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Abstract 

Novel methods in glycosaminoglycan and proteoglycan 
synthesis 

Arghya Modak 

Wolfson College 

University of Oxford, Department of Chemistry 

Submitted towards the degree of D.Phil. in Trinity Term 2015 

 

 Glycosaminoglycans (GAGs) in general and heparin/heparan sulfate in 
particular are implicated in various biological functions by interacting with various 
protein partners. To elucidate the structure activity relationship (SAR) of these 
carbohydrate chains, considerable efforts towards the synthesis of these complex 
molecules have been made. Because of the heterogonous structure of these highly 
negatively charged molecules, a general approach towards synthesis of these 
molecules has not been possible. The central objective of this thesis was to develop a 
generic modular approach for the synthesis of defined thiomimics of heparin and 
heparan sulfate. Specifically we sought to utilize the unsaturation developed at the 
non-reducing end of heparin/heparan sulfate oligosaccharides by the action of lyases, 
for thiol-ene radical reaction to generate defined thiomimics of heparin 

Chapter -2 Thiol-ene radical reaction on model substrates  
The thiol-ene radical reaction on endocyclic double bonds in sugar molecules 

was initially established on protected model substrates and more importantly on 
deprotected model substrates in aqueous conditions. This demonstrates the first 
example of radical reaction in aqueous conditions for glycosylation between two 
carbohydrate substrates. 

 
Chapter-3 Towards building S-linked heparin and heparan sulfate mimics using 
thiol-ene chemistry 

The thiol-ene radical glycosylation strategy established on model substrates 
was utilized on both non-sulfated and sulfated building blocks of heparin/heparan 
sulfate to build novel thiomimics of heparin/heparan sulfate. The labile sulfate groups 
of heparin were found to be compatible with the reaction conditions. Initial biological 
studies done with the synthesized thiomimics did not show significant binding 
activity, probably due to the small size of the synthesized mimics. 

 
Chapter -4 Glycosyltransferase utilization for heparin thiomimic synthesis 

Natural glycosyltransferases were investigated for extension of the 
carbohydrate backbone of the thio mimics. Specifically, it was shown by MS for the 
first time that glucuronyltransferase can accept a thio mimic with unnatural 
stereochemistry as an acceptor. 
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Chapter – 1        Introduction 

 

1.1 Glycosaminoglycans 

 Glycosaminoglycans (GAGs) are long chain linear polysaccharides 

consisting primarily of a disaccharide repeating unit made up of a hexosamine and uronic 

acid1-6. In some instances, the uronic acid is replaced by galactose2. Often these 

oligosaccharides undergo dynamic modification by various enzymes during biosynthesis 

leading to structural heterogeneity in terms of N-and O-sulfations, epimerizations and N-

acetylations1, 7. Glycosaminoglycans have been implicated in various biological functions for 

example blood anti-coagulation8, fertilization9 and reproduction10 amongst others. Apart from 

playing an important role in the organization of extracellular matrices because of their high 

charge density (thus being able to retain water molecules)11, glycosaminoglycans have been 

reported to interact with different proteins especially chemokines12 during inflammation13-16 

and for promoting chemotaxis17-18. Several growth factors also interact with 

glycosaminoglycans such as fibroblast growth factor (FGF), vascular endothelial growth 

factor (VEGF), hepatocyte growth factor and platelet-derived growth factor among others7, 19-

22. These interactions mainly help in extracellular signaling23.  

 Glycosaminoglycans can be largely classified into four different categories, 

based on the core carbohydrate backbone24 shown in Figure 1: 

a) Heparin/Heparan sulfate: It consists of α-L-iduronic acid/β-D-glucuronic acid attached 

in a 1,4 linkage to α-D-glucosamine which in turn is attached to the next uronic acid through 

a 1,4 linkage as well. Sulfation occurs in 3 and 6 position of glucosamine and 2 position of 

the uronic acid. The amine group of glucosamine is either N-acetylated or N-sulfated. In 
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general, heparin has more sulfations on the carbohydrate units and more N-sulfated 

glucosamine units. Heparan sulfate contains relatively less sulfated carbohydrate units and 

the majority of glucosamine units are N-acetylated. The proportion of glucuronic acid is more 

in heparan sulfate whereas heparin contains more of iduronic acid. Heparan sulfate mostly 

exists as part of a proteoglycan where they are attached to a protein core. Thus they are 

mostly found on the surface of cells such as circulating leucocytes. Heparin in contrast can 

dissociate from the protein core to exist as free GAG chains25. Naturally available heparin 

ranges in molecular weight from 3 to 30 kDa depending upon the source it is isolated from. 

Commercial preparations of heparin, on the other hand, range in molecular weight from 12 to 

15 kDa26.  

b) Chondroitin sulfate/Dermatan sulfate: It consists of α-L-iduronic acid/β-D-glucuronic 

acid attached via a 1,3 linkage to β-D-N-acetylgalactosamine while the hexosamine is 

attached to the next uronic acid through a 1,4 linkage. Sulfation is seen at position 4 and 6 of 

galactosamine and position 2 of the uronic acid. Chondroitin sulfate has a relatively higher 

number of glucuronic acid units as compared to iduronic acid units. In dermatan sulfate, the 

concentration of iduronic acid units is more as compared to the glucuronic acid units24. On an 

average, chondroitin sulfate chains have a molecular weight of around 50 kDa27.   

c) Keratan: Keratan consists of β-D-galactose attached in a 1,4 linkage to β-D-N-

acetylglucosamine and the hexosamine in turn is attached to the next galactose unit through a 

1,3 linkage. Sulfation can occur in the 6-position of both the N-acetylglucosamine unit and 

the galactose unit. The weight average molecular weight of keratan isolated from natural 

sources has been found to be around 20 kDa27. 

d) Hyaluronic acid: This glycosaminoglycan is completely unsulfated and it consists of β-D-

glucuronic acid attached through a 1,3 linkage to β-D-N-acetylglucosamine. The hexosamine 
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in turn is attached to the next glucuronic acid through a 1,4 linkage. Among all the 

glycosaminoglycans, hyaluronic acid has the largest molecular weight on average, with 

longer chains reaching a molecular weight of 104 kDa27. 

 

Figure 1: Structures of the 4 categories of glycosaminoglycans. (A) Heparin/Heparan Sulfate: R1 = 
axial CO2H for iduronic acid, equatorial CO2H for glucuronic acid, R2 = H, SO3

-, R3 = Ac, SO3
- (B) 

Chondroitin Sulfate/Dermatan Sulfate: R1 = axial CO2H for iduronic acid, equatorial CO2H for 
glucuronic acid, R2 = H, SO3

- (C) Keratan: R1 = H, SO3
- (D) Hyaluronic acid  

 

1.2 Glycosaminoglycan Biosynthesis 

 Biosynthesis of these glycosaminoglycans is carried out in different parts of 

the cell, with heparin/heparan sulfate and chondroitin sulfate/dermatan sulfate synthesis being 

carried out in the Golgi apparatus28-29 and hyaluronic acid being synthesized by a plasma 

membrane synthase known as hyaluronan synthase, which has three different isoforms30. The 

corresponding oligosaccharides are assembled by an interplay of glycosyltransferases3, 

sulfotransferases31 and epimerases32.  
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1.2.1 Chondroitin sulfate/dermatan sulfate biosynthesis 

 Chondroitin sulfate is O-linked to a protein backbone through a 

tetrasaccharide linker. The amino acid residue from the protein core, which is involved in O-

linkage is serine and the tetrasaccharide linker consists of –GlcAβ1-3Galβ1-3Galβ1-4Xylβ1-

O-(Ser)-(GlcA = glucuronic acid, Gal = galactose, Xyl = xylose, Ser = serine). This whole 

protein carbohydrate complex is referred to as the proteoglycan. The protein core is 

synthesized in the cytosol and then translocated into the endoplasmic reticulum33. Thereafter, 

the tetrasaccharide linker gets assembled on the protein backbone in the endoplasmic 

reticulum and in the Golgi apparatus. Consequently, the synthesis of the remaining 

chondroitin sulfate structure takes place in the Golgi apparatus29. Assembly of the 

carbohydrate chain mostly happens on a serine amino acid which is part of a plausible 

consensus sequence, that has been reported as Ser-Gly/Ala-X-Gly, where ‘X’ is any other 

amino acid24. Indeed, Bourdon et al.34 have also reported the plausible consensus sequence as 

being Ser-Gly-X-Gly, and this sequence is preceded by acidic residues such as glutamic and 

aspartic acid. Huber et al.35 have reported on instances where the glycine in the second 

position of the amino acid consensus sequence has been replaced by alanine. However, 

contrary reports exist about the consensus amino acid sequence where the second glycine 

amino acid has been found to be replaced by other amino acids36-37. There are various 

chondroitin sulfate proteoglycans which have been reported such as neurocan38, brevican39, 

phosphoacan40, decorin41 and aggrecan42, amongst others.  

 The tetrasaccharide linker is assembled using a combination of enzymes 

starting with xylosyltransferase, followed by galactosyltransferase I, galactosyltransferase II 

and glucuronyltransferase I43-47 using the corresponding UDP-sugars. A N-

acetylgalactosaminyltransferase then transfers a GalNAc unit to the glucuronic acid and this 
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event has been reported to determine whether the oligosaccharide chain is developing to be a 

chondroitin sulfate/dermatan sulfate or heparin/heparan sulfate24. There have been indications 

that the amino acids flanking the Ser-Gly consensus amino acid region might play a role in 

this event48. Chondroitin synthase (an enzyme having both N-acetylgalactosaminyltransferase 

and glucuronyltransferase activity) has been implicated in the elongation of the chain49. It 

should be noted though that a N-acetylgalactosaminyltransferase capable of adding both a 

GalNAc unit to glucuronic acid of the tetrasaccharide linker as well as extension of the 

chondroitin GAG chain, has been cloned too50. Therefore, it is plausible that both of these 

enzymes are responsible for transferring GalNAc during chain extension. The sulfations of 

the GAG chain are done by chondroitin 6-sulfotransferase51, chondroitin 4-sulfotransferase52 

and 2-sulfotransferase that sulfates the 2-position of both iduronyl and glucuronyl residues53. 

All these sulfotransferases use PAPS (3’-phosphoadenosine-5’-phosphosulfate) as the 

sulfating substrate (Figure 2). In addition, a C-5-epimerase enzyme is implicated in 

converting glucuronic acid to iduronic acid for forming dermatan sulfate54 (Figure 3). 

 

Figure 2: Structure of PAPS (3’-phosphoadenosine-5’-phosphosulfate). Since, the bond between the 
sulfate group and phosphate group is very labile, PAPS acts as the ideal sulfate donor. 
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reported for chondroitin sulfate i.e. –GlcAβ1-3Galβ1-3Galβ1-4Xylβ1-O-(Ser)-48. This 

indicates that the biosynthesis of both the carbohydrate chains take place in the same way. 

When α-N-acetylglucosamine is added to the glucuronic acid of the tetrasaccharide linker, the 

chain is ultimately synthesized as heparan sulfate/heparin. In contrast when β-N-

acetylgalactosamine is added to the linker glucuronic acid, it gets primed for chondroitin 

sulfate synthesis55. The transfer of this particular α-N-acetylglucosamine is undertaken by α-

N-acetylglucosaminyltranferase I (GlcNAcT-I)56 (Figure 3). As mentioned before, the 

tetrasaccharide linker is synthesized by four enzymes, xylosyltransferase (XylT), 

galactosyltransferase I (GalT-I), galactosyltransferase II (GalT-II) and glucuronyltransferase I 

(GlcAT-I) in sequence. Whether a tetrasaccharide sequence leads to the build up of a heparin 

or a chondroitin sulfate chain has been speculated to be affected by the amino acids, which 

flank the tetrasaccharide attachment site to the protein core. Acidic amino acid clusters as 

well as hydrophobic residues near the plausible consensus site for GAG attachment has been 

reported to favour the buildup of heparin/HS over chondroitin sulfate28. Indeed, the presence 

of a tryptophan residue in direct neighbourhood of the Ser-Gly GAG attachment site as well 

as Ser-Gly dipeptide repeats, have been reported as additional factors promoting HS 

assembly57-59. The GlcNAcT-1 activity is reported to be carried out by two EXT gene family 

proteins, EXTL2 and EXTL360-61. An oligomeric complex composed of the gene products of 

EXT1 and EXT2 then extends the GAG chain further62. EXT1 and EXT2 have been 

implicated to have both glucuronyltransferase and N-acetylglucosaminyltransferase activities 

on their own63-64. As part of the modification of the carbohydrate backbone, N-deacetylase/N-

sulfotransferase (NDST) catalyzes the removal of acetyl groups from α-N-acetylglucosamine 

and subsequent replacement by sulfate groups65. This function of N-deacetylation and 

consequent N-sulfation is a prerequisite for all other modifications such as O-sulfation and C-

5 epimerization to take place28,65. This is followed by the action of C-5-epimerase, which is 



	 8	

implicated in the modification towards formation of both heparin and heparan sulfate. The 

inversion of the C-5 configuration has been reported to be reversible and therefore the 

enzyme can convert glucuronic acid to iduronic acid and vice versa. Also it has been 

observed that the action of this epimerase is distinct from the one involved in chondroitin 

sulfate, resulting in the inability of this enzyme to act on chondroitin sulfate GAGs and also 

the inability of chondroitin sulfate epimerase to act on heparin/HS66. 2-O-sulfation of the 

uronic acids is carried out in the next step. 

  Apart from the natural substrate, iduronic acid, the enzyme 2-O-

sulfotransferase (2-OST) can also accept glucuronic acid, albeit with lower efficiency67-68. 3-

O-sulfotransferase (3-OST) and 6-O-sulfotransferase (6-OST) follow next which sulfate the 

3-position69 and 6-position of glucosamine units, respectively70. The 6-O-sulfation occurs 

only on the 6-position of N-sulfoglucosamine and does not appear to happen on the primary 

position of N-acetylglucosamine28,70. All of these sulfotransferases use PAPS (3’-

phosphoadenosine-5’-phosphosulfate) as the sulfate source as is the case for chondroitin 

sulfate sulfotransferases71. There are plenty of heparin/HS proteoglycans known too for eg. 

perlecan, agrin, syndecan and serglycin amongst others. They vary in terms of their 

localization, number of heparin sulfate chains and molecular weight of the core protein2. 
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Figure 3: Chondroitin sulfate/dermatan sulfate and heparin/heparan sulfate biosynthesis. The 
different enzymes involved and the position of attachment to the core protein is shown24. 
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amino acid residue on the protein backbone73-75. Since, in case of keratin sulfate II, the 

linkage occurs through a α-N-acetylgalactosamine monosaccharide to a serine/threonine 

residue on the protein, the linkage residue is termed as a mucin type carbohydrate residue.  

3. Keratan sulfate III: In this case, the sulfated sugar is O-linked to a serine residue through 

mannose (Figure 4). 

The consensus sequence for the assembly of keratan sulfate GAGs on protein backbone is 

believed to be a series of hexapeptides repeated one after another. The hexapeptide sequence 

is Glu-Glu/Lys-Pro-Phe-Pro-Ser76. The synthesis of the linker region for keratan sulfate I has 

been attributed to the biosynthetic machinery involved in high-mannose precursor 

oligosaccharide processing72. As for keratan sulfate III, an important enzyme protein-O-

mannose β-1,2-N-acetylglucosaminyltransferase, POMGnT1 is needed for transferring N-

acetylglucosamine units to mannosylated proteins77. The extension of the GAG chain is 

carried out by two enzymes, acting in tandem, a β-1,4-galactosyltransferase78 and a β-1,3-N- 

acetylglucosaminyltransferase (β3GlcNAcT), which has been identified even though a 

number of plausible candidates have been enlisted79-80 (Figure 5). More recently, Kitayama 

et al. have demonstrated the use of two specific isoforms of the two glycosyltransferases, 

β1,3-N-acetylglucosaminyltransferase-7 (β3GnT7) and β1,4-galactosyltransferase-4 

(β4GalT4) for the synthesis of keratan sulfate in vitro, thus indicating that these are the 

enzymes responsible for keratan sulfate chain extension81. 
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Figure 4: Linkage oligosaccharides of Keratan Sulfate linking KS to protein core72. KS = keratan 
sulfate, Man = mannose, GlcNAc = N-acetylglucosamine, Asn = asparagine, GalNAc = N-
acetylgalactosamine, Gal = galactose, Ser = serine, Thr = threonine, Fuc = fucose, NeuAc = 
neuraminic acid., mostly present as a capping sugar. KS in brackets refers to positions where keratan 
sulfate chains may not be present in all cases. Asn, Ser and Thr are amino acids which are part of the 
core protein backbone.  
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C-GlcNAc6ST has been found to be involved in corneal keratan sulfate biosynthesis83. One 

important aspect of this enzyme is the ability to only sulfate GlcNAc sugars at the non-

reducing terminus of the chain. Since almost all of the GlcNAc units in a keratan sulfate 

chain are normally sulfated, it has been inferred that chain elongation and sulfation occurs 

simultaneously for these GAGs84-85. Examples of keratan sulfate proteoglycans are keratocan, 

lumican, mimecan and fibromodulin among others2. 

 

1.2.4 Hyaluronic acid biosynthesis 

 Hyaluronic acid or hyaluronan is synthesized in the inner side of the plasma 

membrane as opposed to other GAGs, which are synthesized in the Golgi apparatus86. Unlike 

other GAGs, this glycosaminoglycan is not constructed as a carbohydrate chain attached to a 

protein core. Rather it is secreted as a carbohydrate chain into the extracellular space by the 

enzymes responsible for hyaluronic acid synthesis, hyaluronan synthases86. It has been 

determined that hyaluronan synthase has two active sites which enable it to transfer both 

glucuronic acid and N-acetylglucosamine to the growing chain of GAG87-89. There are several 

isoforms of hyaluronan synthase which have been discovered.       
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Figure 5: Keratan sulfate biosynthesis. R represents the growing chain. βGal-T1 = β-1,4-
galactosyltransferase, βGlcNAc-T = β-1,3-N-acetylglucosaminyltransferase, C-GlcNAc6ST = corneal 
N-acetylglucosaminyl-6-sulfotransferase, KS-Gal6ST = keratan sulfate galactosyl-6-sulfotransferase, 
PAPS = 3’-phosphoadenosine-5’-phosphosulfate72. 

 

1.3 Heparin interaction with proteins 

Heparin, the most electronegatively charged biomolecule90, is implicated in various 

biological functions such as blood anticoagulation, viral and bacterial infection and host cell 

entry, angiogenesis, cancer and inflammation among others6, 91-94.   

