm) groups that will be deprotected 

following desulfurization of the cysteines used to enable NCL.  

• The indole moieties of Trp51, Trp64 and Trp88 were protected with a formyl group to 

avoid tert-butylation of the indole ring during acid treatments in Boc-SPPS.485  

 

The synthetic strategy towards our neoglyco-EPO is shown in Scheme 5.9. Rather than a 

linear approach to the 165-amino acid polypeptide, we envisaged that a convergent synthesis 

would be much more efficient. There are several stages where a click reaction can be 

performed; before ligation of the individual segments, after ligation of the individual 

segments, or in a one-pot reaction. Scheme 5.9 only shows one of these possibilities.  

After carrying out click reactions at various stages, click EPO1-2 and click EPO3-5 would 

undergo final NCL to give a fully clicked 165-amino acid click EPO1-5 polypeptide (Scheme 

5.9). Because EPO1 and EPO2 both contain thioester moieties, conversion of EPO1-

alkylthioester peptide into EPO1-aryl thioester peptide would be necessary prior to carrying 

out kinetically controlled ligation,65 where the rate of ligation at the aryl thioester site would 

be much faster than ligation at EPO2-alkyl thioester thus resulting only in the desired EPO1-

2-alkyl thioester.  

 

As discovered in previous studies,484 it is possible to carry out click chemistry with native 

chemical ligation in a “one-pot” fashion resulting in quantitative conversion of starting 

peptide into a fully ligated and clicked neoglycopeptide in high purity, thus avoiding any loss 

of material through intervening work-up and reverse phase HPLC purification. The 
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preliminary aims in our synthesis of neoglyco-EPO were to demonstrate: (i) that the 

conditions developed in model studies carried out previously were applicable to larger 

peptide systems; and (ii) different carbohydrate moieties may be site-specifically clicked into 

the peptide at any stage of ligation, thus allowing the rapid synthesis of different glycoprotein 

analogues.  

 

There are three main advantages of using sugar azides to click onto propargylated peptides 

over incorporation of pre-synthesized glycosylated building blocks in the synthesis of 

glycopeptides. Firstly, as seen from work carried out by Danishefsky and co-workers (section 

5.4.4), the major drawback of their syntheses was the need for large amounts of the glycosyl 

amino acid building blocks, which are difficult to obtain, for incorporation into glycopeptide 

synthesis. The convergent nature of our synthesis means that less of the precious sugar azides 

are needed to synthesize the larger neoglycopeptides. Secondly, using the click approach, 

numerous analogues of glycopeptides can be prepared from the same peptide backbone using 

different sugar azides, whereas when different glycosylated building blocks are used to 

synthesize different glycopeptide analogues, each synthesis must be carried out separately 

rom the beginning (i.e. not convergent). Thirdly, click chemistry is more robust and generally 

easier to carry out than glycosylation reactions, thus providing a more attractive and versatile 

method for the scientific community with limited synthetic experience. With these 

justifications in mind, we set out to first synthesize the sugar azide building blocks and the 

five neoglyco-EPO segments with the overall aim of incorporating these into the synthesis of 

a large neoglycopeptide analogue of EPO.  
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Scheme 5.9 Synthetic strategy towards click neoglyco-EPO analogues. Depicted in this scheme is only one of 
many possibilities to synthesize click neoglyco-EPO analogues. Click reactions with different sugar azides may 
be performed at any desired stages of ligation, thus allowing site-specific glycosylation of different types of 
carbohydrates.  
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5.5.2 Results and Discussion 

 

5.5.2.1 Synthesis of sugar azides 

 

To prove the feasibility of this synthetic strategy, we synthesized three different 

monosaccharide azides (Figure 5.5). Details for the synthesis of GalNAc-N3 3.14 and 

GalNAcα1-O-propyl azide 4.42 have already been outlined in sections 3.5.3 and 4.7.1, 

respectively. Gal-N3 5.30 was prepared using an analogous method to GalNAc-N3 3.14.  

 

  

Figure 5.5 The azido sugars prepared for the synthesis of a click EPO analogue. 

 

N-Acetylgalactosamine (GalNAc) and galactose (Gal) are important components in the 

immune system for receptor recognition, therefore their azide analogues are good candidates 

for use in this study. Furthermore, the O-linked azide analogue of GalNAc was also prepared 

to mimic O-linked oligosaccharides in biological systems. One of the major disadvantages of 

using Boc SPPS is that O-glycosyl building blocks cannot be incorporated into the peptide 

synthesis because the HF used to cleave the peptide from the resin destroys the O-glycosidic 

linkage. However, O-linked glycosides can be introduced into peptides by effecting 

cycloaddition of O-glycosyl azides to propargylated peptides that have been synthesized 

using Boc SPPS protocols. The successful synthesis of a neoglyco-EPO polypeptide using 

these sugars would then allow us to use the same strategy to synthesize neoglyco-EPO 

analogues containing more complex oligosaccharides that have the potential to exhibit more 

potent biological activity both in vitro and in vivo than the native EPO. 

 

5.5.2.2 Synthesis of neoglyco-EPO segments 

 

EPO1 5.31, EPO2 5.32, EPO3 5.33 and EPO4 5.34 segments were synthesized using the in 

situ neutralization protocol for Boc (tert-butoxycarbonyl) chemistry stepwise SPPS53 on a 

pre-loaded Boc-L-Ala-PAM resin. Sequential amino acid coupling was carried out using 
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HBTU/DIPEA coupling. Boc-L-Propargylglycine (Boc-L-Pra-OH) 3.8 was separately 

synthesized enantioselectively using a proline-derived Ni(II) template using literature 

methods303-305,484 (synthesis described in section 3.5.2) and incorporated into positions 24, 38, 

83, and 126 where glycosylation is normally observed in native EPO. A more efficient 

coupling system, HATU/DIPEA, was used to incorporate Boc-L-Pra-OH 3.8, such that less 

equivalents of this precious unnatural amino acid were required. The synthesis of EPO5 5.35 

was carried out using automated Fmoc SPPS methods on pre-loaded Fmoc-L-Asp(OtBu)-

HMPP resin. The peptide chain was elongated using a CEM Liberty microwave peptide 

synthesizer. Fmoc SPPS protocol was employed for the synthesis of EPO5 5.35 because it did 

not require a thioester group, therefore there should be no complications using Fmoc 

chemistry. The crude and purified HPLC and MS data for the five segments are shown in 

Figures 5.6-5.10.  