Study of the structure of heparin for a long time has revealed quite a lot about the 

structure-activity relationship in the context of interaction with various protein partners. In 

particular, the sequence of heparin, which is responsible for interacting with antithrombin, 

resulting in its activity as an anticoagulant, has been studied in detail. A specific 

pentasaccharide sequence, constituting about one third of the complete heparin chain, is 
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responsible for the anticoagulant activity. This domain, which binds to antithrombin (Figure 

6), is referred to as the major sequence while the rest of the sequence, termed minor sequence 

is also involved in other biological activities95.   

 

Figure 6: Schematic representation of antithrombin-heparin (pentasaccharide region) interaction. 
Solid lines denote salt bridges whereas dashed lines represent hydrogen bonds. Individual 
monosaccharide units are labeled as D to H96. 

 

Apart from interacting with antithrombin for its anticoagulant activity, heparin has 

been found to be interacting with fibroblast growth factors (FGFs). FGFs are a family of 

signaling polypeptides involved in a wide variety of physiological processes. Heparin 

interacts specifically with FGFs, which results in oligomerization of FGFs97. These oligomers 

in turn interact with the FGF receptors (FGFR) to induce cellular response through FGFR 

dimerization98. Thus, heparin helps by facilitating the complex formation between FGF and 

its receptor (FGF-FGFR complex) and also stabilizing the FGF-oligomer complex. Crystal 

structures solved for FGF-heparin-FGFR complex have shown that there are different 

stoichiometries of interaction among FGF, heparin and FGFR depending on the FGF 

protein99-100. Heparin and heparan sulfate are also known to interact with cytokines101. Due to 

the presence of sulfations and carboxylic groups on other GAGS such as chondroitin sulfate 

and dermatan sulfate, they have also been reported to interact with heparin binding proteins, 

with different affinities102-103. 
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Heparin and heparan sulfate are also known to interact with chemokines101. Even 

though these protein molecules normally remain in monomer state, interaction with 

negatively charged heparin or heparan sulfate changes their oligomerization state to dimer or 

even higher orders12. Though the significance of this heparin assisted oligomerization is not 

completely understood, it is speculated that this might lead to better protection of proteins 

from proteolytic digestion and therefore increases its stability12. As chemokines are known to 

induce migration of cells by chemotaxis, it is plausible that this heparin chemokine 

interaction represents a building up of higher oligomerization state of chemokines. This 

increases the chemokine’s local concentration and serves to offer a directional gradient for 

the cells to migrate104. 

The interaction of heparan sulfate and to a minor extent of heparin with amyloid 

precursor proteins (APP) is also similar to other protein binding partners. This precursor for 

amyloid-β, which is implicated in Alzheimer’s disease105, interacts with heparan sulfate to 

form dimers in a protein:sugar ratio of 2:1106. This interaction has been found to influence 

neurite outgrowth107. 

 

1.4 Heparin structural features 

Heparin and heparan sulfate consist of alternating residues of an amino sugar in the 

form of D-glucosamine or D-N-acetylglucosamine and an uronic acid in the form of D-

glucuronic acid or L-iduronic acid. The hydroxyl groups and free amino groups of 

glucosamine are heterogeneously sulfated to varying degrees. The major disaccharide 

sequence constituting heparin is a trisulfated sequence, IdoA2SO3-GlcNSO36SO3. These 

sulfates (i.e. N-, 2-O-, and 6-O-sulfates) together with the carboxylate of uronic acid are 

responsible for the polyelectrolytic properties of heparin and also for electrostatic interaction, 
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hydrogen bonding or salt bridge formation with basic amino acids of the target protein92. 

Most of the heparin binding proteins bear increased levels of basic amino acid residues such 

as arginine, lysine and histidine allowing them to interact with the negatively charged GAG 

saccharides104, 108. Both GlcA and GlcN are found to be in the classic 4C1 chair 

conformation109. The IdoA pyranose, however adopts either a 4C1,
1C4 chair or a 2S0 skew boat 

conformation, all of which have been found to be equi-energetic (Figure 7).  

Iduronic acid as a monosaccharide normally assumes the 1C4 conformation because it 

is in this conformation that the bulky carboxylic group can be positioned in the equatorial 

position thus minimising steric hindrance. However, this uronic acid residue remains in a 

dynamic equilibrium among the three states (4C1,
1C4 or a 2S0)110, when it is part of a 

glycosaminoglycan chain, so that most of the bulky substituents can be positioned in the 

equatorial position. The relative population of each conformer is further dependant on the 

degree of sulfation of the uronic acid itself and also of the adjacent GlcN residue110-111. Apart 

from this, the relative population has been observed to be affected by extrinsic factors, such 

as the type of counter ions present in the medium111-112. It is speculated that the ability of 

iduronic acid to adopt any of the three conformations confers a degree of flexibility to IdoA 

containing GAG chains. This proves valuable for binding to proteins and other biological 

activities113. Investigations concerning interactions of heparin octasaccharides with 

antithrombin, have shown that the non-sulfated iduronic acid unit located just before the 

antithrombin binding pentasaccharide region adopts a 1C4 conformation when bound to 

antithrombin and 2S0 conformation in the protein’s absence114. Even cases in which the 

iduronic acid is directly involved in protein binding, the sugar populates the 1C4 

conformation115. Thus this flexibility of iduronic acid helps in more efficient binding of 

heparin to its protein binding partners, as it can simply adopt the required conformation. 

However the glucosamine unit, being more rigid, remains in 4C1 conformation throughout. 
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Figure 7: Three conformations in which iduronic acid exists, 4C1,1C4 and 2S0. OERN = non-reducing 
end glycosidic bond, ORE = reducing end glycosidic bond5

. 

 

1.5 Glycosaminoglycan lyases 

Glycosaminoglycan lyases are mostly synthesized by bacteria to break down GAGs. 

They have proved to be useful in elucidating GAG sequences as they are highly specific 

towards the GAG sequence on which they act116-117.  These enzymes have also been put to 

therapeutic use where their GAG degrading ability has been exploited to cure various medical 

complications118-119. The mechanism by which lyases cleave an oligosaccharide is depicted in 

Scheme 1. A basic residue in the enzyme active site abstracts the C-5 ring proton of an 

uronic acid followed by elimination of the C-4 substituent. This leads to the formation of an 

unsaturation between C-4 and C-5. At the same time the linkage between C-4 and the 

glycosidic oxygen is cleaved and the resulting free anomeric oxygen on the non-reducing side 

of the uronic acid is protonated to form the hemi-acetal. The enzymes are therefore specific 

for cleaving the bond on the non-reducing side of uronic acids as the carboxylic group also 

takes part in the reaction. It makes the C-5 proton acidic enough to be abstracted by the basic 

residue of the enzyme.  
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Scheme 1: Mechanism of action of heparin lyases. Representative mechanism shown for Heparinase-
1. B represents a basic amino residue in the enzyme.  

 

There are mainly three categories of GAG lyases120: 

a) Heparinase 

b) Chondroitinase 

c) Hyaluronidase 

 

1.5.1 Heparinase 

Heparinases are GAG lyase enzymes acting on heparin and heparan sulfate residues. 

They are expressed by several soil bacteria which includes Flavobacterium heparinum, 

Bacillus sp., Bacteroides heparinaolyticus etc.121 Depending on their substrate specificities, 

they have been further classified as Heparinase I (acting mainly on heparin), Heparinase II 
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(H = hexosamine, I = iduronic acid, G = glucuronic acid, Y = sulfated or acetylated and X = 

sulfated or unsubstituted).  

Glucuronic acid containing linkages are not degraded by Heparinase I. This enzyme 

acts selectively on iduronic acid-containing units. It has also been seen that the bond between 

N-acetylated residue and iduronic acid is less susceptible to cleavage by Heparinase I as 

compared to the bond between N-sulfated residue and iduronic acid122. Furthermore, the 

activity of Heparinase I seems to increase with longer substrates123.   

Heparinase II has been shown to have much higher activity on heparan sulfate as 

compared to heparin124. Since oligosaccharides containing both iduronic acid and glucuronic 

acid are susceptible to degradation in the presence of this enzyme, Heparinase II has the 

broadest substrate specificity. It is also a matter of speculation as to whether it has a single 

active site or two active sites to accommodate iduronic acid and glucuronic acid substrates as 

the proton needs to be abstracted from C-5, which is pointing in two different directions in 

the two uronic acids121. 

Heparinase III is specific for heparan sulfate and is inactive towards linkages 

containing iduronic acid125. Like Heparinase I its activity increases with increased substrate 

length. 

 

1.5.2 Chondroitinase 

Chondroitinase enzymes are GAG lyase enzymes acting on chondroitin sulfates. They 

have been mostly isolated from genera of bacteria such as Arthrobacter, Flavobacterium, 

Aeromonas, Bacillus etc. Both soil and intestinal bacteria produce these enzymes. There are 

four different types of chondroitinase enzymes, which have been isolated and they have been 
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classified as Chondroitinase ABC, Chondroitinase AC, Chondroitinase B and Chondroitinase 

C based on their substrate. Chondroitinase enzymes cannot degrade heparin or heparan 

sulfate which have 1,4 linkages specifically even though they cleave a 1,4 linkage in 

chondroitin sulfates. This indicates that the 1,3 linkage in chondroitin sulfate also has a role 

to play in determining substrate specificity for this enzyme. However, it can act on 

hyaluronic acid121. 

 

1.5.3 Hyaluronidase 

Hyaluronidase has been isolated from both bacterial sources such as those belonging 

to Propionibacterium, Staphylococcus, Streptococcus genera as well as animal sources120. 

Apart from hyaluronic acid, this enzyme can also act on chondroitin 4-sulfate and chondroitin 

6-sulfate albeit with a lower activity126.  

 

1.6 Synthesis strategies for glycosaminoglycans 

There has been numerous strategies devised over the years for the artificial synthesis 

of glycosaminoglycans in general and heparin/heparan sulfate in particular. Even though 

heparin has been used as an anticoagulant drug for a considerable amount of time, the total 

chemical synthesis of heparin remains an underdeveloped field mainly because of the 

heterogeneity in the sulfation pattern on the oligosaccharide and the configuration of the 

uronic acids127-128. Thus, a modular approach for the synthesis of these irregular structures 

has proved to be very difficult.  
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The approaches towards synthesis of GAGs can be broadly classified under the following sub 

headings: 

a) Chemical synthesis of GAGs 

b) Chemoenzymatic synthesis of GAGs 

 

1.6.1 Chemical synthesis of GAGs 

Due to its heterogenous structure and its various biological functions, it is not 

surprising that numerous synthesis strategies have been devised previously. The designed 

synthetic approaches have to account for appropriately protected building blocks (uronic acid 

and hexosamine units). Thus, orthogonal temporary protecting groups need to be installed on 

the C-4 hydroxyl group of each sugar for selective deprotection and glycosylation at a later 

stage in order to extend the sugar chain. The functional group repertoire also needs to be 

accessed in order to differentiate hydroxyl groups on the carbohydrate chain, which will be 

sulfated, from those that will be free. Focus has also been put on the facile synthesis of L-

iduronic acid derivatives as the unnatural and therefore non-accessible isomer. In this regard, 

the desired derivatives have been synthesized using D-glucuronic acid glycals, D-

glucuronolactone and D-diacetone glucose as starting materials129-139.  

Jaurand et al .have reported the synthesis of the basic trisulfated disaccharide building 

block of heparin in modest yields140. Incidentally, this is the most common disaccharide 

component of heparin. It has been shown by Haller et al.141 that the uronic acid moiety can be 

introduced at a later stage of the synthesis by oxidation of the primary position using 

TEMPO. This circumvents the problem of low yield of glycosylation because of the 

deactivating nature of the carboxylic acid, epimerization of C-5 position and also protecting 
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group manipulations141.  Diacetone glucose has been demonstrated to be a good precursor for 

incorporation of iduronic acid in the synthesized disaccharide through the intermediate 

1,2,3,5-di-O-isopropylidene-β-L-idofuranose142-143. Prabhu et al. have demonstrated the 

judicious design of six monosaccharide precursors which can be used to build up all of the 

twenty combination of disaccharides found in heparan sulfate144. 

Boeckel et al.145 and Sinay et al.146 have reported on the synthesis of the heparin 

pentasaccharide region responsible for binding with antithrombin. Incidentally, both have 

reported on a 2+2+1 retrosynthetic approach for the total synthesis (Scheme 2). 

 While Sinay et al. synthesized the uronic acid derivatives prior to coupling with the 

protected amino sugar, Boeckel et al. synthesized the protected disaccharides first, followed 

by oxidation of the primary position of the non amino sugar to access the uronic acid unit. In 

both cases, they used similar orthogonal protecting groups to take into consideration the 

following details (i) sulfate groups on some hydroxyl groups and also on the amino group (ii) 

free hydroxyl groups and carboxylate groups in proper positions (iii) use of non participating 

protecting groups on the amino sugar for α-glycosylation of the amino sugars (iv) use of 

participating protecting group on the C-2 hydroxyl group of the uronic acid for β-

glycosylation.  
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Scheme 2: Retrosynthetic analysis of the antithrombin binding pentasaccharide region as followed by 
Boeckel et al.145 and Sinay et al.146 Synthesis of the disaccharide building blocks EF and GH was 
done in two ways (1) both glucose and idose derivatives are oxidized at the monosacharide level 
resulting in 13 and 15. Coupling is then done with the glucosamine derivatives, 14 and 16 to give the 
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disaccharides 5a and 6a146. (2) Glucose and idose derivative monosaccharides 7 and 9 are coupled 
initially to the amino sugar monosaccharides or precursor derivatives, 8 and 10, to yield disaccharides 
11 and 12 followed by the oxidation of the uronic acid precursors145. Final synthesis in both cases is 
then done with the disaccharide synthons and monosaccharide 3.  

 

The synthesis of this pentasaccharide region was important as it served as the 

foundation for the design of the anticoagulant drug Fondaparinux147.   

In addition, other approaches towards the synthesis of heparin analogues, lacking the 

sulfate groups in key hydroxyl positions, to study the effects of these groups on its 

interactions with protein binding partners, have been reported148-149. N-sulfates150 and some 

carboxylate groups151 have been found to play a key role in the interaction of heparin 

pentasaccharide region to antithrombin. More recently, Arungundram et al.152 have reported 

on the modular synthesis of heparan sulfate oligosaccharides. Judiciously designed core 

disaccharide scaffolds were used for the construction of multiple tetrasaccharides and a 

hexasaccharide (Scheme 3). The idosyl donors in this case were synthesized from 1,6-

anhydro-idose, which is readily available. These oligosaccharides were then used for binding 

studies with BACE-1 (an enzyme known to process amyloid precursor proteins in 

Alzheimer’s disease pathway) to identify key charged groups on the carbohydrate chain 

responsible for binding.  

A similar strategy has been adopted by Schwörer et al. where they have targeted 

variously sulfated hexa-, octa-, deca- and dodecasaccharides for binding activity studies 

against BACE-1. In this case, the disaccharides were synthesized from more reactive glucose 

and idose units followed by oxidation to the corresponding uronic acid only in the later stages 

to avoid the poor reliability of carboxylic acid containing donors153. There have been other 

approaches based on the disaccharide core structure for the design of heparin scaffolds154-157. 
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Scheme 3: Disaccharide building blocks used for synthesizing heparin oligosaccharides (25-40) and 
the monosaccharide synthons (17-24) for construction of the disaccharide blocks as reported by 
Arungundram et al.152 The synthesis of iduronic acid from 1,6 anhydro-idose is shown in the inset. 

 

A recent report by Hansen et al. has demonstrated the synthesis of heparin like 

oligosaccharides upto a length of 20 monosaccharide units for the first time158. This strategy 

is based on the coupling of tetrasaccharide units, which was repeated for the required number 
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oligosaccharide synthesis by the iterative addition of the tetrasaccharide block has been 

successfully utilized to synthesize oligosaccharides upto a length of 40 carbohydrate units  

(Scheme 4). Deprotection and sulfation at selected hydroxyl and amino groups then yielded 

the N- and O- sulfated product in good yields. Although the strategy is capable of producing 

larger sugars, it is a complex time consuming methodology involving iterative synthesis. 

Nevertheless, this approach represents a useful methodology for the construction of 

challenging heparin and heparan sulfate units of larger sizes.    

A notable exception to the iterative use of core disaccharide or tetrasaccharide 

building blocks was the work reported by Codée et al.159 This strategy is based on monomeric 

building blocks to synthesize a protected heparin pentasaccharide. It utilized 1-thio uronic 

acid synthons, thus requiring the use of potent electrophilic activators in the form of Ph2SO 

(diphenyl sulfoxide)/Tf2O (triflic anhydride) and BSP (1-benzene sulfonyl piperidine)/Tf2O. 

These were reportedly used for the first time in heparin and HS synthesis. The 1-thio uronic 

acid synthons were reacted with other monosaccharides as shown in Scheme 5 to synthesize 

the target pentasaccharide. Even though this approach is amenable for the synthesis of 

pentasaccharides, it would require highly complex strategies to synthesize appropriate 

monomer units for building larger GAG chains.  
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Scheme 4: [4]n repeating strategy as reported by Hansen et al.158 The tetrasaccharide core 45 (n = 1)  
was made by an iterative synthesis from the disaccharide 43. This was further extended to form the 
originating dodecasaccharide 45 (n = 6)160. The originating dodecasaccharide was then iteratively 
used for synthesis by O-4 deprotection to synthesize oligosaccharides upto 40-mers. 

 

Attempts have also been made to synthesize heparin like oligomers on solid support. 

Synthesis on the solid phase has several advantages as excess reagent can be easily 

employed, no need for time consuming chromatographic separations and the reaction can be 

monitored by NMR at each step easily, to verify the progress without having to purify the 

mixture by a lengthy purification process. 

O
OBn

TCAO
BnO

N3O

O

OBz

OMe
OBn

MeO2C

O
OBn

HO BnO
N3O

O

OBz

O
OBn

MeO2C
O

OBn

BnO
N3O

O

OBz

OMe
OBn

MeO2C

43 44

O
OBn

TCAO
BnO

N3O

O

OBz

OMe
OBn

MeO2C

NIS, AgOTf, DCM, 

0 °C, 30-45 min

Pyridine, MeOH,

50 °C, 4-7 h

n

O
OBn

TCAO BnO
N3O

O

OBz

O
OBn

MeO2C
O

OBn

BnO
N3O

O

OBz

OMe
OBn

MeO2C

n

43

45

45 (n = 6)

O
OBn

OH BnO N3O
O

BzO

OOBnMeO2C

O
OBn

BnO N3O
O

BzO

OMeOBnMeO2C

3

O
OBn

BnO N3O
O

BzO

OOBnMeO2C

O
OBn

BnO N3O
O

BzO

OMeOBnMeO2C

3

O
OBn

TCAO
BnO N3O

O

BzO

OOBnMeO2C

O
OBn

BnO N3O
O

BzO

OOBnMeO2C

O
OBn

BnO N3O
O

BzO

OOBnMeO2C

O
OBn

BnO N3O
O

BzO

OMeOBnMeO2C

3

O
OBn

HO
BnO N3O

O

BzO

OOBnMeO2C

O
OBn

BnO N3O
O

BzO

OOBnMeO2C

i

m

coupleO-4 deprot

O
OBn

BnO N3O
O

BzO

OOBnMeO2C

O
OBn

BnO N3O
O

BzO

OMeOBnMeO2C

O
OBn

HO
BnO N3O

O

BzO

OOBnMeO2C

O
OBn

BnO N3O
O

BzO

OOBnMeO2C

m+1

46
47     16-mer

tetramer extension originating dodecasaccharide

originating dodecasaccharide

48

49

MeOH
pyridine

NIS
AgOTf



	 28	

 

Scheme 5: Retrosynthetic analysis as reported by Codée et al.159. The target pentasaccharide 56 is the 
sequence of heparin to which antithrombin binds. 50-54 represent the monosaccharide synthons used 
to build up the pentasaccharide 55. 51 and 53 represent the thio uronic acid synthons requiring use of 
a potent electrophilic activator. P = orthogonal protecting group 

 

Dreef-Tromp et al.161 reported using simple orthogonally protected disaccharide units 

(with one of the disaccharides being PEGylated) to prepare oligomers upto a length of 12 

units. The PEG polymer-carbohydrate unit is reported to be soluble during glycosylation 

conditions and was in the solid form during work up162. Thus, this allows glycosylations to 

proceed with similar efficiencies achieved in solution phase reactions. It should be mentioned 

here that the oligomers did not contain any amino groups, neither was any sulfation or 
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general deprotection carried out. Therefore, these results are only preliminary and the 

applicability to more complex systems remains unaddressed.  

Another example of solid phase synthesis for the construction of heparin 

hexasaccharide was reported by Ojeda et al.163 The solid support in this case was attached to 

the carboxylic group on the uronic acid at the non-reducing end. The whole disaccharide, of 

which the uronic acid is a constituent monosaccharide, was then attached to two other 

appropriately protected disaccharides to ultimately yield the hexasaccharide. Cleavage of the 

solid support was then carried out followed by deprotection and addition of sulfate groups at 

appropriate positions (Scheme 6). 

Heparin mimics in the form of polymer supported disaccharides have been reported to 

serve as potent GAG mimetics. This approach from the Hsieh-Wilson lab relies on the 

construction of appropriately sulfated heparin disaccharides. These disaccharides are then 

attached to a norbornene monomer and are subsequently polymerized using Grubbs catalyst. 

The resulting glycopolymers were shown to be effective mimetics of heparin against various 

chemokines, in some cases even surpassing the activity of heparin itself164. Effective 

anticoagulants have also been developed using this approach165.  Constructing chondroitin 

sulfate mimetics has further validated the versatility of this approach. These glycopolymers 

have been shown to mimic the activity of natural chondroitin sulfates in affecting neurite 

outgrowth166.  
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Scheme 6: Synthesis of heparin like oligosaccharides on solid support as reported by Ojeda et al.163 
The core disaccharide structure was added to the solid support by means of a succinyl linker. The 
chain was thereafter extended on the solid support and at the end the oligosaccharide was cleaved off 
from the support. Deprotection and installation of sulfate groups were then done at appropriate 
positions. (MPEG = methyl ether PEG) 

 

In this case, ring-opening metathesis reaction was used with cis-cyclooctene attached  

chondroitin sulfate disaccharides, as the basis for the polymerization reaction. 

The chemical synthesis of other GAGs such as chondroitin sulfate has also been 

reported. Hsieh-Wilson and coworkers synthesized chondroitin sulfate tetrasaccharides, 

where a 2+2 retrosynthetic approach was followed to access the target molecules167-168. The 

approach is similar to the one followed for heparin where appropriately protected 
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disaccharides were glycosylated before deprotection and installation of the sulfate groups. 

Jacquinet et al. reported a novel  synthesis of chondoritin sulfate from commercial 

chondroitin sulfate. Desulfation during hydrolysis of commercial chondroitin sulfate enabled 

the synthesis of non-sulfated disaccharides which was then protected orthogonally to 

synthesize both the donor as well as the acceptor169. A hexasaccharide of desulfated 

chondroitin sulfate was then synthesized using the disaccharide synthons. Automated solid 

phase synthesis of chondroitin sulfate has been achieved by Seeberger and coworkers using a 

photolabile linker. A protected and sulfated chondroitin sulfate hexasaccharide was prepared 

in this way170. 

The synthesis of hyaluronic acid decasaccharide units were reported by Lu et al.171 

The strategy involved using two monosaccharide building blocks, which was ultimately 

expanded to utilize three building blocks when problems during deprotection of the 

carbohydrate moieties were encountered. 

Even though there have been significant advances in chemical approaches towards the 

synthesis of heparin/heparan sulfate oligosaccharides, most of the approaches have been 

tailormade for the target protein binding partner thus precluding a generic approach which 

can be followed to synthesize complex GAGs. While the disaccharide based core motif has 

been central to many approaches, multiple protection and deprotection steps make it difficult 

to synthesize a reasonable length GAG oligosaccharide in a short time.    

 

1.6.2 Chemoenzymatic synthesis of GAGs 

Chemoenzymatic synthesis of glycosaminoglycans in general and heparin/heparan 

sulfate in particular relies on using biosynthetic enzymes for carrying out the synthesis of the 
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glycosaminoglycan backbone as well as the sulfation and epimerization of the carbohydrate 

chain. Essentially this approach mimics the synthesis of GAGs in biological systems. Even 

though this approach is relatively recent, major advances have been made in this field for the 

synthesis of natural as well as unnatural GAG structures. Since, these enzymes have evolved 

to provide good regioselectivity and are adept in working on deprotected substrates, no 

protection/deprotection strategy is required, which significantly decreases the number of 

steps. Also, because the enzymes have high specificities, the likelihood of generating 

byproducts is reduced with this approach, which allows to cut down on several purification 

steps172. 

The K5 strain of Escherichia coli (E. coli) is known to produce heparosan as part of 

its capsular polysaccharide. Heparosan is a long chain polysaccharide consisting of alternate 

units of N-acetylglucosamine and glucuronic acid having the same linkage stereochemistry as 

found in natural heparin/heparan sulfate [-(4)βGlcA(1)à(4)αGlcNAc(1)-]n
173-174. It is the 

precursor of heparin before epimerization and sulfation takes place. This backbone can be 

used as a template for the enzymatic synthesis of heparin-like polysaccharides. Kuberan et al. 

have demonstrated the use of heparosan as a starting material for the subsequent synthesis of 

heparin oligosaccharides using a combination of different enzymes175. Naturally available 

heparosan was partially depolymerized using lyase enzymes. Thereafter, it was subjected to 

base-assisted N-deacetylation followed by sulfation of the resulting free amino groups using 

trimethylamine sulfur trioxide complex. Epimerization of the uronic acids was then 

undertaken using C-5 epimerase. The activity of C-5 epimerase and a lot of other enzymes 

are dependant on N-deacetylation and N-sulfation of the polysaccharide. Hence, it was 

necessary to perform the step of N-deacetylation-N-sulfation initially. Epimerization was 

subsequently carried out only on residues located at the reducing side of N-sulfated 

glucosamine. Moreover, uronic acids of the substrate had to be devoid of O-sulfation and 



	 33	

must not be adjacent to O-sulfated glucosamine residues for them to be epimerized by C-5 

epimerase173, 176. Thus, the use of a judicious sequence of enzymes had to be followed to 

prepare a substrate with given sulfation and iduronic acid distribution. Next, the 2-O-

sulfotransferase, 6-O-transferase and 3-O-sulfotransferase enzymes were used in tandem to 

sulfate the hydroxyl groups of C-2 of the uronic acid, and C-6 and C-3 of the amino sugar of 

selected monosaccharide residues in the carbohydrate chain (Scheme 7). The 

sulfotransferases use PAPs as the sulfate source. Many of these enzymes have got different 

isoforms and some of them, especially isoforms of 3-O-sulfotransferases, have been shown to 

have different substrate specifities. This can be used to our advantage to prepare tailored 

oligosaccharides designed to bind selectively to one type of heparin binding protein. 

Even though this approach proved to be radically new to produce GAG 

oligosaccharides, structurally heterogeneous products with different oligosaccharide size and 

sulfation patterns were obtained. This also leads to reduced yields of the desired product. The 

causative factors for this had been speculated to be  

(i) incomplete conversion of starting material to product during each enzymatic step and  

(ii) structural heterogeneity of the starting material itself172.  

In order to circumvent the second problem, a defined hexasaccharide starting material was 

used in another study, which was then enzymatically modified177. 
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Scheme 7: Chemoenzymatic synthesis of anticoagulant heparin oligosaccharide as reported by 
Kuberan et al.175 The synthesis was done with a heparosan backbone 67. 

 

Recently, Liu and coworkers have demonstrated an improved enzymatic synthesis of 

heparin pentasaccharides capable of binding to antithrombin178 (Scheme 8). The synthesis of 
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heparin oligosaccharide was started from a disaccharide obtained by exhaustive degradation 

of heparosan using nitrous acid followed by reduction with sodium borohydride179-180. 

The carbohydrate backbone chain was extended using a combination of a N-

acetylglucosaminyltransferase, in the form of K5 N-acetylglucosaminyltransferase (KfiA) 

and Pasteurella multocida heparosan synthase 2 (pmHS2) as a glucuronyltransferase. While 

KfiA is a monofunctional glycosyltransferase involved in the construction of the capsular 

polysaccharide of K5 strain of E. coli181, pmHS2 is a bifunctional glycosyltransferase 

responsible for construction of heparosan structures in the cell wall of Pasteurella 

multocida182. Thus, pmHS2 can also transfer N-acetylglucosamine to an oligosaccharide. 

KfiA has been used in this work to transfer GlcNTFA (N-trifluoroacetylglucosamine) instead 

of GlcNAc. Being structurally similar to GlcNAc, GlcNTFA can be used by KfiA as a 

substrate. Moreover, the trifluoroacetyl protecting group can be removed after incorporation 

into the oligosaccharide by treating with triethylamine in the presence of water and methanol, 

so that the resulting free amino group can be sulfated183. After extension of the backbone 

chain, the deprotected amino group was sulfated using N-sulfotransferase184, followed by 

epimerization of selected residues to form iduronic acid, 2-O-sulfation and finally 6-O-

sulfation. The specifities of the different modifying enzymes were exploited to install the 

sulfation and have epimerizations at only selected positions. The authors also ensured that the 

reaction proceeds to completion at each step of the enzymatic reactions. Following the 

approach, they were able to synthesize multi milligram quantities of pure biologically active 

heparin heptasaccharides.   
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Scheme 8: Chemoenzymatic synthesis of two heparin oligosaccharides 75 and 79 as reported by Liu 
et al.178 Synthesis was initiated from the heparosan derived disaccharide 72. 

 

Chondroitin sulfates have also been synthesized chemoenzymatically. In the works 

reported by Kobayashi and coworkers185-186, oxazoline containing non-sulfated and sulfated 

disaccharide building blocks were used for enzymatic transglycosylation to synthesize both 

non-sulfated as well as 4-O-sulfated chondroitin sulfate using a hyaluronidase. Even though 

hyaluronidase is an endo-β-N-acetylhexosaminidase responsible for hydrolyzing glycosidic 

bonds187-188, it has also been found to catalyse transglycosylation. Substrates upto a chain 

length of 74 monosaccharide units were prepared. However, 6-O-sulfated and 4,6-O-sulfated 

monomeric substrates could not be transformed by the enzyme in this reaction. Later, the 

same group demonstrated the use of this enzyme for synthesis of various natural and 

unnatural GAGs189. 
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Enzymatic synthesis of chondroitin sulfate has also been achieved by using 

chondroitin synthase enzyme (K4CP), expressed by E. coli K4190. Since K4CP is a 

bifunctional glycosyltransferase191 just as pmHS2 mentioned earlier, it is capable of 

transferring both glucuronic acid as well as GalNAc. Two mutant variants of the enzyme 

were prepared, featuring either glucuronyl transfer or N-acetylgalactosaminyl transfer 

selectively. These mutants were then immobilized for ease of purification of products and 

were used in tandem to construct GAG chains upto a length of 16 sugar units. 

A similar approach has also been followed for the enzymatic synthesis of hyaluronan 

oligosaccharides, where bifunctional Pasteurella multocida HA synthase, pmHAS has been 

converted into two single functional mutants capable of transferring either N-

acetylglucosamine or glucuronic acid. After immobilization of these single action mutants on 

solid support, pure hyaluronan oligosaccharides were synthesized from the corresponding 

UDP sugars192. 

Nevertheless, these promising approaches for the enzymatic synthesis of GAG 

structures notwithstanding, enzymatic synthesis of GAG oligosaccharides do have certain 

disadvantages, notably: 

(i) Reactions can be done only in water, which is difficult to remove from the reaction 

mixture. 

(ii) Scalability is a problem for most enzymatic reactions. 

(iii) It is generally more expensive to carry out enzymatic glycosylations since the cost of 

expressing enzymes is high. 

(iv) In addition, enzymes are not stable for long periods, thus they are not the most robust 

glycosylating reagents. 
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1.7 Thiol-ene radical reaction in synthesis 

Thiol-ene chemistry is a highly efficient reaction of thiols with carbon-carbon double 

bonds. It is a well-known reaction from the early 1900s193 and can be broadly described 

under two headings: 

1. Free-radical addition to electron–rich/electron-poor carbon-carbon double bonds. 

2. Catalyzed thio-Michael addition to carbon-carbon double bonds using a variety of catalysts 

ranging from strong bases, metals and organometallics to Lewis acids193. 

Thiol-ene radical reactions can be carried out by irradiating the thiol-ene reaction mixture 

with UV light in the optional presence of a radical initiator. The reaction proceeds by the 

generation of thiyl radicals from thiols that is attached by the alkene in an anti-Markownikoff 

manner194. This results in the generation of a carbon radical that abstracts a proton from 

another thiol to generate another thiyl radical and the process continues. It is represented by 

the scheme depicted in Scheme 9.  

Because of characteristics such as quantitative yields, requirement of small amounts of 

catalysts and faster reaction times, this reaction is appropriately categorized under the 

heading of click chemistry. 

 

Scheme 9: Mechanism of thiol-ene free radical reaction194. 
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The thiol-ene click reaction has long been used in the field of polymer and materials 

chemistry for the preparation of microfluidic devices195, nanoimprint lithography196, hydrogel 

bio materials197 etc.  

 Thiol-ene click reaction gradually percolated into the domain of organic and 

bio organic chemistry with applications such as modification of synthetic polymers with 

bioorganic molecules in the form of amino acids, peptides and carbohydrates198. Examples 

include the work carried out by Schlaad and co-workers where they grafted the surface of 

polybutadiene polymers by amino acids using the ene functionalities from the polymer 

resulting in amphiphilic substances with greatly altered physical properties199. These 

materials have immense applications as drug delivery agents or biologically relevant vesicles. 

Other noteworthy works in this domain include chain elongation of allyl glycosides using 

different thiols to provide sulfide spacer glycosides200. Heidecke and Lindhorst prepared 

glycodendrons that had mannoside fragments attached by means of thio ether linkages 

accessible through thiol-ene click reactions201. The glycodendrons were also tested for 

potential activity against bacterial adhesion. Specifically, it was shown that one of these 

synthesized glycodendrons ranked among the best inhibitors of the type 1 fimbriae-mediated 

adhesion of E. coli. 

 Work has previously been carried out in our group and in Dondoni’s group 

towards the coupling of sugar thiols with amino acids in order to prepare thio-linked 

glycopeptides. While Dondoni’s group demonstrated the thiol-ene click reaction between 

peracetylated lactosyl thiols and N-protected allyl and vinyl glycinates202,203, our group 

focused on the synthesis of S-glycosyl amino acids through addition of glycosyl thiols to 

homoallylglycine204. Interestingly, this work also demonstrated how the thiol-ene click 

reaction can be carried out in water using Vazo-44, a water-soluble photo initiator. In fact, 
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this increases the scope of thiol-ene click reaction significantly, in a bioorganic setting as 

reactions can be carried out with peptides and carbohydrates in a benign solvent, water.  

 Kunz and co-workers showed a remarkable application of this reaction when 

they synthesized vaccines targeted against tumor associated glycopeptide antigens205. The 

thiol-ene click reaction was used to introduce preformed glycopeptides into a carrier protein 

BSA (Bovine Serum Albumin) to yield the BSA-glycopeptide vaccines. The thiol-ene click 

reaction did not lead to racemization of amino acids, in the reaction, as demonstrated by 

Waldmann and co-workers when they synthesized various S-alkylated cysteines using AIBN 

initiation206. 

 During this work, investigations included suitability tests of common sugar 

protecting groups in the thiol-ene click reaction. In the course of a work aimed at 

demonstrating the utility of N-pentenyl group as a convenient precursor for various spacers to 

study biological and other activities of carbohydrates, it has been shown that the yield of the 

thio linked N-pentenyl glucoside product is more when the sugar is acetylated or unprotected 

compared to benzylated sugars207. The probable reason for this low yield was attributed to 

radical side reactions of the benzylic carbon.  

 

1.8 Aim of the present work 

 Considering the advantages of thiol-ene click reaction, it is of great 

advantage if the said reaction can be utilized for the construction of heparin and heparan 

sulfate oligosaccharides in particular and GAGs in general. The unsaturation produced on the 

uronic acid at the non-reducing end, when GAGS are broken down by lyase enzymes, can be 
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utilized for this purpose. In this work we propose a thiol-ene click approach for the synthesis 

of heparin and heparan sulfate oligosaccharide mimics in a modular way.  

 This strategy utilizes oligosaccharides of heparin and heparan sulfate 

obtained by enzymatic break down of naturally available heterogeneous heparin and heparan 

sulfate, as building blocks. After enzymatic breakdown of heterogeneous heparin and heparan 

sulfate chains, they can be purified by size exclusion and strong anion exchange 

chromatography to yield defined oligosaccharides. The anomeric position of these GAG 

building blocks can be thiolated potentially, followed by addition to the unsaturation at the 

non-reducing end of another unit of oligosaccharide, produced by lyase degradation. This 

approach can therefore potentially be used to build defined heparin and heparan sulfate thio-

mimics of any oligosaccharide length. Also it can be utilized for the synthesis of thio-mimics 

of other GAGs where an unsaturation is produced by the action of the corresponding GAG 

lyase. 