 

 

 
 

Figure 5.6 Analytical LC-MS traces for the synthesis of EPO1 fragment 5.31: A) crude peptide; B) purified 
peptide; C) MS chromatogram of the purified peptide (observed: [M+2H]2+= 1772.86 Da, calculated: 1773.07 
Da). The analytical RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 
mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 
0.1% TFA in acetonitrile). 
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Figure 5.7 Analytical LC-MS traces for the synthesis of EPO2 fragment 5.32: A) crude peptide; B) purified 
peptide; C) MS chromatogram of the purified peptide (observed: [M+3H]3+= 1564.65 Da, calculated: 1564.77 
Da). The analytical RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 
mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 
0.1% TFA in acetonitrile). 
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Figure 5.8 Analytical LC-MS traces for the synthesis of EPO3 fragment 5.33: A) crude peptide; B) purified 
peptide; C) MS chromatogram of the purified peptide (observed: [M+2H]2+= 1763.30 Da, calculated: 1763.56 
Da). The analytical RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 
mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 
0.1% TFA in acetonitrile). 
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Figure 5.9 Analytical LC-MS traces for the synthesis of EPO4 fragment 5.34: A) crude peptide; B) purified 
peptide; C) MS chromatogram of the purified peptide (observed: [M+2H]2+= 1589.25 Da, calculated: 1589.36 
Da). The analytical RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 
mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 
0.1% TFA in acetonitrile). 
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Figure 5.10 Analytical LC-MS traces for the synthesis of EPO5 fragment 5.35: A) crude peptide; B) purified 
peptide; C) MS chromatogram of the purified peptide (observed: [M+3H]3+= 1495.12 Da, calculated: 1495.42 
Da). The analytical RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 
mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 
0.1% TFA in acetonitrile). 

 

 

5.5.2.3 Synthesis of EPO4-5 fragment 5.36 

 

The first native chemical ligation was carried out between EPO4 5.34 and EPO5 5.35 

segments (Figure 5.11). Both peptides (3 mM) were dissolved in 6 M GnHCl/0.2 M Na2HPO4 

containing MPAA (200 mM) and TCEP (50 mM) at pH 6.8. The reaction proceeded nearly 

quantitatively in 2 h to afford Thz98-EPO4-5 ligated peptide 5.37, then methoxylamine 

hydrochloride (150 mM) was added and pH adjusted to 4.0 to convert Thz98 to Cys98. After 3 

h, the Cys98-EPO4-5 ligated peptide (EPO4-5) 5.36 was purified by reverse phase HPLC. The 

HPLC and MS data for the reaction is shown in Figure 5.11. 
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Figure 5.11 Analytical LC-MS traces for the NCL between EPO4 5.34 and EPO5 5.35. Reagents and 

conditions: i) MPAA (200 mM), TCEP (50 mM), 6 M GnHCl/0.2 M Na2HPO4, pH 6.8, 2 h; ii) MeONH2·HCl 
(150 mM) in the same pot, pH 4, 3 h. Spectra: A) t= 5min; B) t= 2 h. The ligated Thz-EPO4-5 peptide 5.37 was 
observed in near quantitative yield; C) Thz98 was converted to Cys98 to produce EPO4-5 5.36 after 3 h; D) 
purified EPO4-5 5.36; E) MS chromatogram of EPO4-5 5.36 (observed: [M+5H]5+= 1494.89 Da, calculated: 
1495.14 Da). The analytical RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 
110 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; 
buffer B= 0.1% TFA in acetonitrile). 
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5.5.2.4 Synthesis of click EPO3-5 5.38 

 

With EPO4-5 5.36 in hand, one-pot NCL and click chemistry was carried out using EPO3 

5.33 and EPO4-5 5.36, and GalNacα1-O-(CH2)3N3 4.42 as the azido sugar component. 

Firstly, NCL between EPO3 5.33 and EPO4-5 5.36 was carried out in 6 M GnHCl/0.2 M 

Na2HPO4 containing MPAA (20 mM) and TCEP (40 mM) at pH 6.8. The ligated Thz68-

EPO3-5 5.39 peptide was obtained after 7 h, then CuSO4 (20 mM), TCEP (10 mM), and 

GalNacα1-O-(CH2)3N3 4.42 (9 mM) were added into the reaction mixture. The ‘double-click’ 

reaction required the reaction mixture to be heated at 50 oC, and after 5 h the ‘double-clicked’ 

Cys68-EPO3-5 glycopeptide product (click EPO3-5) 5.38 was obtained. It is noteworthy that 

during this reaction Thz68 was quantitatively converted to Cys68, which was expected from 

findings from previous studies.484 The click EPO3-5 5.38 product was purified by reverse 

phase HPLC. The HPLC and MS data for the reaction is shown in Figure 5.12. 

 



194 

 

 
Figure 5.12 Analytical LC-MS traces for the one-pot NCL and click reaction between EPO4-5 5.36 and EPO3 
5.33, and GalNAcα1-O-(CH2)3N3 4.42. Reagents and conditions: i) MPAA (20 mM), TCEP (40 mM), 6 M 
GnHCl/0.2 M Na2HPO4, pH 6.8, 7 h; ii) CuSO4 (20 mM), TCEP (10 mM), GalNAcα1-O-(CH2)3N3 4.42 in the 
same pot. Spectra: A) t= 1 h; B) t= 7 h. The ligated Thz-EPO3-5 peptide 5.39 was observed in near quantitative 
yield; C) t= 5 h after start of click reaction. The di-clicked, click Cys68-EPO3-5 neoglycopeptide fragment 5.38 
was obtained in high purity; D) purified click EPO3-5 5.38; E) MS chromatogram of click EPO3-5 5.38 
(observed: [M+6H]6+= 1903.22 Da, calculated: 1903.52 Da). The analytical RP-HPLC was carried out using an 
analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer 
B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 
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5.5.2.5 Synthesis of EPO1-MPAA-thioester 5.40 

 