 Accordingly, in chapter 2, we talk about using thiol-ene radical reaction for 

the addition of a thiosugar to an unsaturated monosaccharide for small model substrates as 

part of an optimization process. Apart from protected substrates, the reaction has also been 

optimized for deprotected substrates in aqueous conditions. This sets the stage for the 

utilization of sulfated heparin oligosaccharides in aqueous conditons for the thiol-ene 

coupling reaction.  

 In chapter 3, we lay out the strategy for the synthesis of heparin and heparan 

sulfate thio mimics from building blocks derived by lyase degradation of naturally available 

heparin. The synthesis of these building blocks from heparin is discussed. The synthesis of 

simple thio heparin and heparan sulfate mimics utilizing these building blocks has also been 
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described. Finally, biological studies with these synthesized thio mimics of heparin have been 

discussed. 

 In chapter 4, the use of a glucuronoyltransferase pmHS2 and a N-

acetylglucosaminyltransferase for further enzymatic extension of the thio-mimics have been 

described. Specifically, the enzymes have been used on commercially available and readily 

synthesized substrates to demonstrate the applicability of this approach for GAG extension. 

Potentially, the approach can be coupled with the thiol-ene radical strategy to synthesize 

novel thio GAG mimics as well as proteoglycan mimics. A plausible strategy for the design 

and synthesis of such proteoglycans using both the radical thiol-ene reaction and consequent 

enzymatic extension has been laid out. 
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Chapter –2  Thiol-ene radical reaction on model substrates 

 

2.1 Introduction 

 As discussed in Chapter 1, thiol-ene radical chemistry has been extensively used for 

attaching peptides and amino acids to carbohydrate components, both in protected and 

deprotected conditions1-3. It has also been used for the preparation of glycopolymers and 

glycopeptide vaccine candidates, among other applications4-5. 

 There have been reports of thiol-ene coupling between two sugar fragments6. The 

coupling reactions were carried out using several sugar thiol–sugar alkene pairs in a variety of 

solvents such as methanol, DCM and toluene. This work established thiol-ene “click” reaction7 

as an efficient way of preparing thiodisaccharides in high yields and diastereoselectivity. 

Furthermore, the authors also demonstrated the synthesis of the thio-isosteres of naturally 

occurring O-disaccharides. The main caveat is that the work focused exclusively on the 

utilization of exocyclic double bonds for thiol-ene reaction. No examples of endocyclic double 

bond utilization were depicted. 

 These examples suggest that this thiol-ene click reaction can be conveniently used to 

prepare thioglycoside conjugates such as thio-oligosaccharides and glycopeptides without 

significant racemization. Notably, the relatively mild UV light activation conditions are 

compatible with biomolecules such as peptides and carbohydrates3. Thio-linked glycopeptides 
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and glycoderivatives are known to show enhanced resistance towards enzymatic hydrolysis in 

comparison to natural oxygen-linked counterparts8. At the same time these thio-analogs have 

been found to be immunocompatible5,9. It can be safely said therefore, that thiol-ene click 

reactions can prove to be an invaluable tool in the bio-organic domain for construction of drug 

molecules, hitherto undiscovered. 

Given the utility of this photocatalyzed thiol-ene reaction toward sugar synthesis, we 

have developed conditions suitable for coupling a broad scope of sugar thiols and alkenes. This 

work ultimately targets the construction of defined thio-heparin building blocks, a challenging 

goal that could be addressed by the scope and selectivity of this reaction. 

 

2.2 Results and Discussion 

In order to carry out the proposed coupling toward heparin analogs, it was necessary to 

establish thiol-ene coupling conditions on a model system. This enabled us to optimize the 

conditions toward suitable yields and the required stereochemistry of the glycosidic linkages. For 

this purpose we chose 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-1-thio-β-D-glucopyranose and 

2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside as the model thio systems and methyl-(methyl 

2,3-di-O-acetyl-4-deoxy-α-L-threo-hex-4-enopyranosid)uronate as the unsaturated system. 

Successful conditions were extended to the corresponding deprotected derivatives as well as 

deprotected α-thioglucose. 
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2.2.1 Synthesis of model substrate precursors 

2.2.1.1 1-Glycosyl thiol synthesis 

A number of glycosyl thiols were synthesized to be used as model thio-substrates to carry 

out optimization of the thio-radical addition reaction to the model unsaturated system. These 

thiols varied in their anomeric configuration (e.g. α- and β-thioglucose) and modification 

(protected or unprotected) (Figure 1). 

 

Figure 1: Protected and deprotected thiosugars used for model thio-radical addition reaction. 

 

2.2.1.1.1 2-Acetamido-2-deoxy-1-thio-β-D-glucopyranose 

The synthesis of 2-acetamido-2-deoxy-1-thio-β-D-glucopyranose (β-GlcNAcSH) was 

started from commercially available N-acetyl-D-glucosamine (Scheme 1). Glycosyl chloride 6 

was prepared by treating N-acetyl-D-glucosamine with acetyl chloride10-11. 6 was then 

subsequently treated with thiourea to yield the isothiouronium salt 712, which was then 

hydrolysed using sodium metabisulfite to yield the protected thiosugar 113. Zemplén 

deacetylation14 was subsequently performed to yield the deprotected thiol 4.  
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Scheme 1. (a) Acetyl Chloride (49%) (b) Thiourea, Acetone, 60 °C (72%) (c) Na2S2O5, DCM/H2O, reflux 
(86%) (d) NaOMe, MeOH, r.t. (96%) 

 

2.2.1.1.2 1-thio-β-D-glucopyranose 

Synthesis of 1-thio-β-D-glucopyranose was similarly initiated from commercially 

available glucose pentaacetate (Scheme 2). Glycosyl bromide 8 was prepared by treating the 

pentaacetate with HBr in acetic acid10-11. This yielded the isothiouronium salt 9 when treated 

with thiourea12, due to neighboring group participation. Sodium metabisulfite-assisted hydrolysis 

provided the protected thiosugar 213, which when exposed to Zemplén deacetylation conditions 

gave the deprotected thiosugar 314. Alternately, commercially available 2,3,4,6 tetra-O-acetyl-1-

thio-β-D-glucopyranose was deprotected using Zemplén deacetylation to give the product. 

 

Scheme 2. (a) HBr (33% in acetic acid), DCM (84%) (b) Thiourea, Acetone, 60 °C (78%) (c) Na2S2O5, 
DCM/H2O, reflux (88%) (d) NaOMe, MeOH, r.t. (96%)   
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2.2.1.1.3 1-thio-α-D-glucopyranose 

Glycosyl chloride 10 was prepared by reacting the pentaacetate with PCl5
15 (Scheme 3). 

Subsequently, a SN2 reaction was carried out using KSAc to install the thioacetate in α-

configuration to give the corresponding protected thiosugar, 11. The reaction used was a 

modification of a procedure reported by Blanc-Muesser et al.16 where more carcinogenic HMPA 

was replaced by DMPU, without compromising on yield. This step was found to be particularly 

slow, taking 3 days to complete, which might be because KSAc takes considerable time to 

dissolve in DMPU, the solvent for the reaction. Next, Zemplén deacetylation14 of the protected 

sugar was carried out to yield the deprotected thiol 5. 

NMR analysis (Experimental Section 2.4.3) of the thiosugar after deacetylation revealed 

a significant presence of β-sugar alongside the intended α-sugar. The desired α-thiosugar and the 

minor β-sugar were present in a 5:3 ratio.  

 

Scheme 3. (a) PCl5, BF3.Et2O, DCM (47%) (b) KSAc, DMPU, 0 °C (67%) (c) NaOMe, MeOH, r.t. (94%)  

A search for literature precedence revealed that this result can be explained by the 

pathway shown in Figure 2, as reported by Ramström et al.17 

In acidic conditions, the sugar spontaneously mutarotates to give the β-thiosugar. Also, in 

the presence of water, the sugar can spontaneously hydrolyze, yielding an anomeric mixture of 

oxo-sugars and releasing H2S in the process. In our case, it was observed in NMR that the peak 
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corresponding to a β-sugar was the β-thiosugar (based on coupling constants). Therefore, we 

decided to neutralize the basic reaction mixture with minimum amount of DOWEX 50WX8-200 

to keep the resultant pH slightly alkaline and also expose it to minimum amount of water during 

subsequent lyophilization. Fortunately, with the aforementioned precautions, significant 

hydrolysis or anomerisation was not observed for subsequent reactions. 

 

Figure 2: Proposed α-thiosugar anomerization and hydrolysis pathway in acidic condition, mechanism 
adopted from scheme proposed by Ramström et al.17 

 

2.2.1.2 Unsaturated model sugar synthesis 

The synthesis of methyl 4-deoxy-α-L-threo-hex-4-enopyranosiduronic acid was initiated 

from commercially available methyl β-D-galactopyranoside (Scheme 4)18. Oxidation of the 

starting material, using catalytic TEMPO and sodium hypochlorite/sodium bromide was carried 

out to yield the corresponding uronic acid 1219-21. Without purification, the product was 

subsequently acetylated by refluxing with acetic anhydride and sodium acetate for 15 minutes22. 

This yielded the γ-lactone 1323, which was formed via esterification of the newly formed 

carboxylic acid group on position 5 with the hydroxyl group at position 3. The remaining two 

hydroxyl groups were acetylated in the process. Ring opening of the lactone was then performed 
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using DBU in methanol to yield the corresponding methyl ester. Partial deacetylation and acetyl 

group migration are observed as side reactions in this step. Without attempting to separate them, 

the mixture was reacetylated using acetic anhydride-pyridine and DBU as catalyst to yield the 

completely protected product 14. Thereafter, unsaturation was introduced between position 4 and 

5 by an elimination reaction using DBU in dry DCM24-25. The product from the previous step, 15 

was partially deprotected to yield the product 1626. Finally, base-catalysed hydrolysis using 

LiOH, gave the deprotected uronic acid 1718. 

 

Scheme 4. (a) TEMPO, NaBr, NaOCl, 0 °C (b) Ac2O, NaOAc, reflux (35%) (c) MeOH, DBU, r.t. (d) 
Ac2O, Py, DBU, r.t. (92%) (e) DCM, DBU, r.t. (94%) (f) LiOH (MeOH-H2O-THF 5:4:1), DOWEX 50 
H+, r.t. (98%) (g) NaOMe, MeOH, r.t. (94%)  
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2.2.2 Thiol-ene radical coupling between protected systems 

With several thiosugars and an unsaturated acceptor in hand, both thiol-ene radical 

coupling reactions as well as thio-Michael addition reactions were attempted. Vazo-44, a water 

soluble radical initiator that decomposes at 44 °C or exposure to UV-light, was used to start the 

radical reactions27. 

Thio-Michael addition reactions were attempted first as summarized in Table 1. The 

initial condition used was a mixture of methanol and sodium carbonate buffer (pH 10) as the 

solvent system, and the reaction performed at room temperature. Water was used in the solvent 

system in order to dissolve the base while methanol was expected to dissolve the protected 

sugars. The two sugars 15 and 1 were used in a 1:1 ratio.  

 

Table 1: Thio-Michael reaction conditions attempted using thiosugar donors and unsaturated acceptors.  

Entry Unsaturated 
sugar (Equiv.) 

Thiosugar 
(Equiv.) Condition Time (h) Yield (%) 

1. 15 (1) 1 (1) R.T. (Methanol-
Na2CO3 buffer pH 

10) 
12 - 

2. 15 (1) 1 (1) Δ at 55 °C 
(Methanol-Na2CO3 

buffer pH 10) 
2 - 

3. 15 (1) 1 (3) Δ at 55 °C 
(Methanol-Na2CO3 

buffer pH 10) 
2 - 

4. 15 (1) 1 (3) Δ at 55 °C, 
triethylamine 
(methanol) 

2 - 
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However, no reaction progress was observed by TLC after 3 h. A moderate formation of 

sugar disulfide species was observed due to dimerization of the thioradicals. Overnight stirring of 

the reaction mixture as well as heating it at 55 °C for two hours did not show any reaction 

progress (Table 1, Entry 1 and 2). A subsequent column chromatographic separation of the 

reaction mixture led to the recovery of 15 entirely and 1 was recovered mostly as the disulfide. 

Increasing the equivalents of thiosugar to three equivalents did not have any considerable effect 

on the reaction outcome (Table 1, Entry 3). Changing the base to triethylamine and the solvent 

system to methanol only, failed to show any formation of the desired product either (Table 1, 

Entry 4). In these cases heating only hastened the formation of the disulfide. 

Realizing that the unsaturation is not amenable to thio-Michael conditions, the same 

reaction was attempted with radical conditions. The propagation steps of a thiol-ene radical 

reaction are shown in Scheme 5. In presence of a radical initiator, a thiyl radical is generated 

from the thiol. Thereafter, the thiyl radical adds on to the unsaturated molecule resulting in the 

formation of a carbon-centered radical. Subsequently, the carbon-centered radical abstracts a 

proton from another molecule of thiol to generate a second thiyl radical, along with the formation 

of the desired product.  

The reaction was performed using 1:1 equivalents of the thiosugar and unsaturated 

system, in the presence of Vazo-44 and a mixture of methanol and water (at neutral pH) as the 

solvent system, as summarized in Table 2, at room temperature. Water was used in the solvent 

system in order to dissolve Vazo-44 while methanol was expected to dissolve the protected 

sugars (Table 2, Entry 1). Here again, 15 was recovered in its entirety. No progress of the 

reaction was observed even with heating (Table 2, Entry 2). 
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Scheme 5: Steps involved in a thiol-ene click reaction28. 

Hypothesizing that the thiosugar 1 was more reactive than 15, the thiosugar was 

thereafter added dropwise to a stirred solution of the unsaturated system heated at 55 °C (Table 

2, Entry 4). The radical initiator was also added to the heated solution of 15 so that the thiosugar 

would be converted into the radical form and consumed by excess 15 upon entering the heated 

solution. At the end of 2 hours, however, the unsaturated system and the disulfide were again 

recovered. Fortunately, UV irradiation of the reaction mixture under initial reaction conditions 

resulted in traces of product formation (Table 2, Entry 3). An extensive literature review at this 

stage revealed that the radical addition of thiosugars to homoallylglycine29 has been greatly 

facilitated by carrying out the reaction in pH 4 acetate buffer, wherein the low pH prevents 

significant formation of the disulfide. Accordingly, the next attempt was carried out in a solvent 

system of MeOH/pH 4 acetate buffer. The yield was observed to increase marginally (Table 2, 

Entry 5). 
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Table 2: Optimization of the thiol-ene click reaction between thiosugar donors and unsaturated acceptors. 
Vazo-44 is 2,2’-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride), a water soluble photoinitiator27. 

 

Entry 
Unsaturated 

sugar 
(Equiv.) 

Thiosugar 
(Equiv.) Condition Photo 

initiator (Equiv.) 
Time 

(h) 
Yield 
(%) 

1 15 (1) 1 (1) R.T. (MeOH-H2O) Vazo-44 (0.2 eq.) 12 - 
2 15 (1) 1 (1) Δ at 55 °C (MeOH-H2O) Vazo-44 (0.2 eq.) 2 - 
3 15 (1) 1 (1) hν** (MeOH-H2O) Vazo-44 (0.2 eq.) 6 3%* 

4 15 (1) 1 (1) Δ at 55 °C, thiosugar added 
dropwise (MeOH-H2O) Vazo-44 (0.2 eq.) 2 - 

5 15 (1) 1 (1) hν** (MeOH-pH 4 acetate 
buffer) Vazo-44 (0.2 eq.) 6 5%* 

6 15 (1) 2 (1) hν** (MeOH-pH 4 acetate 
buffer) Vazo-44 (0.2 eq.) 6 5%* 

7 15 (1) 1 (1) hν (MeOH) DPAP (0.2 eq.) 6 15%* 

8 15 (1) 1 (1) hν** (MeOH-pH 4 acetate 
buffer), N2 atmosphere Vazo-44 (0.2 eq.) 6 12% 

9 15 (1) 1 (1) 
Δ at 55 °C, (MeOH-pH 4 

acetate buffer), N2 
atmosphere 

Vazo-44 (0.2 eq.) 3 - 

10 15 (1) 1 (1) hν**(MeOH), quartz jacket, 
N2 atmosphere DPAP (0.2 eq.) 6 18%* 

11 15 (1) 1 (1) hν** (MeOH), quartz jacket, 
N2 atmosphere DPAP (0.2 eq.) 15 20%* 

12 15 (1) 1 (2) hν** (MeOH) DPAP (0.2 eq.) 6 32%* 

13 15 (1) 1 (2) hν** (MeOH) DPAP (0.3 eq.) 6 39%* 
14 15 (1) 1 (4) hν** (MeOH) DPAP (0.6 eq.) 7 78% 
15 15 (1) 1 (8) hν**(EtOH-DCM 20:1) DPAP (0.6 eq.) 3 56% 
16 15 (1) 1 (8) hν** (MeOH) DPAP (0.6 eq.) 3 84% 

 

* Yield calculated based on 1H NMR, ** UV irradiation carried out with medium-pressure 125 W Hg 
lamp 

 

Changing the thiosugar to 2 instead of 1 showed the same lack of reactivity (Table 2, 

Entry 6). Thereafter, the reaction was attempted in MeOH with the radical initiator being DPAP 

(2,2-dimethoxy-2-phenyl acetophenone) instead of Vazo-44. Fortunately, formation of the 
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product was observed (Table 2, Entry 7). Increasing the radical initiator concentration helped in 

increasing the yield, but complete consumption of 15 was not seen.  

Since it is known that thioradicals are quenched in the presence of oxygen30-31, the above 

reactions were also attempted after flushing the system with N2, but this also failed to show any 

significant improvement. Though a glass jacket was used around the UV source, replacement 

with a quartz jacket also did not have a significant effect on the reaction (Table 2, Entries 8, 9, 

10 and 11). 

The next step comprised of increasing the equivalents of thiosugar with respect to the 

unsaturation. Accordingly, the equivalents of thiosugar were increased to two equivalents, at 

which point we saw considerable consumption of 15 at the end of 6 h (Table 2, Entry 12). 

Encouraged by the outcome, a further two equivalents were added after another hour and the 

unsaturated system was completely consumed at the end of 7 h, with DPAP equivalent increased 

to 0.6. Thus, four equivalents of the thiosugar were added in total (Table 2, Entry 14). 

During the course of these studies, Dondoni et al.32 described a free-radical addition of 

thiosugars to glycals. Interestingly, their reaction condition entails using 20:1 EtOH:DCM as the 

solvent system to perform their reactions. In our experience, the use of DCM led to the formation 

of side products ascribed to radical formation by DCM itself33. 