In order to carry out KCL with EPO2 5.32, it was necessary to convert the EPO1-alkyl 

thioester 5.31 into EPO1-aryl thioester 5.40. Original work published by Bang et al.65 

effected this transformation by vigorously stirring an alkyl thioester peptide in 6 M 

GnHCl/0.2 M Na2HPO4 buffer containing thiophenol, an aryl thiol. The major drawbacks of 

thiophenol include poor solubility in aqueous ligation buffers and its offensive odor. The poor 

solubility limits the concentration of thiophenol available for thiol exchange, which often 

leads to slow and incomplete reaction. Therefore, a more water soluble and odourless aryl 

thiol, 4-mercaptophenylacetic acid (MPAA), was used to carry out this thioester exchange.64 

EPO1 5.31 (3 mM) was dissolved in 6 M GnHCl/0.2 M Na2HPO4 buffer containing MPAA 

(200 mM) and TCEP (40 mM) and pH adjusted to 6.8. However, at this pH significant 

hydrolysis of the thioester moiety was observed. This was ameliorated by lowering the pH to 

6.1, in this case hydrolysis was virtually non-existent. After 6 h, approximately 75% 

conversion was observed, and this conversion did not proceed further using extended reaction 

times, or after the addition of more MPAA. The MPAA exchanged peptide 5.40 was purified 

by reverse phase HPLC. The HPLC and MS data for the reaction is shown in Figure 5.13. 
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Figure 5.13 Analytical LC-MS traces for the MPAA thiol exchange of EPO1 alkyl-thioester 5.31. Reagents and 

conditions: i) MPAA (200 mM), TCEP (40 mM), 6 M GnHCl/0.2 M Na2HPO4, pH 6.1, 6 h. Spectra: A) t= 5 min; 
B) t= 6 h. The MPAA exchanged EPO1 MPAA-thioester 5.40 was obtained in approximately 75% conversion; 
C) purified EPO1 MPAA-thioester 5.40; D) MS chromatogram of EPO MPAA-thioester 5.40 (observed: 
[M+3H]3+= 1179.22 Da, calculated: 1179.38 Da). The analytical RP-HPLC was carried out using an analytical 
column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 
min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 
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5.5.2.6 Investigation of KCL of EPO1-MPAA 5.40 with EPO2 5.32 

 

With the purified EPO1-MPAA-thioester 5.40 in hand, KCL was attempted with EPO2 5.32. 

The two peptides (3 mM) were dissolved in 6 M GnHCl/0.2 M Na2HPO4 buffer and pH 

adjusted to 6.1. Disappointingly, the reaction did not proceed with more than 20% conversion 

(Figure 5.14). After further trials that involved dilution of the reaction mixtures, the best 

result obtained was 50% conversion. We hypothesized that although the reaction mixture was 

transparent to the naked eye, the product ligated peptide 5.41 was too hydrophobic and was 

not solubilizing in the ligation buffer. However, addition of different solvents such as 

acetonitrile and trifluoroethanol to increase the organic nature of the ligation buffer did not 

offer notable improvements. This observation was significantly different to the results 

obtained from KCL between EPO1 and EPO2 segments that had been carried out previously 

by the Kent group, where KCL proceeded to completion in 1 hr (unpublished data). The only 

difference in our peptides to the Kent peptides was that positions 24 and 38 of their peptides 

were arginine residues rather than propargylglycine. We postulated that the two less positive 

charges, as well as the increased hydrophobicity conferred by the presence of 

propargylglycine may have contributed to the incomplete KCL of our peptide segments. For 

these reasons, it was necessary to revisit the order of our click reaction and KCL. Because the 

hydroxyl groups of the sugar azide components were unprotected, we envisaged that clicking 

them onto either EPO1-MPAA 5.40 or EPO2 5.32, or both, before carrying out KCL would 

increase the overall hydrophilicity of the peptides, thus rendering the ligation product more 

water soluble.  
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Figure 5.14 Analytical HPLC traces for the KCL between EPO1 MPAA-thioester 5.40 and EPO2 5.33. Spectra: 
Ai) t= 1 h. Peptide concentrations were kept at 3 mM. There was no difference in retention time for both starting 
peptides. Aii) t= 7 h. Even after 7 h less than 20% of the desired ligated EPO1-2 product was observed; Bi) t= 
30 min. Peptide concentrations were kept at 1 mM with the addition of TFE. Bii) t= 16 h. Less than 30% of the 
formation of the desired ligated EPO1-2 product was observed; Ci) t= 5 min. Peptide concentrations were kept 
at 2 mM. Cii) t= 4 h. This was the best result obtained from a number of trial reactions carried out. However, 
less than 50% of the desired ligated EPO1-2 product 5.41 was observed. The analytical RP-HPLC for A) was 
carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) using a 
gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 
The analytical RP-HPLC for B) and C) were carried out using an analytical column (Phenomenex Jupiter C4, 
300 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; 
buffer B= 0.1% TFA in acetonitrile). 
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To test this hypothesis it was decided to click the sugar azides onto the propargylated EPO1 

5.31 and EPO2 5.32 peptide segments before carrying out the KCL, hoping that the increased 

hydrophilicity and solubility of these segments conferred by the sugar moieties would help 

solubilise the ligated neoglycopeptide product, driving the KCL reaction to completion.  

 

Firstly, a click reaction between Gal-N3 5.30 and EPO2 5.32 was attempted. EPO2 5.32 (3 

mM) was dissolved in 6 M GnHCl/0.2 M Na2HPO4 buffer containing CuSO4 (20 mM) and 

TCEP (10 mM) and the pH adjusted to 6.5. Gal-N3 5.30 (5 mM) was then added and the 

reaction was monitored by analytical HPLC. After 30 min, it was surprising to observe 

significant amounts of Acm deprotection at the Cys(Acm)33 residue was identified by a mass 

loss of 71 Da. This was interesting because in previous studies,484 Acm deprotection was also 

observed using the same click reaction conditions but in negligible amounts. The fact that 

different extents of this side reaction occur in different peptide sequences reflects on the 

sequence dependence of chemical reactions involving peptides. In this particular sequence, 

Cys(Acm)33 is beside a histidine residue at position 32. It has been observed in the literature 

that histidine residues that are in the vicinity of acetylene-containing amino acids accelerate 

the rate of Cu(I) catalyzed click reaction by strongly chelating to Cu(I) ions.486,487 The 

histidine residue may therefore facilitate the deprotection of the Acm group on Cys(Acm)33 to 

the extent that the deprotection reaction occurs faster than the click reaction at Pra38.  

 

To compare the rate of Acm deprotection between the EPO1 5.31 and EPO2 5.32 peptides, 

they were separately stirred in 6 M GnHCl/0.2 M Na2HPO4 buffer at a concentration of 3 mM 

with CuSO4 (20 mM) and TCEP (10 mM) in the absence of any sugar azides. While, 

expectedly, EPO2 5.32 showed significant Acm deprotection after 30 min, the non-histidine 

containing EPO1 5.31, which also contains two cysteine residues protected with Acm groups, 

showed no Acm deprotection even after 6 h. It did, however, show deprotection of two Acm 

groups after overnight stirring at 55 oC. Because the click reaction could not be achieved on 

the EPO2 5.32 peptide, an alternative route to the EPO1-2 fragment was sought. 
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Figure 5.15 Analytical HPLC traces for the comparative studies between EPO1 5.31 and EPO2 5.32. Both 
peptides (3 mM) were stirred in 6 M GnHCl/0.2 M Na2HPO4 buffer containing CuSO4 (20 mM) and TCEP (10 
mM). A) EPO1 5.31 did not show any Acm deprotection after 6 h; B) EPO1 5.31 showed peptides with one and 
two Acm groups removed after overnight stirring at 55 oC; C) EPO2 5.32 showed significant Acm removal after 
30 min. The analytical RP-HPLC was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 
50 mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer 
B= 0.1% TFA in acetonitrile). 
 

 

5.5.2.7 Synthesis of Click EPO1-MPAA-thioester 5.42 

 

The observation that our EPO1 peptide was stable to the click conditions allowed us to 

modify our synthetic route and click a sugar azide onto EPO1 peptide before KCL with EPO2. 

The clicked EPO1-alkyl thioester peptide 5.43 would then be converted into EPO1-MPAA-

thioester 5.42, then undergo KCL with EPO2 5.32. This idea could be extended further, in 

that the click reaction of a different sugar azide onto the ligated product peptide at Pra33 could 

then be carried out in one-pot. We envisaged that with the sugar azide attached to EPO1-

MPAA-thioester the resulting ligated peptide would be more soluble hence facilitating the 

KCL reaction towards completion. Once ligated, the peptide sequence of the resultant peptide 

would then be different to the EPO2 peptide which may hopefully slow down the Acm 

deprotection process enough for the click reaction to occur. This newly devised synthetic plan 

is outlined in Scheme 5.10. 
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Scheme 5.10 Comparison between the initial and revised routes to click EPO1-2. It was demonstrated that the 
initial route could not be taken due to the incompletion of KCL between EPO1 MPAA-thioester 5.40 and EPO2 
5.32. The revised strategy involves a one-pot click chemistry and MPAA thiol exchange reaction using EPO1 
5.31, then carry out the one-pot and KCL click chemistry with EPO2 5.32 using a different sugar. This route 
would also allow diversity of sugars attached to the resulting click EPO1-2 neoglycopeptide fragment. 
 

 

To test this idea, EPO1 5.31 (3 mM) was dissolved in 6 M GnHCl/0.2 M Na2HPO4 buffer 

with CuSO4 (20 mM) and TCEP (10 mM) and the pH adjusted to 6.3. GalNAc-N3 3.14 (5 

mM) was added and the click reaction was complete in 3 h. To the mixture MPAA (100 mM) 

was added and pH adjusted to 6.0. The thioester exchange proceeded in high yield and the 

resultant click EPO1-MPAA-thioester product 5.42 was purified by reverse phase HPLC 

(Figure 5.16). It was interesting to note that the MPAA exchange was more efficient in this 

case compared to when the MPAA exchange was carried out on EPO1 before the click 

reaction. This result could be attributed to the fact that conversion of the alkyl thioester into 

the MPAA-thioester usually increases hydrophobicity, but the hydrophilic nature of the 

clicked sugar increases the overall solubility of the peptide in the buffer thus resulting in a 

higher conversion rate. The HPLC and MS data for the reaction is shown in Figure 5.16. 
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Figure 5.16 Analytical LC-MS traces for the one-pot click chemistry and MPAA thiol exchange of EPO1 alkyl-
thioester 5.31 and GalNAc-N3 3.14. Reagents and conditions: i) a) CuSO4 (20 mM) and TCEP (10 mM), 6 M 
GnHCl/0.2 M Na2HPO4, pH 6.3, 4 h; b) MPAA (100 mM) added to the same pot, pH 6.0, 7 h. Spectra: A) t= 10 
min; B) t= 3 h. The click reaction showed quantitative conversion to yield click EPO 5.43; C) t= 1 h after 
starting of MPAA exchange; D) The MPAA exchange was essentially complete after 7 h to afford the desired 
click EPO1 MPAA-thioester 5.42; E) purified click EPO1 MPAA-thioester 5.42; F) MS chromatogram of click 
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EPO1 5.43 (observed: [M+2H]2+= 1895.84 Da, calculated: 1896.18 Da); G) MS chromatogram of click EPO1 
MPAA-thioester 5.42 (observed: [M+2H]2+= 1891.36 Da, calculated: 1891.67 Da). The analytical RP-HPLC for 
A) and B) was carried out using an analytical column (Phenomenex Gemini C18, 110 Å, 50 mm x 2.0 mm; 5 µm) 
using a gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in 
acetonitrile). The analytical RP-HPLC for C)-E) was carried out using an analytical column (Phenomenex 
Jupiter C4, 300 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 min (buffer A= 0.1% 
TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 

 

 

5.5.2.8 Synthesis of Click EPO1-2 5.44 

 