The final reaction conditions entailed using 8 equivalents of the thiosugar, 0.6 equivalents 

of DPAP and 100% MeOH as the solvent (Table 2, Entry 16). Under these conditions, the 

reaction was observed to be complete after 2-3 h. The relatively large amount of photoinitiator 

being used points to the fact that the chain propagation step does not proceed efficiently in this 

case. This is evident, as a significant amount of the thiyl radicals get converted to the disulfide. 
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2.2.3 Thiol-ene radical coupling between deprotected systems 

To further the utility of this reaction, we sought to perform it using deprotected sugars. 

Success here could lead to its ultimate use on heparin-derived substrates. For this purpose, both 

the esterified substrate 16 and the completely deprotected substrate 17 were used. However, 16 

did not offer any additional reactivity over 17, which might have been the case if the reaction 

proceeded through a thio-Michael mechanism. This is because, in case of thio-Michael reaction, 

the approaching thiyl anion would be repelled by the negative charge on the free carboxylic 

group on 17. With 16, however, there would not be any charge repulsion since the carboxylic 

group is protected and thus it would be assumed to have greater reactivity. 

 With some optimization the deprotected substrates could be coupled in pH 4 acetate 

buffer, using 10 equivalents of the thiosugar, Vazo-44 as the water-soluble photoinitiator and UV 

irradiation. A longer reaction time of 8-10 h ensured complete consumption of 17. Purification 

was carried out by column chromatography using a WIPE (water:isopropanol:ethylacetate) 

solvent system. Later, purification by anion exchange chromatography was found to give higher 

yields. For this purpose, the solvent was changed from pH 4 sodium acetate buffer to pH 4 

ammonium formate buffer so that the salt could be removed by lyophilization before 

purification. 

With optimized parameters in hand, a small library of protected and deprotected model 

disaccharides was prepared in moderate to good yields (Table 3). For the deprotected substrates, 

this reaction was also performed with an α-thiol 5, further increasing the utility of this reaction.   

It was observed, that the conversion was reduced with the α-thiol, with some unreacted 

17 recovered after the reaction. This lower reactivity can be explained by the fact that the α-thiol 
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5 being a cis-1,2-hydroxythiol is much more sterically hindered to react through its anomeric 

position as compared to the β-trans-1,2-hydroxythiol29. 

Based on the stereo- and regiochemistry, even though four possible products are expected 

from this type of reaction, we have recovered only one isomer in isolable yields in all the 

reactions done. The steroisomer in all cases has been identified after NOESY studies 

(Experimental Section 2.4.2) as coupling constants alone were not enough to identify the 

correct structure. 

This regioselectivity is preceded in literature32,34. The electrophilic anomeric thiyl 

radicals35 preferentially attack the C-4 position of the unsaturated sugar. The free radical 

generated at C-5 by this addition can be stabilized by a captodative effect arising from the 

synergistic electron-withdrawing effect of the adjacent carboxylic group and the electron-

donating effect of the adjacent ring oxygen. This contributes to the regioselectivity seen in the 

reactions described. In terms of the stereochemistry, the formation of the axial linkage over an 

equatorial linkage is consistent with results obtained from addition of thiyl radicals to 

cyclohexene derivatives36-40. Studies on glucal as the unsaturated counterpart have also yielded 

similar results34. Thus, the stereochemistry may be explained by the facts that attack of the 

thioradical must occur on the double bond in a perpendicular direction to the π-orbitals for 

maximum orbital overlap. Axial attack from the top face results in a chair shaped intermediate, 

which is very stable and also lacks considerable steric hindrance. This gives rise to the axially 

linked product. On the other hand, thiyl attack from the bottom face results in an unfavorable 

boat conformation, which can rearrange to form a chair conformation. The final equatorial 

product is formed when this final chair conformation abstracts a proton. Thus the axially linked 

product is favored over the equatorially linked one due to intermediate stability (Scheme 6).  
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Table 3: Model substrate library in both protected and deprotected conditions 

Entry 
Unsaturated 

sugar 
(Equiv.) 

Thiosugar 
(Equiv.) Condition 

Photo 
Initiator 
(Equiv.) 

Product Yield 

 
1 

15 (1) 2 (8) MeOH, 2 h. hν 
DPAP 

(0.6 eq.) 

 

88% 

2 15 (1) 1 (8) MeOH, 3 h. hν 
DPAP 

(0.6 eq.) 

 

84% 

3 17 (1) 3 (10) 
pH 4 

acetate/formate 
buffer, 8 h. hν 

Vazo-44 
(0.8 eq.) 

 

62% 

4 17 (1) 4 (10) 
pH4 

acetate/formate 
buffer, 8 h. hν 

Vazo-44 
(0.8 eq.) 

 

64% 

5 17 (1) 5 (10) 
pH 4 

acetate/formate 
buffer, 8 h. hν 

Vazo-44 
(0.8 eq.) 

 

42% 
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Scheme 6: Attack of thiyl radical from top or bottom face of the unsaturated glycoside leads to formation 
of two types of intermediate. 

 

2.3 Summary 

In conclusion, we have established a thiol-ene radical approach for synthesis of S-linked 

disaccharides. In addition to protected sugars, deprotected sugars can also be directly coupled in 

aqueous conditions. This enables the formation of potentially biologically-relevant substrates, 

with the added advantage that such S-linked glycosides are bioisosteres that show enhanced 

stability towards enzymatic degradation over O-linked sugars41. 

The scope of this work can be further enhanced with other epimers of thioglucose and 

glucosamine to elucidate the effect of various structural variations on the reactivity. This would 

be especially interesting in the context of this work as other epimers of glucosamine can be used 

to potentially mimic other members of the glycosaminoglycan family other than heparin/heparan 

sulfate. Also the unsaturated sugar counterpart can be varied in terms of the position of the 

unsaturation inside the ring so that other linkages other than 1,4 can also be potentially 

established.  Further optimization of these conditions would be needed for each of these epimers. 

Despite this, the effect of various functionalities on both the thiosugar and the unsaturated sugar 

O
CO2HS

R

HO
OH

OMe

O
OMe

OH

OH

HO2C

(a) + RS

(b) O
HO2C

OMe
OH

SR

HO

OSR
CO2H

HO
OH

OMe

O
CO2H

S
R

HO
OH

OMe

RSH

RSH
OSR

HO
OH

OMe
+ RS

RSH = glycosidic thiol

(a) Thiyl radical attack from top face (b) Thiyl radical attack from bottom face

Chair conformation of intermediate in case of thiol attack by step (a) is favoured over boat configuration 
of intermdediate in case of thiol attack by step (b)

Less favoured boat conformation
intermediate rearranges to chair form

CO2H



	 84	

can be investigated to both explain reactivity trends and to readily build up various biologically 

relevant carbohydrate substrates. 

 

2.4 Experimental Section 

2.4.1 Synthesis of compounds 

Melting points: Melting points were recorded on a Kofler hot block and are uncorrected.   

NMR data: Proton nuclear magnetic resonance spectra (1H) were recorded on a Bruker DPX 400 

(400 MHz) and Bruker DQX 400 (400 MHz) spectrometer. Carbon nuclear magnetic resonance 

spectra (13C) were recorded on a Bruker DQX 400 (101 MHz) spectrometer. Spectra were fully 

assigned based on chemical shifts using a combination of COSY, HSQC data and comparison 

with spectra of related compounds. All chemical shifts are referenced to the relevant residual 

solvent peak and are quoted in ppm with respect to the internal standard of tetramethylsilane 

(TMS). Resonances are described as s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), 

sxt (sextet), sept (septet), oct (octet), multiplet (m), app. (apparent) and br (broad). Coupling 

constants (J) are given in hertz (Hz). 

Mass spectra: Mass spectra were recorded on a Fisons Platform VG Spectrometer (ESI) using 

electrospray ionisation in a positive (ESI+) or negative (ESI-) scan mode. m/z are reported with 

their percentage abundance. 
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Accurate mass Service 

Analyses were performed using a Thermo Exactive mass spectrometer equipped with Waters 

Acquity liquid chromatography system.  Instrument control and data processing were performed 

using Thermo Xcalibur Software.  The system was calibrated on the day of the analysis and its 

mass accuracy with external calibration (as used for these experiments) is better than 5ppm for 

24 hours following calibration.  The mass spec was operated using the heated electrospray 

(HESI-II) probe and resolution was set to 50,000.  Electrospray source conditions were adjusted 

to maximise sensitivity.  A mixture of 10% water, 89.9% methanol and 0.1% formic acid was 

used to transport samples to the mass spectrometer at a flow rate of 0.2 mL/min. 

Specific rotation: Specific rotations were measured on a Perkin Elmer 241 polarimeter with a 

path length of 1 dm with concentrations (c) given in g/100 mL. 

Chromatography: Thin layer chromatography (TLC) was carried out on Merk Kieselgel 60F254 

0.2 mm precoated aluminium backed plates. Product spots were visualized with a combination of 

the following: 254 nm UV lamp, aqueous phosphomolybdic acid and Ce(IV) (2.5% 

phosphomolybdic acid hydrate, 1% cerium(IV) sulfate hydrate, and 6% H2SO4); ammonium 

molybdate (5% in 2M H2SO4). Retention factors (Rf) are reported with the solvent system used 

in parentheses. Flash column chromatography (FC) was carried out with Fluka Kiegselgel 60 

220-440 mesh silica gel, with the solvent system used, in parentheses. 

Solvents and reagents: Unless specified, reagents and starting materials were obtained from 

standard commercial sources and were used without further purification. DCM was dried by 

distillation over alumina. Remaining anhydrous solvents were purchased from Aldrich or Fluka. 

All other solvents were used as supplied (analytical or HPLC grade), without further purification. 
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‘Petrol’ refers to the fraction of petroleum ether boiling in the range 40-60 °C. Brine refers to a 

saturated aqueous solution of sodium chloride.  

Reactions: All non-aqueous reactions were carried out in oven-dried glassware under an inert 

atmosphere of nitrogen where appropriate. Dowex ion exchange resins were activated by 

washing with methanol, water, 1 M HCl, and water until the filtrate was pH neutral. 

Proton and carbon NMRs of compounds were assigned using a combination of proton, carbon, 

COSY, HSQC and 1D-TOCSY studies. Spectra of novel compounds are shown. 

1. Synthesis of compound (6): 

 

N-Acetyl-D-glucosamine (7.0 g, 31.64 mmol) was added to a solution of acetyl chloride (70.19 

mL, 0.99 mol) under an atmosphere of N2 and the reaction mixture was stirred for 19 h. at r.t. 

After this time, TLC (petrol/EtOAc 1:2) indicated the formation of product (Rf 0.4) with 

complete consumption of the starting material. The slightly discoloured solution mixture was 

then diluted with CHCl3 (70 mL) and poured under strong stirring onto ice (28.0 g) and H2O (20 

mL). The phases were separated and the organic layer transferred to a beaker containing ice 

(14.0 g) and sat. NaHCO3 solution (87.5 mL). The mixture was stirred, transferred to a 

separatory funnel and shaken until gas production ended. The phases were separated, the organic 

layer dried over Na2SO4, filtered and the concentrated in vacuo. The residue was then purified by 

flash column chromatography (EtOAc/petrol 3:2) giving the purified product in 51.4% yield. 

TLC: Rf 0.4 (ethyl acetate/petrol 2:1); m.p. = 130-132 °C [lit. value 133-134 °C]42; [α]D
23 = 

+125.0 (c = 0.9, CHCl3) [Lit. [α]D
18 = +127.0 (c = 1, CHCl3)]43; IR (neat): νmax 3367, 3295, 3057, 
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2957, 1741, 1666, 1532, 1433, 1367, 1215, 1114, 1041, 909, 894, 735 cm-1;  1H NMR (400 

MHz, CDCl3):δ ppm 6.20 (d, J1,2 = 3.54 Hz, 1H, H-1), 5.82 (d, JNH,2 = 8.59 Hz, 1H, NH), 5.34 

(dd, J = 9.6, J3,2 = 12.38 Hz, J3,4 = 9.6 Hz, 1H, H-3), 5.22 (dd, J = 9.85 Hz, J4,3= 9.6 Hz, 1H, H-

4), 4.54 (ddd, J2,NH = 8.59 Hz, J2,1 = 3.54 Hz, J2,3= 12.38 Hz, 1H, H-2), 4.32-4.25 (m,2H, 

CH/CH2, H-5/H-6a), 4.14 (dd, J = 12.3 Hz, J = 2 Hz, 1H, H-6b), 2.11 (s, 3H, -OAc), 2.06 (s, 3H, 

-OAc), 2.06 (s, 3H, -OAc), 1.99 (s, 3H, NHCOCH3); 13C NMR (101 MHz, CDCl3):δ ppm 

171.51, 170.59, 170.08, 169.13 (4s, 3 x COCH3, NHCOCH3), 93.54 (C-1), 70.88 (C-5), 70.12 

(C-3), 66.91 (C-4), 61.12 (C-6), 53.49 (C-2), 23.09 (NHCOCH3), 20.67 (COCH3), 20.54 

(COCH3); ESI+ LRMS: calcd. for C14H20
35ClNO8 (M+Na+) 388.08, found 388.1, calcd. for 

C14H20
37ClNO8 (M+Na+) 390.08, found 390.1 (C14H20

35ClNO8 : C14H20
37ClNO8 = 2.88:1) 

2. Synthesis of compound (7):  

	

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-glucopyranosyl chloride (5.94 g, 16.24 mmol) and 

thiourea (2.19 g, 28.88 mmol) were dissolved in acetone (65 mL) under N2. Thereafter, the 

reaction mixture was heated to 60 °C. A white precipitate was observed at the end of 2 h. which 

was filtered off and the filtrate was returned to reflux. The process was repeated until the 

precipitate ceased to form. Thereafter, the solids were recrystallized from acetone/petrol to give 

2-acetamido-3,4,6-tri-O-acetyl-β-D-glucopyranosyl-1-isothiouronium chloride in 65% yield. 

TLC: Rf 0.0 (100% EtOAc), m.p. = 147-153 °C [lit. value 135 °C]44; [α]D
20 = -18.9 (c = 1.0, 

H2O) [Lit. [α]D
25 = -29.3 (c =1.0, H2O)]45; IR (neat): νmax. 3230, 3053, 1751, 1654, 1543, 1654, 

1543, 1451, 1370, 1303, 1226, 1098, 1028, 909 cm-1; 1H NMR(400 MHz, DMSO-d6): δ ppm 

9.41, 9.21 (2s, 2 x NH2), 8.43 (d, JNH,2 = 9 Hz, 1H, NH), 5.68 (d, J1,2 = 9.7 Hz,1H, H-1), 5.13 (t, 
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J = 9.8 Hz, 1H, H-3), 4.94 (t, J = 9.7 Hz, 1H, H-4), 4.26-4.15 (m, J6a, 6b = 12.2 Hz, J6a,5 4.8 Hz, 

2H, H-5/H-6a), 4.09-3.97 (m, J6b,5 = 1.7 Hz, J6b, 6a = 12 Hz, 2H, H-2/H-6b), 2.02, 1.98, 1.94 (3s, 

3 x COCH3), 1.81 (s, 3H, NHCOCH3); 13C NMR (101 MHz, DMSO-d6):δ ppm 170.1, 169.9, 

169.6, 169.3 (4s, 3 x COCH3, NHCOCH3), 80.6 (s, 1C., C-1), 74.7 (s, 1C, C-5), 72.7 (s, 1C, C-

3), 67.9 (s, 1C, C-4), 61.5 (s, 1C, C-6), 52 (s, 1C, C-2), 22.5 (s, 1C, NHCOCH3), 20.6, 20.4, 20.3 

(3s, 3 x COCH3); ESI- LRMS: calcd. for C15H24ClN3O8S (M-Cl-) 406.1, found 406.1	

3. Synthesis of compound (1): 

 

2-Acetamido-3,4,6-tri-O-acetyl-β-D-glucopyranosyl-1-isothiouronium chloride (4.39 g, 9.95 

mmol) and sodium metabisulfite (3.22 g, 16.9 mmol) were added to a stirred mixture of DCM 

(70 mL) and water (30 mL). The mixture was heated to reflux under an atmosphere of N2. After 

2 h, when TLC (ethyl acetate, 100%) showed the formation of the product (Rf > 0) with complete 

consumption of the starting material (Rf 0.0), the reaction mixture was cooled to RT and the 

phases separated. The organic layer was re-extracted with DCM (2 x 50 mL). The combined 

organic layers were washed with water (50 mL), brine (50 mL), dried over Na2SO4, filtered and 

the solvent removed in vacuo. The resulting white solid was purified by flash column 

chromatography (EtOAc/petrol 7:3). The product was obtained in 80% yield. TLC: Rf  0.24 

(ethyl acetate/petrol 7:3); m.p. = 52-153 °C [lit. value 166-168 °C]3; [α]D
23 = -25.8 (c 1.0, CHCl3) 

[Lit. [α]D
20 = -25.3 (c 1.0, CHCl3)]3; IR (neat): νmax 3284, 3078, 2942, 2560, 2360, 1743, 1662, 

1545, 1370, 1227, 1043, 960, 905 cm-1;1H NMR (400 MHz, CDCl3): δ ppm 5.73 (d, JNH,2= 9.09 

Hz, 1H, NH), 5.15-5.06  (m, 2H,H-3/H-4), 4.59 (dd, J1,2 = 9.8 Hz, J1,SH = 9.6 Hz, 1H, H-1), 4.24 

(dd, J6a,6b = 12.38 Hz, J6a, 5= 4.8 Hz, 1H, H-6a), 4.16-4.09 (m, J6a,6b= 12.38 Hz, J5,6b= 2.27 Hz, 
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J2,1 = 9.8 Hz, 2H, H-2/H-6b), 3.70 (ddd, J5,6a = 4.8 Hz, J5,6b = 2.27 Hz, J5,4 = 9.6 Hz, 1H, H-5), 

2.57 (d, JSH,1 = 9.35 Hz, 1H, SH), 2.1 (s, 3H, -OAc), 2.04 (s, 3H, -OAc), 2.03 (s, 3H, -OAc), 1.99 

(s, 3H, NHCOCH3); 13C NMR(101 MHz, CDCl3) : δ ppm 171.25, 170.76, 170.42, 169.23 (4s, 3 

x COCH3, NHCOCH3), 80.34 (C-1), 76.26 (C-5), 73.47, 68 (2s, 2C,C-3/C-4), 62.13 (C-6), 56.78 

(C-2), 23.31 (NHCOCH3), 20.79 (-COCH3), 20.68 (-COCH3), 20.60 (-COCH3); ESI+ LRMS: 

calcd. for C14H21NO8S (M-H+) 362.09, found 362.0 

4. Synthesis of compound (4): 

 

2-Acetamido-3,4,6-tri-O-acetyl-1-thio-β-D-glucopyranoside (700 mg, 1.93 mmol) was taken in a 

round bottomed flask in 7 mL MeOH and to it was added sodium methoxide (25% wt solution, 

0.57 mL). The reaction mixture was stirred for 15 mins. When TLC (EtOAc, 100%) indicated 

complete consumption of the starting material (Rf > 0) and the formation of the product (Rf = 0), 

the reaction was stopped and neutralized with DOWEX® 50WX8-200. Thereafter, it was filtered 

and concentrated in vacuo to afford 2-acetamido-2-deoxy-1-thio-β-D-glucopyranoside (439 mg, 

96%) as a white solid. Rf = 0.5 (H2O/propan-2-ol/ethyl acetate; 1:2:2); m.p. 158-160 °C [lit. 

value 167-168 °C]3; [α]D
23= -12.9 (c 1.0, MeOH) [Lit. [α]D 

22 =-10.4 (c 1.0, MeOH]46; IR(neat): 

νmax 3290, 2442, 1636, 1568, 1434, 1376, 1319, 1054, 998 cm-1; 1H NMR (400 MHz, D2O): δ 

ppm 4.6 (d, J1,2=10.2 Hz, 1H, H-1), 3.82 (dd, J6b, 6a = 12.3 Hz, J6b,5 = 1 Hz, 1H, H-6b), 3.72-3.62 

(m, 2H, H-2/H-6a), 3.40-3.30 (m, 3H, H-3/H-4/H-5), 2.00 (s, 3H, NHCOCH3); 13C NMR (101 

MHz, D2O):δ ppm 174.9 (s, 1C, NHCOCH3), 80.5 (s, 1C, C-4 or C-5), 79.3 (s, 1C, C-1), 75.2 (s, 

1C, C-3), 69.9 (s, 1C, C-4 or C-5), 61.0 (s, 1C, C-6), 58.2 (s, 1C, C-2), 22.5 (s, 1C, 

NHCOCH3);ESI-LRMS: calcd. for C8H15NO5S (M+Cl-) 272.7, found 272.0  
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5. Synthesis of compound (8): 

 

Pentaacetyl-β-D-glucopyranose (5.0 g, 12.81 mmol) was dissolved in DCM (37.5 mL) and to it 

was added hydrogen bromide (33% in acetic acid, 30 mL). The reaction mixture was stirred at 

room temperature for 2 h, under N2. At the end of this time, TLC (EtOAc/petrol 1:1) indicated 

the complete consumption of the starting material (Rf 0.5) and formation of the product (Rf 0.6). 