With the click EPO1-MPAA-thioester 5.42 in hand, KCL with EPO2 5.32 was attempted. To 

our delight, KCL proceeded much more efficiently at Pra33 (Figure 5.17), and this supported 

our hypothesis that KCL was hampered by the low solubility of the ligated peptide product 

formed from EPO1 and EPO2. In this reaction, click EPO1-MPAA-thioester 5.42 (3 mM) 

and EPO2 5.32 (3 mM) were dissolved in 6 M GnHCl/0.2 M Na2HPO4 buffer and the pH 

adjusted to 6.3. After 6 h the KCL reaction was essentially complete, then sodium 2-

mercaptoethane sulfonate (MESNa) (100 mM) was added to hydrolyze the click EPO1-

branched thioester by-products 5.45. As a result, click EPO1-mercaptoethanesulfonic acid 

thioester 5.47 was formed, as well as the desired mono-click EPO1-2 peptide 5.46 (Figure 

5.17). Interestingly MESNa did not exchange the alkyl thioester at Leu67, probably owing to 

the fact that leucine is a hindered amino acid and thioester exchange at this site is extremely 

slow. At this point, we extended the synthetic complexity by adding CuSO4 (20 mM), TCEP 

(10 mM), and Gal-N3 5.30 (5 mM) to effect ‘one-pot click reaction’ at Pra38 hoping that the 

click reaction would be significantly faster than Acm deprotection as a result of the changed 

amino acid sequence. Within 5 h at room temperature, the click reaction was complete while 

Acm deprotection was significantly reduced as observed by HPLC (Figure 5.17) and mass 

spectroscopy data. The desired click EPO1-2 neoglycopeptide product 5.44 was then purified 

by reverse phase HPLC. The HPLC and MS data for the reaction is shown in Figure 5.17. 
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Figure 5.17 Analytical LC-MS traces for the one-pot KCL and click chemistry between click EPO1 MPAA-
thioester 5.42 and EPO2 5.32, and Gal-N3 5.30 as the azide partner. Reagents and conditions: i) a) 6 M 
GnHCl/0.2 M Na2HPO4, pH 6.3, 6 h, then MESNa (100 mM); Gal-N3 5.30 (5 mM), CuSO4 (20 mM) and TCEP 
(10 mM), added to the same pot, rt, 5 h. Spectra: A) t= 5 min. The desired ligated click EPO1-EPO2 KCL 
product 5.46 was observed; B) t= 6 h. The click EPO1-EPO2 KCL product 5.46, as well as the branched peptide 
5.45 were observed with nearly complete consumption of starting peptides; C) t= 30 min after MESNa addition. 
The branched peptide was hydrolysed and subsequently formed click EPO1-mercaptoehtanefulsonic acid 
thioester 5.47 and the click EPO1-EPO2 KCL product; D) t= 2 h after starting click reaction. The formation of 
the desired click EPO1-2 neoglycopeptide 5.44 was observed; E) t= 4.5 h. The click reaction had proceeded to 
completion; F) purified click EPO1-2 neoglycopeptide product 5.47; F) MS chromatogram of click EPO1-EPO2 
KCL product 5.46 (observed: [M+4H]4+= 2076.98 Da, calculated: 2077.11 Da); G) MS chromatogram of click 
EPO1-2 5.44 (observed: [M+4H]2+= 2127.63 Da, calculated: 2128.40 Da). The analytical RP-HPLC was carried 
out using an analytical column (Phenomenex Jupiter C4, 300 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 5-
65 % buffer B over 30 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 

 

 

5.5.2.9 Synthesis of Click EPO1-5 polypeptide 5.48 

 

The final ligation between click EPO1-2 5.44 and click EPO3-5 5.38 was carried out to yield 

the desired click EPO1-5 polypeptide 5.48. Both click EPO1-2 5.44 (2 mM) and click EPO3-

5 5.38 (1 mM) were dissolved in 6 M GnHCl/0.2 M Na2HPO4 buffer containing MPAA (200 

mM) and TCEP (50 mM) and the pH adjusted to 6.8. The ligation was expectedly quite slow 

as the ligation site was at the hindered Leu67 residue. After 2 h, the starting click EPO1-2 

peptide 5.44, click EPO1-2-MPAA-thioester exchanged peptide 5.49 generated in situ, the 

starting click EPO3-5 peptide 5.38, and the ligated click EPO1-5 peptide product (click 

EPO1-5[Trp(CHO] 5.50) were all observed by analytical HPLC (Figure 5.18) and confirmed 

by mass spectroscopy. The ligation was essentially complete after 16 h, then β-

mercaptoethanol/piperidine solution was added to remove the formyl protecting groups on 

tryptophans. Deformylation took place rapidly, and after 1 h the deformylated click EPO1-5 

polypeptide (click EPO1-5 5.48) was purified by reverse phase HPLC. The HPLC and MS 

data for the reaction is shown in Figure 5.18. 
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Figure 5.18 Analytical LC-MS traces for the final NCL between click EPO1-2 5.44 and click EPO3-5 5.38. 
Reagents and conditions: i) MPAA (200 mM), TCEP (50 mM), 6 M GnHCl/0.2 M Na2HPO4, pH 6.8, 16 h, then 
β-mercaptoethanol/piperidine (6:4 v/v) added to the reaction mixture, 1 h. Spectra: A) t= 5 min. B) t= 2 h. The 
click EPO1-5[Trp(CHO)] product 5.50 was observed; C) t= 16 h. The ligation was essentially complete with 
nearly full consumption of the click EPO3-5 peptide 5.38; D) t= 1 h after addition of β-
mercaptoethanol/piperidine (6:4 v/v). The deformylation was complete at this stage to yield the desired click 
EPO1-5 neoglycopeptide product 5.48; E) purified click EPO1-5 neoglycopeptide product 5.48; F) MS 
chromatogram of the click EPO1-5[Trp(CHO)] product 5.50 (observed: [M+15H]15+= 1317.47 Da, calculated: 
1317.50 Da); G) MS chromatogram of click EPO1-5 neoglycopeptide product 5.48 (observed: [M+15H]15+= 
1311.79 Da, calculated: 1311.90 Da). The analytical RP-HPLC was carried out using an analytical column 
(Phenomenex Jupiter C4, 300 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 min 
(buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 

 

 

5.5.2.10 Desulfurization of Click EPO1-5 5.51 

 