Thereafter, the reaction mixture was partitioned between DCM (50 mL) and H2O (50 mL), and 

the aqueous layer was re-extracted with DCM (3 x 50 mL). The combined organic layers were 

washed with sodium bicarbonate (250 mL), brine (125 mL), dried over Na2SO4 and concentrated 

in vacuo to give the product as a white powder. Yield: 84%. TLC: Rf 0.6 (ethyl acetate/petrol 

1:1); m.p. = 83-84 °C [lit. value 89-91 °C]47; [α]D 
23= +192.7 (c 1.0, CHCl3) [Lit. [α]D

25 = +197.0 

(c 1.0, CHCl3)]48; IR (neat) : νmax2964, 1749, 1368, 1216, 1111,1078, 1041, 975, 911 cm-1; 1H 

NMR (400 MHz, CDCl3): δ ppm 6.62 (d, J1,2 = 4.04 Hz, 1H, H-1), 5.56 (dd, J3,4 = 9.6 Hz, J3,2 = 

9.85 Hz, 1H, H-3), 5.17 (dd, J4,3 = 9.6 Hz, J4,5 = 10.11 Hz, 1H, H-4), 4.84 (dd, J2,1 = 4.04 Hz, J2,3 

= 9.85 Hz, 1H, H-2), 4.32 (m, 2H, CH/CH2, H-5/H-6a), 4.14 (d, J = 10.86 Hz, 1H, H-6b), 2.11 

(s, 3H, -OAc), 2.10 (s, 3H, -OAc), 2.06 (s, 3H, -OAc), 2.04 (s, 3H, -OAc); 13C NMR (101 MHz, 

CDCl3) :δ ppm 170.5, 169.8, 169.8, 169.4 (4s, 4 x COCH3), 86.5 (C-1), 70.5 (C-2), 70.1 (C-3), 

67.1 (C-4), 72.1 (C-5), 60.9 (C-6), 20.6 (-COCH3), 20.6 (-COCH3), 20.6 (-COCH3), 20.5 (-

COCH3); ESI+ LRMS: calcd. for C14H19
79BrO9 (M+Na+) 433.01, found 433.0, calcd. for 

C14H19
81BrO9 (M+Na+) 435.01, found 435.01 (C14H19

79BrO9 : C14H19
81BrO9 = 1.07:1) 
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6. Synthesis of compound (9): 

 

Thiourea (1.23 g, 16.12 mmol) and 2,3,4,6-Tetra-O-acetyl-α-D-glucopyranosyl bromide (4.42 g, 

10.75 mmol) were dissolved in acetone (25 mL) under N2. The reaction mixture was heated to 60 

°C for 2 h. after which a white precipitate appeared. It was removed by filtration and the filtrate 

returned to reflux. The process was repeated until the precipitate ceased to form. It was then 

washed with acetone/petrol to give a white solid. Yield: 62% TLC: Rf 0.62 (ethyl acetate/2-

propanol/water 5:4:1); m.p. = 201-202 °C [lit. value 191 °C]49; [α]D 
23= -7.2 (c. 1.0, H2O) [Lit. 

[α]D 
25 -7.6 (c 1.4, H2O)]3; IR (neat): νmax3270, 3055, 1742, 1653, 1369, 1218, 1053, 1032, 906 

cm-1;1H NMR (400 MHz, DMSO-d6):δ ppm 9.25 (br s, 2H, NH2), 9.07 (br s, 2H, NH2), 5.69 (d, 

J1,2 = 10.11 Hz, 1H, H-1), 5.32 (dd, J 9.35 Hz, J 9.1 Hz,1H, H-3), 5.11 (m, 2H, H-2/H-4), 4.22-

4.16 (m, 2H, H-5/ H-6a), 4.11-4.06 (m, 1H, H-6b), 2.05, 2.02, 2.00, 1.97 (4s, 4 x COCH3); 13C 

NMR(101 MHz, DMSO-d6):δ ppm 170.8, 170.3, 170.2, 170.1, 167.1 (4 x COCH3, 1 x C=N), 

80.5 (C-1), 76.1 (C-5), 73.2 (C-3), 69.5, 68.2 (2s, 2C, C-2/C-4), 62.4 (C-6), 21.4 (-COCH3), 21.2 

(-COCH3), 21.1 (-COCH3), 21.1 (-COCH3); ESI+ LRMS: calcd. for C15H23N2O9SBr (M-Br-) 

407.4, found 407.1     

7. Synthesis of compound (2): 

 

Na2S2O5 (1.77 g, 9.34 mmol) and 2,3,4,6-Tetra-O-acetyl-β-D-glucopyranosyl-1-isothiouronium 

bromide (3.25 g, 6.67 mmol) were added to a stirred mixture of DCM (50 mL) and water (25 

mL) and heated to reflux under N2. After 3 h., TLC (EtOAc/petrol 1:1) indicated the formation 
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of product (Rf 0.6) with complete consumption of the starting material (Rf 0.0). Thereafter, the 

reaction mixture was cooled to RT and the phases separated. The aqueous layer was re-extracted 

with DCM (2 x 50 mL), dried over Na2SO4, filtered and concentrated in vacuo to give the 

product as a white crystalline solid. Yield: 94%. TLC: Rf 0.6 (ethyl acetate/petrol 1:1); m.p. = 

113-116 °C [lit. value 113-115 °C]50; [α]D 
23= +3 (c. 1.0, CHCl3) [Lit. [α]D 

25 =+6.5 (c 1.0, 

CHCl3)]51; IR(neat): νmax 2952, 2561, 1749, 1370, 1223, 1040 cm-1; 1H NMR (400 MHz, 

CDCl3):δ ppm 5.20 (dd, J3,2 = 9.35 Hz, J3,4 = 9.35 Hz, 1H, H-3), 5.11 (dd, J4,5 = 9.60 Hz, J4,3 = 

9.35 Hz, 1H, H-4), 4.98 (dd, J2,3 = 9.35 Hz, J2,1= 9.85 Hz, 1H, H-2), 4.55 (dd, J1,2 = 9.85 Hz, 

J1,SH= 10.11 Hz, 1H, H-1), 4.25 (dd, J6a,6b = 12.38 Hz, J6a,5 = 4.8 Hz, 1H, H-6a), 4.13 (dd, J6b,6a = 

12.38 Hz, J6b,5 = 2.02 Hz, 1H, H-6b), 3.73 (ddd, J5,4 = 9.85 Hz, J5,6a = 4.8 Hz, J5,6b = 2.02 Hz,1H, 

H-5), 2.32 (d, JSH,1 = 10.11 Hz, 1H, SH), 2.10 (s, 3H, -OAc), 2.09 (s, 3H, -OAc), 2.03 (s, 3H, -

OAc), 2.02 (s, 3H, -OAc); 13C NMR (101 MHz, CDCl3):δ ppm 170.6, 170.1, 169.6, 169.3 (4 x 

COCH3), 78.7 (C-1), 76.3 (C-5), 73.5, 73.5 (2s, 2C, C-2/C-3), 68 (C-4), 61 (C-6), 20.7, 20.7, 

20.5, 20.5 (4 x COCH3); ESI+ LRMS: calcd. for C14H20O9S (M+Na+) 387.3, found 387.1 

8. Synthesis of compound (3): 

 

2,3,4,6-Tetra-O-acetyl-1-thio-β-D-glucopyranose (500 mg, 1.37 mmol) was taken in a round 

bottomed flask and dissolved in 10 mL MeOH. 0.36 ml NaOMe solution in MeOH (4.2 M) was 

then added to it dropwise and it was stirred for 15 mins. when TLC (EtOAc, 100%) indicated the 

complete consumption of the starting material (Rf > 0) and the formation of the product (Rf = 0). 

At the end of the reaction, it was neutralized using DOWEX® 50WX8-200, filtered and 

concentrated in vacuo. It was subsequently lyophilized to give a yellowish oil. Yield: 95%. TLC: 
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Rf0.3 (EtOAc/Ispropanol/Water 2:2:1); [α]D
23 = +33.2 (c. 1.0, H2O) [Lit. [α]D 

25 = +35.7 (c 1.0, 

H2O)]3;IR (neat): νmax 3264, 2360, 2341, 1636, 1033 cm-1;1H NMR (400 MHz, D2O):δ ppm 4.50 

(d, 1H, J1,2 = 9.09 Hz, H-1), 3.84 ( d, 1H, J4,5 = 12.38 Hz, H-4), 3.64 ( dd, 1H, J5,4 = 12.38 Hz, 

J5,6 = 5.56 Hz, H-5), 3.43-3.34 (m, 3H, H-3, H-6a/6b),  3.19 (t, 1H, J1,2 = 9.09 Hz, H-2) 13C 

NMR (101 MHz, D2O):δ ppm 80.50 (C-1), 77.18 (C-3), 76.21 (C-2), 69.78 (C-6), 61.06 (C-4/C-

5); ESI+ LRMS: calcd. for C6H12O5S (M+Na+) 219.2, found 219.1 

9. Synthesis of compound (11): 

 

To pentaacetyl-β-D-glucopyranose (5.0 g, 12.8 mmol) and phosphorus pentachloride (2.9 g, 14.1 

mmol) under an atmosphere of N2 was added 20 µL of BF3.Et2O. After 10 mins., TLC 

(EtOAc/petrol 1:1) indicated the formation of the product (Rf = 0.6) with complete consumption 

of the starting material (Rf = 0.5). The reaction mixture was partitioned between DCM (40 mL) 

and water (70 mL) and the aqueous phase was re-extracted with DCM (2 x 50 mL). The 

combined organic phases were subsequently washed with sat. sodium bicarbonate, brine, dried 

over Na2SO4 and concentrated in vacuo. The crude product 10 was directly taken over to the next 

step without further purification.  

Crude 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl chloride (4.75 g, 12.95 mmol) was taken in 

DMPU (24 mL) and potassium thioacetate (1.63 g, 14.24 mmol) was added to it at 0 °C under an 

atmosphere of N2. After 3 days, TLC (EtOAc/petrol 1:1) indicated the formation of product (Rf = 

0.4) with complete consumption of the starting material (Rf = 0.6). The reaction mixture was 

then partitioned between EtOAc (100 mL) and water (100 mL) and the organic phase was re 
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extracted with water (2 x 100 mL). The combined aqueous layers were washed with ethyl acetate 

(100 mL). Thereafter, the combined organic layers were washed with brine, dried over Na2SO4 

and concentrated in vacuo. The resulting residue was purified by flash column chromatography 

(EtOAc/petrol 3:7) to yield the product in the form of a peach coloured solid. Yield: 62%; Rf = 

0.4 (EtOAc/petrol 1:1); m.p. = 118-120 °C [lit. value 128-129 °C]3; [α]D
23 = +126 (c 1.0, CHCl3) 

[Lit. [α]D 
20 = +135 (c 1.0, CHCl3)]3; IR (neat): νmax 2946, 2360, 1748, 1710, 1367, 1218, 1069 

cm-1; 1H NMR (400 MHz, CDCl3): δ ppm 6.23 (d, J1,2 = 5.31 Hz, 1H, H-1), 5.24 (dd, J2,1 = 5.31 

Hz, J2,3 = 10.11 Hz, 1H, H-2), 5.18 (t, J3,2 = 10.11 Hz, J3,4 = 9.09 Hz, 1H, H-3), 5.10 (t, J4,3 = 

9.09 Hz, J4,5 = 9.60 Hz, 1H, H-4), 4.28 (dd, J6a,6b = 12.38 Hz, J6a,5 = 4.04 Hz, 1H, H-6a), 4.05 

(dd, J6b,6a =12.38 Hz, J6b,5 = 1.52 Hz, 1H, H-6b), 3.97 (ddd, J5,4 = 9.6 Hz, J5,6b = 1.52 Hz, J5,6a = 

4.10 Hz, 1H, H-5), 2.43 (s, 3H, -OAc), 2.09 (s, 3H, -OAc), 2.03 (s, 3H, -OAc), 2.03 (s, 3H, -

OAc), 2.02 (s, 3H, -OAc); 13C NMR (101 MHz, CDCl3): δ ppm  191.3 (-SAc), 170.6 (-OAc), 

170.0 (-OAc), 169.4 (-OAc), 169.3 (-OAc),  80.2 (C-1), 68.9 (C-2), 71.4 (C-3/C-5), 71.1 (C-3/C-

5), 67.7 (C-4), 61.4 (C-6), 31.4 (-SAc), 20.6, 20.6, 20.6, 20.5 (4 x –OAc); ESI+ LRMS: calcd. for 

C16H22O10S (M+Na+) 429.3, found 429.1   

10. Synthesis of compound (5): 

 

To a solution of 1-S-acetyl-2,3,4,6-tetra-O-acetyl-1-thio-α-D-glucopyranoside (1.0 g, 2.7 mmol, 

1 eq) in MeOH was added sodium methoxide (25% wt. solution, 0.8 mL). The reaction mixture 

was stirred at RT. After 10 minutes, TLC (EtOAc; 100 %) indicated the formation of product (Rf 

0.0) with complete consumption of the starting material (Rf > 0.0). The reaction mixture was 

O
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HO
HO
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acidified with DOWEX® 50WX8-200, filtered and concentrated in vacuo to afford 1-thio-α-D-

glucose (α-GlcSH) (0.54 g, 96 %) as a pale yellowish solid. TLC:Rf 0.3 (H2O/propan-2-

ol/EtOAc; 1:2:2); 1H NMR (400 MHz, D2O): δ ppm 3.3 (dd, J4,3 = 9.3 Hz, J4,5 = 9.9 Hz, 1H, H-

4), 3.54 (dd, J3,4 = 9.3 Hz, J3,2 = 9.7 Hz, 1H, H-3), 3.71 (dd, J6a,5 = 5.5 Hz, J6a,6b = 12.2 Hz, 1H, 

H-6a), 3.72 (dd, J2,1 = 5.5 Hz, J2,3 = 9.7 Hz, 1H, H-2), 3.79 (dd, J6b,6a = 12.2 Hz, J6b,5 = 2.3 Hz, 

1H, H-6b), 3.94 (ddd, J5,4 = 9.9 Hz, J5,6a = 5.5 Hz, J5,6b = 2.3 Hz, J5,4 = 9.9 Hz, 1H, H-5), 5.58 (d, 

J1,2 = 5.5 Hz, 1H, H-1); 13C NMR (101 MHz, CDCl3): δ ppm 61.0 (C-6), 69.7 (C-4), 70.6 (C-2), 

72.5 (C-5), 72.9 (C-3), 80.0 (C-1); ESI- LRMS: calcd. for C6H12O5S (M-H+) 195.2, found 195.0; 

m.p. = 119 ºC; [α]D
23 = +104 (c=1.0, H2O) 

11. Synthesis of compound (13): 

	

Methyl-β-D-galactopyranoside (1.0 g, 5.15 mmol), NaBr (265 mg, 2.58 mmol) and TEMPO (100 

mg, 0.58 mmol) were dissolved in distilled water (50 mL) and cooled to 0 °C using an ice-bath. 

NaOCl soln. (12 mL, 12.5%) was added dropwise keeping the pH within 10-11 with 0.5 M 

NaOH. Thereafter the ice-bath was removed and the solution was stirred for 23 h. The water was 

then evaporated completely and the crude product 12, along with the salts was taken over 

directly to the next step for acetylation. TLC: Rf 0.34 (DCM/MeOH/H2O 6:4:1) 

Crude galactopyranosiduronic acid (1.3 g) was added to a soln. of acetic anhydride (16 mL, 0.17 

mmol) along with sodium acetate (500 mg, 6.09 mmol) and the reaction mixture was heated to 

reflux for 15 mins. After cooling to room temperature, the excess acetic anhydride was 

evaporated completely. Sat. sodium bicarbonate solution was then used for neutralizing the 
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reaction mixture and it was extracted with DCM. The organic phase was dried over Na2SO4, 

filtered and purified using flash column chromatography (EtOAc/Petrol 3:7). Yield (for 2 steps): 

35%; TLC: Rf 0.31 (EtOAc/Petrol 3:7); m.p. = 107-108 °C [lit. value 112-113 °C]18; [α]D
23 = -

167 (c 0.2, CHCl3) [Lit. [α]D
23= -172 (c 0.2, CHCl3)]52; IR(neat): νmax 3400, 2361, 1805, 1746, 

1370, 1219, 1153, 1058, 897 cm-1; 1H NMR (400 MHz, CDCl3): δ ppm 5.35 (s, 1H, H-4), 5.25 

(d, J2,3 = 4.7 Hz, 1H, H-3), 4.9 (d, J2,3 = 4.7 Hz, 1H, H-2), 4.7 (s,1H, H-1), 4.1 (s, 1H, H-5), 3.4 

(s, 3H, -OCH3) 2.18 (s, 3H, -COCH3) 2.12 (s, 3H, -COCH3); 13C NMR(101 MHz, CDCl3): δ 

ppm 171.90 (C-6), 169.61 (-OAc), 169.11 (-OAc), 100.91 (C-1), 77.61 (C-2), 71.73 (C-4), 70.79 

(C-3), 69.88 (C-5), 56.12 (-OMe), 20.67 (-OAc), 20.67 (-OAc); ESI+ LRMS: calcd. for C11H14O8 

(M+Na+) 297.2, found 297.1 

12. Synthesis of compound (14): 

 

Methyl 2,4-di-O-acetyl-β-D-galactopyranosiduronic acid, γ-lactone (220 mg, 0.91 mmol) was 

taken and DBU (9.5 µL, 0.06 mmol) was added to it in MeOH (9 mL). The reaction mixture was 

stirred for 19 h. at room temperature. After the reaction was completed, the solvent was removed 

in vacuo. The crude product was dissolved in pyridine (3 mL, 37.16 mmol), Ac2O (3 mL, 31.8 

mmol), a catalytic amount of DBU was added and the reaction mixture stirred for 8 h. 