Upon successful synthesis of click EPO1-5 5.48, it was imperative that the cysteine residues 

at positions 30, 68, 98 and 128 undergo desulfurization without affecting other functional 

groups in the glycopeptide chain. Conventional desulfurization methods involve metal-based 

protocols, using Pd/Al2O3 in neutral buffers,68,69 or Raney nickel.67,73 However, metal-based 

desulfurization reactions are frequently plagued by low yields of peptide recovery.71 The use 

of a large excess of metal and metal sponges can cause peptide aggregation and absorption 

onto the large metal surfaces.71 Undesired side reactions such as hydrogenation of tryptophan 

or demethylation of methionine-residues have also been reported.73 To overcome these 

drawbacks, a mild metal-free desulfurization protocol was developed by Danishefsky et al.72 

The new reaction conditions involved TCEP as reducing agent, 2,2’-azobis[2-(2-imidazolin-

2-yl)propane]dihydrochloride (VA-044) as the radical initiator, and addition of tBuSH and 
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EtSH to increase the rate of hydride donation. Seitz and co-workers recently published the 

use of a slightly modified procedure to desulfurize valine, whereby increased amounts of VA-

044, and glutathione rather than tBuSH/EtSH were used as the hydride.70 Encouraged by their 

success, the same protocol to desulfurize the free cysteines in click EPO1-5 polypeptide 5.48 

was employed. Click EPO1-5 polypeptide 5.48 (1 mM) was dissolved in 6 M GnHCl/0.2 M 

Na2HPO4 buffer containing TCEP (50 mM), VA-044 (20 mM) and glutathione (10 mM). The 

reaction was heated to 40 oC, and after 5 h MS data revealed that all the cysteines had been 

desulfurized to alanines without any visible side products. There was no change in the 

retention time of the desulfurized product 5.51 compared to the starting peptide 5.48. 

Unfortunately, the reaction was performed on a very small scale, and there was not enough 

recovered material to perform the Acm deprotection step. The HPLC and MS data for the 

reaction is shown in Figure 5.19. 
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Figure 5.19 Analytical LC-MS traces for desulfurization of click EPO1-5 5.48: A) HPLC profile after 5 h. The 
retention time of the desulfurized click EPO1-5 product 5.51 was essentially the same as the starting click 
EPO1-5 5.48; B) MS chromatogram of desulfurized click EPO1-5 neoglycopeptide product 5.51 (observed: 
[M+13H]13+= 1503.45 Da, calculated: 1503.71 Da). The analytical RP-HPLC was carried out using an analytical 
column (Phenomenex Jupiter C4, 300 Å, 50 mm x 2.0 mm; 5 µm) using a gradient of 5-65 % buffer B over 30 
min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 
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5.6 Conclusion and Future Work 

 

The successful synthesis of the multiple clicked neoglycopeptide of EPO was successful by 

utilizing the wide range of skills and knowledge gained during the PhD research. The peptide 

fragments were synthesized by both manual in situ Boc SPPS and microwave-enhanced 

Fmoc SPPS strategies, and the optimized click reaction conditions allowed successful 

approach to the full-length, tetra-clicked EPO polypeptide. One-pot click chemistry and 

native chemical ligation method was used to further enhance the efficiency of the synthesis. 

The optimized conditions developed herein will allow the synthesis of click analogues of 

EPO containing more complex glycans, and hopefully lead to the discovery of a potent 

protein. Investigations toward this discovery are currently underway within our research 

group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



211 

 

5.7 Experimental Data 

 

5.7.1 General Information 

 

All reagents were purchased as reagent grade and used without further purification. 

Analytical thin layer chromatography was performed using 0.2 mm plates of Kieselgel F254 

(Merck) and compounds were visualised by ultra-violet fluorescence or by staining with 4% 

sulphuric acid in ethanol or ethanolic ninhydrin solution (0.3% ninhydrin in ethanol + 1% v/v 

acetic acid), followed by heating the plate for a few minutes. Flash chromatography was 

performed using Kieselgel F254 S 0.063-0.1 mm (Riedel de Hahn) silica gel with indicated 

solvents. Infrared spectra were obtained using a Perkin Elmer Spectrum One Fourier 

Transform infrared spectrometer as a thin film between sodium chloride plates. Absorption 

maxima are expressed in wave numbers (cm-1) with the following abbreviations: s = strong, 

m = medium, w = weak, br = broad and v = varying. Optical rotations were determined at the 

sodium D line (589 nm) at 20 °C with a Perkin-Elmer 341 polarimeter and are given in units 

of 10-1deg cm2 g-1. Nuclear magnetic resonance (NMR) spectra were recorded as indicated on 

either a Bruker AVANCE DRX300 (1H, 300 MHz, 13C, 75 MHz) or Bruker AVANCE 

DRX400 spectrometer (1H, 400 MHz, 13C, 100 MHz). Chemical shifts are reported in parts 

per million (ppm) relative to the tetramethylsilane signal recorded at δH 0.00 ppm in 

CDCl3/SiMe4 solvent or were referenced to the residual water signal at δH 4.79 ppm in D2O 

solvent. The 13C values were referenced to the residual chloroform signal at δC 77.0 ppm in 

CDCl3/SiMe4 solvent. 1H NMR shift values are reported as chemical shift (δH), relative 

integral, multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet; br s, broad singlet; dd, 

doublet of doublets, ddd, doublet of doublets of doublets), coupling constant (J in Hz) and 

assignments. 13C values are reported as chemical shift (δC), degree of hybridisation and 

assignment. 