Thereafter, the compound was concentrated in vacuo and it was purified using flash column 

chromatography (EtOAc/Petrol 2:3). Yield: 92%; TLC: Rf0.2 (EtOAc/Petrol 3:7); m.p. = 114-

115 °C [lit. value 118-120 °C]18; [α]D
23= +14. 3 (c 2.8, CHCl3) [Lit. [α]D 

23 = +15.2 (c 3.0, 

CHCl3)]53; IR (neat): νmax 3640, 2956, 2361, 1748, 1439, 1370, 1144, 975 cm-1; 1H NMR(400 

MHz, CDCl3):δ ppm 5.71 (s,1H, H-4), 5.26 (dd, J = 9.85 Hz, J1,2 = 8.08 Hz, 1H, H-2), 5.06 (d, J 
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= 10.36 Hz, 1H, H-3), 4.42 (d, J1,2 = 8.08 Hz, 1H, H-1), 4.3 (s, 1H, H-5), 3.77 (s, 3H, COOCH3), 

3.58 (s, 3H, -OCH3), 2.12 (s, 3H, -COCH3) 2.07 (s, 3H, -COCH3), 2.0 (s, 3H, -COCH3);13C 

NMR(101 MHz, CDCl3): δ ppm 170.09 (-OAc), 169.88 (-OAc), 169.37 (-OAc), 166.48 (C-6), 

101.99 (C-1), 72.35 (C-5), 70.56 (C-3), 68.39 (C-4), 68.32 (C-2), 57.36 (-OMe), 52.81 (-

COOMe), 20.78 (-OAc), 20.61 (-OAc), 20.57 (-OAc);ESI+  LRMS: calcd. for C14H20O10 

(M+Na+) 371.2, found 371.0 

13. Synthesis of compound (15): 

 

Methyl-(methyl 2,3,4-tri-O-acetyl-β-D-galactopyranosid)uronate from the previous step (220 

mg, 0.63 mmol) was taken and DBU (1.02 mL, 6.82 mmol) was added to it after making a 

solution in 5 mL dry DCM. The reaction mixture was then stirred overnight. Subsequently, it 

was concentrated in vacuo and purified by flash column chromatography (EtOAc/Petrol 1:3). 

Yield: 94%. TLC: Rf 0.58 (EtOAc/Petrol 1:1); m.p. = 88-90 °C [lit. value 91-93 °C]26; [α]D 
20 = + 

46.2 (c 0.9, CHCl3);IR (neat): νmax 2958, 1735, 1657, 1439, 1371, 1218, 1124, 1059, 1026, 887 

cm-1; 1H NMR(400 MHz, CDCl3): δ ppm 6.15 (dd, 1H, J3,4 = 4.55 Hz, J = 1.01 Hz, H-4), 5.13 

(dd,1H, J3,4 = 4.55 Hz, J = 1.26 Hz, H-3), 5.06 (d, J1,2 = 2.53 Hz, 1H, H-1), 5.01 (dd, 1H, J1,2 = 

2.53 Hz, J = 3.54 Hz, H-2), 3.77 (s, 3H, -COOCH3), 3.45 (s, 3H, 1-OCH3), 2.04 (s, 3H, -

OCOCH3), 2.02 (s, 3H, -OCOCH3). 13C NMR (101 MHz, CDCl3):δ ppm 170.03 (-OAc), 169.44 

(-OAc), 162.26 (C-6), 142.24 (C-5), 107.27 (C-4), 97.66 (C-1), 68.39 (C-2), 64.24 (C-3), 57.03 

(-OMe), 52.63 (-COOMe), 20.94 (OAc), 20.76 (OAc); ESI+ LRMS: calcd. for C12H16O8 (M+K+) 

327.3, found 327. 
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14. Synthesis of compound (16): 

 

Methyl-(methyl 2,3-di-O-acetyl-4-deoxy-α-L-threo-hex-4-enopyranosid)uronate (670 mg, 2.32 

mmol.) was taken in a round bottomed flask in 10 mL MeOH and to it was added sodium 

methoxide (25% wt. soln, 0.11 mL). The solution was stirred for 1 hr. When TLC analysis 

showed the complete consumption of the starting material and formation of the product, the 

reaction was stopped, neutralized with DOWEX® 50WX8-200, filtered and concentrated in 

vacuo to give methyl-(methyl 4-deoxy-α-L-threo-hex-4-enopyranosid)uronate as a colourless oil 

(465 mg, 98%); Rf = 0.38 (MeOH/CHCl3 1:9); [α]D 
20= -48.4 (c 0.9, MeOH); IR : νmax 3413, 

2954, 2360, 2341, 1724, 1650, 1440, 1314, 1167, 1076991 cm-1; 1H NMR (400 MHz, CDCl3):δ 

ppm 6.29 ppm (m, 1H, H-4), 5.13 (dd, J = 2.53 Hz, J1,2 = 2.02 Hz, 1H, H-1), 4.00 (dd, J = 2.78 

Hz, J2,1 = 2.02 Hz, 2H, H-2/H-3), 3.85 (s, 3H, -COOMe), 3.53 (s, 3H, -OMe); 13C NMR (101 

MHz, CDCl3):δ ppm 162.6 (s, 1C, -COOMe), 139.7 (s, 1C, C-5), 111.9  (s, 1C, C-4), 100.9 (s, 

1C, C-1), 68.9, 65.3 (2s, 2C, C-2/C-3), 57.01 (s, 1C, -OCH3), 52.5 (s, 1C,-COOCH3); ESI+ 

LRMS: calcd. for C8H12O6 (M+Na+) 227.1, found 227.1 
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15. Synthesis of compound (17): 

 

Methyl-(methyl 2,3-di-O-acetyl-4-deoxy-α-L-threo-hex-4-enopyranosid)uronate (670 mg, 2.32 

mmol.) was dissolved in LiOH solution (37 mL, 0.3 M, MeOH/water/THF = 5:4:1) at 0 °C and 

stirred for 4 h. After complete conversion, the reaction mixture was neutralized with DOWEX® 

50WX8-200, filtered and concentrated in vacuo. It was subsequently lyophilized to give a 

yellowish liquid (433 mg, 98%) TLC: Rf = 0.15 (MeOH/DCM/H2O5:10:1); [α]D
20 = -50.4 (c 0.4, 

MeOH);IR: νmax 3291, 2942, 1590, 1401, 1261, 1131, 1044, 989, 960, 854, 791 cm-1; 1H NMR 

(400 MHz, D2O):δ ppm 5.7 (s, 1H, H-4), 4.9 (s, 1H, H-1), 4.05 (s, 1H, H-3), 3.65 (s, 1H, H-2), 

3.40 (s, 3H, OMe); 13C NMR (101 MHz, D2O):δppm 169.6 (s, 1C, C-6), 144.7 (s, 1C, C-5), 

107.6 (s, 1C, C-4), 101.2 (s, 1C, C-1), 70.1 (s, 1C, C-3), 66.7 (s, 1C, C-2), 56.8 (s, 1C, 

OMe);ESI- LRMS: calcd. for C7H10O6 (M-H+) 189.1, found 189.0  

16. Synthesis of compound (18): 

 

2,3,4,6-Tetra-O-acetyl-1-thio-β-D-glucopyranose (291.49 mg, 0.8 mmol) and methyl-(methyl 

2,3-di-O-acetyl-4-deoxy-α-L-threo-hex-4-enopyranosid)uronate (30 mg, 0.1 mmol) were taken 

in a glass vial along with DPAP as a photo initiator  (20.5 mg, 0.08 mmol). These were dissolved 

in 400 µL of 5:1 EtOH:DCM and irradiated under UV for 2 h. At the end of the reaction, the 

O OMe

OH

HO

O

OH

O

OAc

AcO
AcO

OAc
S

O
CO2Me

OMe
OAc

AcO



	 100	

product was purified by flash column chromatography (EtOAc/toluene 1:1) to give an 

amorphous solid. Yield: 84%; TLC:Rf 0.28 (EtOAc/toluene 1:1);  [α]D 
20 = -19.8 (c 0.3, CHCl3); 

IR: νmax 2957,2360, 2342, 1745, 1436, 1369, 1216, 1038, 913, 774 cm-1;1H NMR (400 MHz, 

CDCl3): δ ppm 5.25 (dd, J2,1 = 7.83 Hz, J2,3 = 9.85 Hz, 1H, H-2), 5.17 (t, J3’, 4’ = 9.09 Hz, J3’,2’ = 

9.35 Hz, 1H, H-3’), 5.12 (dd, J3,2= 9.0 Hz, J3,4 = 3.5 Hz, 1H, H-3), 5.07 (t, J = 9.85 Hz, J = 9.6 

Hz, 1H, H-4’), 4.90 (t, J2’,3’ = 9.35 Hz, J2’,1’ =  10.36 Hz, 1H, H-2’), 4.57 (d, J1’,2’= 10.36 Hz, 1H, 

H-1’), 4.41 (d, J = 1.77 Hz, 1H, H-5), 4.35 (d, J1,2 = 7.83 Hz, 1H, H-1), 4.27 (dd, J6a’, 6b’ = 12.38 

Hz, J6a’,5’ = 4.55 Hz, 1H, H-6a’), 4.14 (dd, J6b’,6a’ = 12.63 Hz, J6b’,5 = 2.02 Hz, 1H, H-6b’), 3.90 

(m, 1H, H-4), 3.78 (s, 3H, -COOMe), 3.60 (m, 1H, H-5’), 3.52 (s, 3H, -OMe), 2.14 (s, 3H, -

OAc), 2.11 (s, 3H, -OAc), 2.10 (s, 3H, -OAc), 2.06 (s, 3H, -OAc), 2.02 (s, 3H, -OAc), 2.00 (s, 

3H, -OAc); 13C NMR (101 MHz, CDCl3): δ ppm 170.6 (s, 1C, -OAc), 170.3 (s, 1C, -OAc), 170.2 

(s, 1C, -OAc), 169.3 (s, 1C, -OAc), 169.3, (s, 1C, -OAc), 169.2 (s, 1C, -OAc), 166.5 (-COOMe), 

102.1 (C-1), 83.6 (C-1’), 75.6 (C-5’), 73.6 (C-5), 73.2 (C-3), 72.8 (C-3’), 70.3 (C-2’), 68.9 (C-2), 

67.7 (C-4’), 61.6 (C-6), 56.8 (s, 1C, -OMe), 52.2 (-COOMe), 56.8 (-OMe), 46.9 (C-4), 20.7, 

20.7, 20.6, 20.6, 20.5, 20.5 (6 x –OAc); ESI+ HRMS:calcd. for C26H36O17S (M+Na+) 675.1571, 

found 675.1573 

1H spectra: 

am03262906.001.001.1r.esp

8 7 6 5 4 3 2 1 0
Chemical Shift (ppm) 	
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13C spectra: 

am03262906.002.001.1r.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm) 	

17. Synthesis of compound (19): 

 

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-1-thio-β-D-glucopyranose (290.7 mg, 0.8 mmol) and 

Methyl-(methyl 2,3-di-O-acetyl-4-deoxy-α-L-threo-hex-4-enopyranosid)uronate (30 mg, 0.1 

mmol) were taken in a glass vial along with DPAP as a photo initiator  (20.5 mg, 0.08 mmol). 

These were dissolved in 400 µL of 5:1 EtOH:DCM and irradiated under UV for 3 h. At the end 

of the reaction, the product was purified by flash column chromatography using 80% EtOAc-

toluene to give an amorphous solid. Yield: 78%. TLC: Rf 0.26 (EtOAc/Toluene 4:1); [α]D
20 = -

15.9 (c 0.3, CHCl3); IR (neat): νmax. 3282, 2935, 2360, 2341, 1745, 1666, 1572, 1437, 1370, 

1230, 1046, 915 cm-1;1H NMR (400 MHz, CDCl3): δ ppm 5.57 (d, J = 8.83 Hz, 1H, NH), 5.35 

(s, 1H, H-3), 5.26 (t, J3’,4’ = 9.46 Hz, J3’,2’ = 10.09 Hz, 1H, H-3’), 5.09 (t, J4’,2’ = 9.77 Hz, J4’,3’ = 

9.46 Hz, 1H, H-4’), 4.94 (d, J = 2.84 Hz, 1H, H-5), 4.86 (d, J1’,2’ = 10.4 Hz, 1H, H-1’), 4.82 (s, 

1H, H-1), 4.69 (t, J2,1 = 1.26 Hz, J = 2.52 Hz, 1H, H-2), 4.28 (dd, J6b’,6a’ = 12.3 Hz, J6b’,5’ = 4.73 

Hz, 1H, H-6b’), 4.12 (dd, J6a’,6b’ = 12.3 Hz, J6a’,5’ = 1.89 Hz, 1H, H-6a’), 3.89 (t, J2’,1’ = 10.4 Hz, 
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J2’,3’ = 8.83 Hz, 1H, H-2’), 3.82 (s, 3H, -COOMe), 3.74 (m, 1H, H-5’), 3.43 (s, 3H, -OMe), 3.35 

(t, J4,5 = 2.84 Hz, H-4), 2.14 (s, 3H, -OAc), 2.10 (s, 3H, -OAc),  2.08 (s, 3H, -OAc),  2.03 (s, 3H, 

-OAc),  2.02 (s, 3H, -OAc),  1.92 (s, 3H, -NHAc); 13C NMR (101 MHz, CDCl3): δ ppm 170.8 (s, 

1C, -NHAc), 169.7 (s,1C, -OAc), 169.7  (s,1C, -OAc), 169.6 (s,1C, -OAc), 169.5 (s,1C, -OAc), 

169.3 (s,1C, -OAc), 99.8 (C-1), 86.05 (C-1’), 75.8 (C-5’), 73.1 (C-3’), 69.5 (C-3), 67.8 (C-4’), 

66.6 (C-2), 66.2 (C-5), 61.6 (C-6), 53.6 (C-2’), 55.8 (-OMe), 52.4 (-COOMe), 43.3 (C-4), 23.1 

(s, 1C, -NHAc), 21.05, 20.9, 20.6, 20.6, 20.5 (5 x –OAc); ESI+ HRMS: calcd. for C26H37NO16S 

(M+Na+) 651.6341, found 674.1722 

1H spectra: 

am98532805.001.001.1r.esp

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm) 	

13C spectra: 

am98532805.004.001.1r.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)  
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18. Synthesis of compound (20): 

 

1-Thio-β-D-glucopyranose (204.06 mg, 1.04 mmol) and Methyl 4-deoxy-α-L-threo-hex-4-

enopyranosiduronic acid (25 mg, 0.13 mmol) were taken in a glass vial along with Vazo-44 (33.6 

mg, 0.10 mmol) as a water soluble photo initiator and these were dissolved in 0.25M pH 4 

NaOAc buffer (400 µL). Consequently, the reaction mixture was irradiated under UV for 8 h. At 

the end of the reaction, the product was purified using 2:2:1 WIPE eluent system by flash 

column chromatography to give a white foam. Yield: 62%; TLC: Rf 0.29 

(EtOAc/Isopropanol/Water 2:2:1); [α]D
 20=-8.7 (c 0.4, MeOH);IR(neat): νmax. 2963, 2360, 2341, 

1749, 1699, 1507, 1220, 1037, 1013, 922 cm-1;1H NMR (400 MHz, D2O): δ ppm 4.60 (d, J = 

9.85 Hz, 1H, H-1’),  4.27 (d, J = 7.57 Hz, 1H, H-1), 4.25 (d, J5,4 = 1.89 Hz, 1H, H-5), 3.95 (dd, 

J3,2 = 9.6 Hz, J3,4 = 4.4 Hz, 1H, H-3), 3.84 (dd, J6a’,6b’ = 12.6 Hz, J6a’,5 = 1.89 Hz, 1H, H-6a’), 

3.76 (dd, J4,3 = 4.4 Hz,  J4,5 = 1.89 Hz, 1H, H-4), 3.65 (dd, J6b’,6a’ = 12.6 Hz, J6b’,5’ = 6.3 Hz, 1H, 

H-6b’), 3.53 (s, 3H, -OMe), 3.46-3.42 (m, 2H, H-2/H-3’), 3.42-3.38 (m, 1H, H-5’), 3.36-3.30 

(m,2H, H-2’/H-4’); 13C NMR (101 MHz, D2O): δ ppm 174.7 (s, 1C, -COOH), 103.4 (C-1), 84.3 

(C-1’), 74.9 (C-5), 72.7 (C-3), 60.7 (C-6’), 49.3 (C-4), 57.3 (-OMe), 69.1, 71.3 (C2/C-3’), 72.2 

(C-5’), 72.7, 74.9 (C-2’/C-4’); ESI- HRMS: calcd. for C13H22O11S (M-H+) 385.0810, found 

385.0815 
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1H spectra: 

b-Glc-model-disac.001.001.1r.esp

8 7 6 5 4 3 2 1 0 -1
Chemical Shift (ppm) 	

13C spectra: 

b-Glc-model-disac.002.001.1r.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)  

19. Synthesis of compound (21): 

 

2-Acetamido-1-thio-β-D-glucopyranose (246.48 mg, 1.04 mmol) and Methyl 4-deoxy-α-L-threo-

hex-4-enopyranosiduronic acid (25 mg, 0.13 mmol) were taken in a glass vial along with Vazo-

44 (33.6  mg, 0.10 mmol) as a water soluble photo initiator and these were dissolved in 0.25M 

pH 4 NaOAc buffer (400 µL). Consequently, these were irradiated under UV for 8 h. At the end 
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HO
HO