 

5.7.2 Synthesis of β-D-Galactopyranosyl azide (Gal-N3) 5.30 

 

 

Scheme 5.11 Reagents and conditions: a) iii. NaN3, TBAB, CH2Cl2/H2O (1:1 v/v) rt, 2 h, 90%; b) 1 M NaOMe, 
rt, 3 h, 98%. 
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2,3,4,6-Tetra-O-acetyl-α-D-galactopyranosyl azide 5.52 

2,3,4,6-Tetra-O-acetyl-α-D-galactopyranosyl bromide 2.13 (4.0 g, 9.73 mmol) was dissolved 

in dichloromethane (50 mL), then sodium azide (6.32 g, 97.3 mmol) in water (50 mL) and 

tetrabutylammonium bisulphate (3.14 g, 9.30 mmol) were added. After vigorous stirring at 

room temperature for 2 h, the reaction mixture was extracted with dichloromethane and the 

organic layer was dried with anhydrous MgSO4 then concentrated in vacuo.314 The crude 

product was purified by silica gel flash chromatography to afford the title compound 5.52 as 

an off-white solid (3.27 g, 8.76 mmol, 90%). 1H NMR data was identical to that reported in 

the literature. 1H NMR (300 MHz, CDCl3): δ 5.45 (dd, J = 3.5, 1.0Hz, 1H), 5.14 (dd, J = 10, 

8.5 Hz, 1H), 5.00 (dd, J = 10.1, 3.5, 1H), 4.61 (d, J = 8.7 Hz, 1H), 4.23-4.10 (m, 2H), 4.02-

3.85 (m, 1H), 2.17 (s, 3H), 2.10 (s, 3H), 2.06 (s, 3H), 1.98 (s, 3H). 

 

β-D-Galactopyranosyl azide 5.30 

2,3,4,6-Tetra-O-acetyl-α-D-galactopyranosyl azide 5.52 (0.50 g, 1.34 mmol) was stirred in 1 

M NaOMe (3 mL) for 3 h. The solution was neutralized with Dowex H+ resin, then the 

solution filtered and the filtrate concentrated in vacuo to afford the title compound 5.30 as a 

brown solid (0.27 g, 1.31 mmol, 98%). 1H NMR data was identical to that reported in the 

literature. 1H NMR (400 MHz, D2O): δ 4.49 (d, J = 9.0 Hz, 1H), 3.75 (d, J = 3.5 Hz, 1H), 

3.65-3.52 (m, 3H), 3.45 (dd, J = 10.0, 3.5 Hz, 1H), 3.30 (t, J = 9.0 Hz, 1H). 

 

5.7.3 Peptide Synthesis 

 

5.7.3.1 General 

 

Boc-amino acids were obtained from Peptide Institute, Inc. (Osaka, Japan). S-Trityl-β-

mercaptopropionic acid and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU) were obtained from Peptides International, Inc. (Louisville, 

KY). N,N-Diisopropylethylamine (DIEA) was obtained from Applied Biosystems (Foster 

City, CA). N,N-Dimethylformamide (DMF), dichloromethane (DCM), and acetonitrile were 

purchased from Fisher (Chicago, IL). p-Cresol, methoxylamine hydrochloride, 4-

mercaptophenylacetic acid (MPAA) and triisopropylsilane were purchased from Sigma-

Aldrich (St. Louis, MO). Trifluoroacetic acid (TFA) was from Halocarbon (New Jersey). 

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was obtained from Fluka. Boc-L-

thiazolidine-4-carboxylic acid was obtained from NovaBiochem, San Diego. HF was from 
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Matheson Tri-Gas. The Boc-Ala-Pam-resin was synthesized using established methods in the 

literature.315 

 

5.7.3.2 Synthesis of EPO1-4 5.31-5.34 

 

Peptides were prepared manually by “in situ neutralization” Boc-chemistry stepwise solid 

phase peptide synthesis.53 Side-chain protection for amino acids was as follows: Arg(Tos), 

Asp(OcHex), Asn(Xan), Cys(4-MeBzl), Cys(Acm), Glu(OcHex), His(DNP), Lys(ClZ), 

Ser(Bzl), Thr(Bzl), Trp(CHO), Tyr(BrZ). The 1,3-thiazolidine-4-carboxyl (Thz) group was 

introduced to protect the N-terminal Cys of the Cys11-Pra18-Ala22-αCOOH and Cys11-

Cys(Acm)14-Pra19-Ala23-αCOOH. After chain assembly of the Cys-peptides were complete, 

the protecting groups on His(DNP) and Trp(CHO) were deprotected on-resin by 2 x 30 min 

treatments with a solution of 20% β-mercaptoethanol, 10% piperidine, 5% H2O and 65% 

DMF at 0 oC. The resulting peptides were then side-chain deprotected and simultaneously 

cleaved from the resin support by treatment with anhydrous HF containing 10% (v/v) p-

cresol for 1 h at 0 oC. After evaporation of the HF under reduced pressure, crude products 

were precipitated and triturated with chilled diethyl ether, and the peptide products were 

dissolved in 50% aqueous acetonitrile containing 0.1% TFA and lyophilized. 

 

5.7.3.3 Synthesis of EPO5 5.35 

 

Solid phase peptide synthesis was performed using a Liberty Microwave Peptide Synthesiser 

(CEM Corporation, Mathews, NC) using the Fmoc/tBu strategy. The Fmoc group was 

deprotected with 20% v/v piperidine in DMF for 30 seconds followed by a second 

deprotection for 3 min using a microwave power of 60 W for both deprotections. The 

maximum temperature for both deprotections was set at 75°C.  

 

The coupling step was performed with 5 equivalents of Fmoc protected amino acid in DMF 

(0.2 M), 4.5 equivalents of HBTU in DMF (0.45 M) and 10 equivalents of DIPEA in NMP 

(2 M). All couplings were performed for 5 min at 25 W at a maximum temperature of 75°C 

except for the following amino acids: Fmoc–Arg(Pbf)–OH was double coupled using a 

25 min room temperature coupling followed by a 5 min period at 25 W; Fmoc-His(Trt)-OH 

coupling was performed for 5 min at 25 W at a maximum temperature of 50 oC. 
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5.7.3.4 Analysis and Purification 

 

Following completion of the sequence, the peptide was released from the resin with 

concomitant removal of protecting groups by treatment with TFA/TIS/H2O (38/1/1, v/v/v) at 

room temperature for 2.5 h as required. The crude peptide was precipitated with cold diethyl 

ether, isolated by centrifugation, washed with cold diethyl ether, dissolved in 1:1 (v/v) 

acetonitrile:water containing 0.1% TFA and lyophilised. 

 

The crude peptide products were analysed for purity by analytical RP-HPLC (Dionex P680 

equipped with a 4 channel UV detector) at 210 and 254 nm using a Gemini C18 (5 µ; 

2.0 × 50 mm) column (Phenomenex) at 0.2 ml/min using a linear gradient. The solvent 

system used was A (0.1% TFA in H2O) and B (0.1% TFA in MeOH). Peptide masses were 

confirmed by LC-MS (Dionex Ultimate 3000 equipped with a Thermo Finnegan MSQ mass 

spectrometer) using ESI in the positive mode.  

 

Purification of crude peptides was performed by semi-prep RP-HPLC (Dionex P680 

equipped with a 4 channel UV detector) at 210 and 254 nm using a Gemini C18 (5 µ; 

10 × 250 mm) column (Phenomenex) at 5.0 ml/min using a shallow gradient of increasing 

concentrations of solvent B. The solvent system used was A (0.1% TFA in H2O) and B (0.1% 

TFA in MeOH). Fractions containing the pure target peptide were identified by analytical 

RP-HPLC, then combined and lyophilized. 

 

5.7.3.5 Synthesis of EPO4-5 5.36 

EPO4 5.34 (10.0 mg, 3 mM) and EPO5 5.35 (14.1 mg, 3 mM) were dissolved in a pre-

degassed aqueous solution of 6 M GnHCl/0.2 M Na2HPO4 buffer (1.05 mL) containing 

MPAA (35.3 mg, 200 mM) and TCEP·HCl (14.7 mg, 50 mM). The resulting solution was 

adjusted to pH 6.8. After 2 h MeONH2·HCl (13.1 mg, 150 mM) was added and the pH was 

adjusted to 4. After 3 h the desired EPO4-5 product 5.36 was purified by RP-HPLC (9.40 mg, 

40% isolated yield). ESMS: observed: [M+5H]5+= 1494.89 Da, calculated: 1495.14 Da. 

 

5.7.3.6 Synthesis of click EPO3-5 5.38 

EPO3 5.33 (5.0 mg, 3 mM) and EPO4-5 5.36 (10.6 mg, 3 mM) were dissolved in a pre-

degassed aqueous solution of 6 M GnHCl/0.2 M Na2HPO4 buffer (473 µL) containing MPAA 

(1.59 mg, 20 mM) and TCEP·HCl (5.30 mg, 40 mM). The resulting solution was adjusted to 
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pH 6.8. After 7 h, CuSO4 (18.9 µL of 0.5 M solution, 20 mM), TCEP (9.46 µL of 0.5 M 

neutral solution, 10 mM), and GalNAcα1-O-propyl azide 4.42 (1.29 mg, 9 mM) were added 

into the reaction mixture. The reaction was kept at 50 oC, and after 5 h the desired click 

EPO3-5 product 5.38 was purified by RP-HPLC (4.54 mg, 28% isolated yield). ESMS: 

observed: [M+6H]6+= 1903.22 Da, calculated: 1903.52 Da. 

 

5.7.3.7 Synthesis of click EPO1 MPAA-thioester 5.42 

EPO1 5.31 (20.0 mg, 3 mM) was dissolved in 6 M GnHCl/0.2 M Na2HPO4 buffer (1.88 mL) 

containing CuSO4 (75.2 µL of 0.5 M solution, 20 mM) and TCEP (37.6 µL of 0.5 M neutral 

solution, 10 mM) and the pH adjusted to 6.3. GalNAc-N3 3.14 (2.31 mg, 5 mM) was added 

and the reaction was kept at room temperature. After 3 h, MPAA (31.6 mg, 100 mM) was 

added and the resulting solution was adjusted to pH 6. After 7 h the desired click EPO1 

MPAA-thioester 5.42 was purified by RP-HPLC (11.7 mg, 55% isolated yield). ESMS: 

observed: [M+2H]2+= 1891.36 Da, calculated: 1891.67 Da. 

 

5.7.3.8 Synthesis of click EPO1-2 5.44 

Click EPO1 MPAA-thioester 5.42 (5.0 mg, 3 mM) and EPO2 5.32 (14.6 mg, 3 mM) were 

dissolved in 6 M GnHCl/0.2 M Na2HPO4 buffer (441 µL) and the pH adjusted to 6.3. After 6 

h MESNa (3.68 mg, 100 mM) was added. After 30 min, CuSO4 (17.6 µL of 0.5 M solution, 

20 mM) and TCEP (8.82 µL of 0.5 M neutral solution, 10 mM), and Gal-N3 5.30 (0.45 mg, 5 

mM) was added. The reaction was kept at room temperature, and after 5 h the desired click 

EPO1-2 product 5.44 was purified by RP-HPLC (2.6 mg, 23% isolated yield). ESMS: 

observed: [M+4H]2+= 2127.63 Da, calculated: 2128.40 Da. 

 

5.7.3.9 Synthesis of click EPO1-5 5.48 

Click EPO1-2 5.44 (1.0 mg, 2 mM) and click EPO3-5 5.38 (0.67 mg, 1 mM) were dissolved 

in 6 M GnHCl/0.2 M Na2HPO4 buffer (58.8 µL) containing MPAA (1.97 mg, 200 mM) and 

TCEP·HCl (0.82 mg, 50 mM). The resulting solution was adjusted to pH 6.8. After 16 h, β-

mercaptoethanol/piperidine solution (10.0 µL, 6:4 v/v) was added. The reaction was kept at 

room temperature for 1 h, then the desired click EPO1-5 neoglycopeptide product 5.48 was 

purified by RP-HPLC (0.30 mg, 26% isolated yield). ESMS: observed: [M+15H]15+= 

1311.79 Da, calculated: 1311.90 Da. 
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5.7.3.10 Synthesis of desulfurized click EPO1-5 5.51 

The full length click EPO1-5 neoglycopeptide 5.48 (0.30 mg, 1 mM) was dissolved in 6 M 

GnHCl/0.2 M Na2HPO4 buffer (15.3 µL) containing TCEP (1.53 µL of 0.5 M neutral solution, 

50 mM), VA-044 (1.0 µL, 20 mM) and glutathione (47 µg, 10 mM). The reaction was kept at 

40 oC, and after 5 h LC-MS revealed that the reaction had gone to completion to afford the 

desired desulfurized click EPO1-5 5.51 without any shift in retention time. The amount used 

for this reaction was too small for purification. ESMS: observed: [M+13H]13+= 1503.45 Da, 

calculated: 1503.71 Da. 
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