AcHN
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O
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OMe
OH
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of the reaction, the product was purified using 2:2:1 WIPE eluent system by flash column 

chromatography to give a white foam. Yield: 64%; TLC: Rf 0.21 (EtOAc/Isopropanol/Water 

2:2:1); [α]D
20 = -9.4 (c 0.3, MeOH); IR (neat): νmax.3281, 2920, 2360, 2341, 1615, 1559, 1417, 

1313, 1054, 948 cm-1; 1H NMR(400 MHz, D2O): δ ppm 4.81 (d, J1’,2’ = 10.09 Hz, 1H, H-1’), 4.2 

(d,  J1,2 = 7.88 Hz, 1H, H-1), 4.16 (d, J5,4 = 1.89 Hz, 1H, H-5), 3.93 (dd, J3,4 = 4.41 Hz, J3,2 = 

9.77 Hz. 1H, H-3), 3.8 (dd, J6a’,6b’ = 12.6 Hz, J6a’,5’ = 1.89 Hz, 1H, H-6a’), 3.66 (dd, J4,5 = 1.89 

Hz, J4,3 = 4.41 Hz, 1H, H-4), 3.62 (dd, J6b’,6a’= 12. 6 Hz, J6b’,5’ = 5.99 Hz, 1H, H-6b’), 3.58 (d, 

J2’,1’ = 10.09 Hz, 1H, H-2’), 3.43 (t, J3’,4’ = 9.77 Hz, J3’,2’ = 5.36 Hz, 1H, H-3’), 3.4 (dd, J4’,3’ = 

9.77 Hz, J2,1 = 7.88 Hz, 2H, H-2/H-4’), 3.34-3.32 (m, 1H, H-5’), 1.97 (s, 3H, -NHAc); 13C NMR 

(101 MHz, D2O): δ ppm 174.5 (s, 1C, -NHAc), 103.3 (C-1), 83.8 (C-1’), 79.5 (C-5’), 74.7 (C-5), 

74.9 (C-3’), 72.7 (C-3), 70.8, 69.6 (2s, C-2/C-4’), 60.4 (C-6’), 56.6 (-OMe), 54.9 (C-2’), 49.4 (C-

4), 21.9 (-NHAc); ESI+ HRMS: calcd. for C15H25NO11S (M+Na+) 450.1041, found 450.1025  

1H spectra: 

GlcNAc-disac model.001.001.1r.esp

8 7 6 5 4 3 2 1 0
Chemical Shift (ppm) 	
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13C spectra: 

GlcNAc-disac model.002.001.1r.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm) 	

20. Synthesis of compound (22) 

 

1-Thio-α-D-glucopyranose (204.06 mg, 1.04 mmol),methyl 4-deoxy-α-L-threo-hex-4-

enopyranosiduronic acid (25 mg, 0.13 mmol) and Vazo-44 (33.6 mg, 0.10 mmol)were taken in a 

glass vial and dissolved in 250 mM ammonium formate buffer, pH 4 (400 µL). Subsequently, the 

reaction mixture was irradiated under UV for 8 hrs. Purification of the reaction mixture was done 

using a Mono Q column on an AKTA FPLC purifier system using 250 mM ammonium formate 

buffer and water (flow rate = 1 mL/min). Individual fractions were checked by TLC to locate the 

product. Pure fractions were then lyophilized multiple times to remove ammonium and obtain 

the product as a white foam in 56% yield. TLC:Rf 0.29 (EtOAc/Isopropanol/Water 2:2:1); IR 

(neat): νmax. 629, 1061, 1454, 1585, 2921 cm-1; 1H NMR (400 MHz, D2O): δ ppm 5.37 (d, J = 5.3 

Hz, 1H, H-1’),  4.22 (d, J = 7.8 Hz, 1H, H-1), 4.19 (d, J5,4 = 1.3 Hz, 1H, H-5), 4.08-4.12 (m, 1H, 

O

OH

HO
HO

OHS
O

OMe
OH

HO

CO2H
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H-5’), 3.9 (dd, J3,4 = 10.1 Hz, J3,2 = 9.9 Hz, 1H, H-3), 3.74 (m, 2H, H-6a’/H-6b’), 3.71 (dd,J2’,1’ = 

5.4 Hz, J2’,3’ = 4.6 Hz, 1H, H-2’), 3.54-3.56 (m, 2H, H-4/H-3’), 3.51 (s, 3H, -OMe), 3.37 (dd, J = 

9.9 Hz, J = 9.4 Hz, 1H, H-4’), 3.16 (dd, J2,3 = 9.9 Hz, J2,1 = 7.8 Hz, 1H, H-2); 13C NMR (101 

MHz, D2O): δ ppm 174.6 (-COOH), 103.3 (C-1), 86.7 (C-1’), 74.7 (C-5), 73.4 (-OMe), 72.1 (C-

3/C-2/C-5’), 72.0 (C-5’/C-3/C-2), 71.9 (C-2/C-3/C-5’), 71.3 (C-2’), 69.3 (C-4’), 60.3 (C-6’), 

57.0 (C-3’/C-4), 50.8 (C-4/C-3’) ; ESI- HRMS: calcd. for C13H22O11S (M-H+) 385.0810, found 

385.0806. ; [α]D
 20 = +18.4 (c = 0.7, MeOH) 

1H spectra: 

Apr05-2013-50.005.001.1r.esp

8 7 6 5 4 3 2 1 0
Chemical Shift (ppm) 	

13C spectra: 

a-glc-disac.001.001.1r.esp

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
Chemical Shift (ppm) 	
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2.4.2 NMR analysis for determining stereochemistry of the disaccharides 

(Example given for Methyl-2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranosyl-(1→4)-methyl-

2,3-di-O-acetyl-β-D galacturonate) (18) 

 

NOESY spectra for the disaccharide: 
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It is evident from the spectra that there is interaction between H-1 and H-5 which is possible only 

if H-5 is axial, thereby proving that the –CO2H group is equatorial. Thus the possibility of the 

acid being iduronic acid is ruled out. Next, we also see an interaction between H-4 and H-5. This 

points out to the fact that the uronic acid is galacturonic acid rather than glucuronic acid. In case 

of glucuronic acid, the H-4 proton of the uronic acid will be axial and will have no interaction 

with H-5 since it would be on the opposite side of the plane of the molecule. However, in case of 

galacturonic acid, H-4 and H-5 are on the same side of the molecule and should interact through 

space. Also, the coupling constant between H-4 and H-5 is very small (J = 1.77 Hz) which 

suggests that H-4 is equatorial. That means the uronic acid is in galacturonic form.   

The same procedure has been followed for all the disaccharides. 

 

2.4.3 NMR showing anomerization and hydrolysis of α-thiosugar during 

deacetylation 

Jun28-2012-1.001.esp
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Anomeric region of the NMR of the monosaccharide has been expanded. Peak at 5.6 ppm 

corresponds to anomeric proton of the α-thio sugar (based on coupling constant). Peak at 4.5 

ppm corresponds to β-thio sugar (based on coupling constant). The ratio of α-thio sugar to β-thio 

sugar is 1:0.68 or roughly 5:3.  

 

2.4.4 Crude NMR analysis for calculating yields 

 

 

The above example is for entry 13 in Table 2. The yield can be consequently calculated to be 

39%. 
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Chapter – 3    Towards building S-linked heparin and heparan 

sulfate mimics using thiol-ene chemistry	

 

3.1 Introduction 

 Chapter 1 introduced the complexity of glycosaminoglycan (GAG) structures such as 

heparin and heparan sulfate and the various approaches, which have been taken to prepare these 

oligosaccharides in a defined, homogenous form. Here we present an approach based on the 

thiol-ene chemistry developed in Chapter 2. This approach is especially useful for building 

heparin thio-mimics, as heparin-degrading lyases reveal unsaturation between position 4 and 

position 5 of the uronic acid at the non-reducing end of the carbohydrate chain1-2. This presents 

an opportunity for addition of desired thiosugars using a thiol-ene radical reaction–a modular 

approach for the synthesis of defined glycosaminoglycan structures.   

 This strategy entails degradation of naturally available heterogeneous heparin or other 

GAGs with GAG lyases in the first step. The resulting smaller fragments, containing an olefin at 

the non-reducing end, can be separated using size-exclusion chromatography. The fractions 

resulting from size exclusion purification can then be subjected to strong anion exchange 

purification, which will result in further separation based on the charge of the fragments. This 

sequence should provide defined glycosaminoglycan fragments, which can be thiolated in the 

anomeric position to prepare thio-donors. Finally, these donors can then be utilized in 

conjugation reactions to the unsaturation of another unit of purified glycosaminoglycan, resulting 

in the synthesis of defined glycosaminoglycan structures (Scheme 1).  
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 Thus, we envisioned using this technique to synthesize glycosaminoglycan structures 

with different patterns of sulfate distribution. These products are potentially useful in elucidating 

structure activity relationships (SAR) of GAGs with proteins. Theoretically this approach can 

also enable us to prepare novel GAG hybrid structures with different GAG entities as the 

constituents, to screen for recognition and potential bioactivity. 

 

Scheme 1: Proposed methodology for synthesis of defined glycosaminoglycan thio-mimics. 
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 The work towards preparation of these defined heparin fragments was done in 

collaboration with Prof. Jeremy Turnbull’s laboratory in University of Liverpool. Additionally, 

the protein substrates used for elucidating the biological activity of the synthesized heparin 

mimics were also obtained from the Turnbull lab. 

 

3.2 Results and Discussion 

 The methodology developed for coupling deprotected monosaccharides to prepare 

disaccharides in aqueous solution using a thiol-ene radical reaction was described in Chapter 2. 

This strategy requires efficient anomeric thiolation of one of the carbohydrate-coupling partners 

of interest. Here, we discuss approaches towards the development of conditions suitable for 

anomeric thiolation of highly negatively charged sugars derived from heparin digestion. These 

substrates allow the synthesis of heparin mimics using our approach.  

 

3.2.1 Attempts at anomeric thiolation of deprotected sugars 

 There has been a previous report from our laboratory describing anomeric thiolation of 

deprotected sugars3. Essentially, this involves treating deprotected sugars at high temperature 

with Lawesson’s reagent4. Lawesson’s reagent has been widely reported as a convenient 

thiolating agent for synthesizing thio-carbonyl functionalities from oxo-carbonyl functionalities5-

8. There has also been a report of synthesizing thiols from alcohols using this reagent9. Scheme 2 

suggests two possible mechanisms by which sugars can be thiolated at the anomeric position. 

These are (A) through the open-chain intermediate, which converts the aldehyde into a 
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thiocarbonyl group by Lawesson’s reagent or (B) through an oxocarbenium intermediate that is 

attacked by a thiol nucleophile from Lawesson’s reagent. Both provide an anomeric mixture of 

products with the α/β product ratios varying from1:6 to 1:4 depending on the monosaccharide. 

 

Scheme 2: Proposed mechanisms for anomeric thiolation of deprotected sugars using Lawesson’s 
reagent. (A) Through an open chain intermediate (B) through an oxocarbenium intermediate3. 
 
 
 N-acetylglucosamine was initially used as a model substrate to establish this reaction, as 

the report does not include this substrate. A variety of reaction conditions including the reported 

reaction conditions3 were tried, as summarized in Table 1. The solvent in all cases was kept as 

dioxane, since other solvents were found to be unsuitable for dissolving the deprotected sugar. 

The most common problem faced was that Lawesson’s reagent degraded at higher temperatures, 

while at lower temperatures the sugar remained undissolved. To avoid this, the sugar in dioxane 

was brought to reflux before the addition of Lawesson’s reagent to minimize the degradation of 

Lawesson’s reagent (Table 1, Entry 4). Alternatively, aqueous HCl was added to facilitate the 

formation of both the oxocarbenium intermediate or the open chain form (Table 1, Entry 5). 

Unfortunately, the desired product was not observed by TLC or mass spectrometry under any of 

these conditions.  

 Investigating this, it is reported that amides react with Lawesson’s reagent readily10-11. 

Thus, a major concern was that the carbonyl group of the amide might also undergo conversion 
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to a thiocarbonyl, resulting in either the undesired thioamide or dual functionalization to the 

anomeric thiol/thioamide. However, no thiolations were observed under the reaction conditons 

explored, as observed by TLC and mass spec. 

 

Table 1: Optimization conditions attempted for one-step thiolation of N-acetyl glucosamine  

Entry 1 Equivalent of 
LR 

Temperature Time (h) Yield 

1 1.2 R.T. 48 - 
2 1.2 reflux 6 - 
3 2.4 reflux 12 - 
4 1.2* reflux 12 - 
5 1.2** reflux 12 - 

 
LR = Lawesson’s reagent, *LR added after sugar had dissolved in dioxane under refluxing conditions, 
**A drop of aq. HCl added to the reaction mixture to facilitate acidic activation  
 

 At this stage, we decided to take a step back and do the reaction on glucose, which has 

been reported in the paper. All the reaction conditions described in Table 1 including the 

optimized reaction conditions reported were again tried using glucose as the substrate. 

Unfortunately, we were again unable to observe any desired product. Hypothesizing that the 

product might be lost during work-up, a crude NMR was taken of the reaction mixture after 

carrying it out under the reported optimized conditions, which showed only Lawesson’s reagent 

degradation products. A new batch of Lawesson’s reagent did not help either. Thus, unprotected 

sugars were not good substrates for this reaction in our hands.  
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3.2.2 Synthesis of N-sulfated glucosamine 

   Since we were unsuccessful in optimizing the reaction for thiolating the anomeric 

position in deprotected sugars, we next attempted to thiolate the anomeric position of a sulfated 

sugar using the classical route of protection and deprotection. Two classical routes are known–

attack of the anomeric position of the protected sugar having a good leaving group with either 

potassium thioacetate or thiourea followed by reduction with sodium metabisulfite (discussed in 

Chapter 2). For this purpose, we synthesized N-sulfated glucosamine, which was used as a model 

substrate to evaluate any difficulties due to the presence of the sulfate group as well as the 

overall yield for the whole reaction. These concerns are especially important since the sulfated 

glycosaminoglycan fragments obtained by heparin lyase treatment are only obtained in limited 

amounts. 

 N-sulfated glucosamine was synthesized from glucosamine hydrochloride as reported12. 

Briefly, glucosamine hydrochloride was treated with sulfur trioxide-pyridine complex at pH 9.5 

to transfer the sulfate functionality from pyridine to the amino group of glucosamine to provide 1 

(Scheme 3). 

 

Scheme 3: N-sulfated glucosamine synthesis12. 

 

 With 1 in hand, attempts were made towards acetylating the substrate with acetic 

anhydride and pyridine for further reaction towards preparation of sulfated glucosamine with an 

anomeric thiol. However, when an aqueous workup was done, it was realized that a substantial 
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amount of the sugar entered the aqueous layer because the product behaves as an amphiphile. In 

addition, a considerable amount of acetylated N-acetylglucosamine was recovered, verified by 

crude NMR. The formation of N-acetylglucosamine can be explained by the plausible 

mechanism shown in Scheme 4. Essentially, the reverse reaction of 1 formation might have 

occurred, followed by acetylation of the free amine group.  

 

Scheme 4: Plausible mechanism for formation of acetylated N-acetylglucosamine. 

 

 To overcome this problem, alternative acetylation conditions were attempted. Acetic 

anhydride/NaOAc-assisted acetylation had similar problems during aqueous work up with 

considerable loss in yield while acid catalysed acetylation reaction conditons13 were seen to lead 

to desulfation. It is to be noted that acid catalysed N-desulfation has been reported for heparin14.  

 At this point we abandoned such a late-stage thiolation approach for the synthesis of 

anomeric thiols from sulfated carbohydrates. We therefore, set out to establish a proof of concept 

approach using available thiols 4, 5, and 6 (Figure 1). We chose to use β-thio GlcNAc, 5, instead 

of the naturally present α-thiosugar as we had observed low yield of formation in Chapter-2 from 

α-thiosugars. Moreover, α-thiosugar, 6 was still chosen to verify if low yield is also observed in 

coupling with heparin/HS derived disaccharides.   
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 Also, two heparin- and heparan sulfate-derived disaccharides 2 and 3 (Figure 1) were 

chosen as the unsaturated counterpart for the preparation of heparin trisaccharide mimics. 

 

3.2.3 Expression of Heparinase-1 

 Unsaturated heparin-derived oligosaccharides were prepared by the enzymatic digestion 

of heparin and heparan sulfate GAG chains. There are three different heparinases, each of which 

act on different heparin/HS substrates15. The substrate selectivity varies with the sulfate 

distribution of GAG chains16-17. Sometimes, a combination of two or all three is needed to break 

down a particular heparin/HS oligosaccharide owing to the structural heterogeneity of these 

glycosaminoglycans. The substrate 3 is the dominant disaccharide structure in heparin, whereas 2 

is obtained from heparan sulfate18-19. In our work, 3 can be obtained by the action of Heparinase-

1 (Hep-1) on heparin alone, while 2 is obtained by the degradation of heparan sulfate using 

Heparinase-3 (Hep-3). Both substrates were initially obtained from our collaboration with the 

Turnbull group.  

 

Figure 1: Heparin/HS disaccharide structures selected for thiol-ene radical conjugation. 2 represents non-
sulfated derivative obtained mostly from HS and to a lesser extent from heparin. 3 is the most sulfated 
derivative obtained from heparin. 4, 5 and 6 correspond to the available thiols used for preparation of 
heparin trisaccharide mimics. 
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 We also expressed Heparinase-1 for continued use in our laboratory. Few examples of 

expression of Heparinase-1 can be found in literature. In two such studies, Heparinase-1 was 

found to be expressed in the inclusion bodies20-21. This necessitates an extra step of refolding and 

also affects the yield of the enzyme obtained. To avoid this, in such cases the protein is normally 

fused with a soluble protein partner, which increases its percentage of expression in E. coli. as a 

soluble protein22. Accordingly, there has been a recent report of expression of Heparinase-1 after 

fusing it with various soluble protein partners23. After screening through various soluble protein 

partners, the study found SUMO (small ubiquitin related modifier protein) and IF2 (initiation 

factor 2 protein) to be the most promising soluble protein partners. The activity of the enzyme 

was preserved without having to cleave off the soluble protein tag after expression. The construct 

was designed such that Hep-1 gene was attached to the fusion protein gene through a linker.  

For our expression of Heparinase-1, we decided to express it as a fusion protein with 

SUMO. The fused gene was incorporated in pET-22b vector24 to construct the plasmid, as 

depicted in Scheme 5. 

 

3.2.3.1 Design and construction of Heparinase-1 fused construct with SUMO 

The Hep-1 gene construct including the linker region (which consists of a glycine rich 

peptide sequence followed by a bovine enterokinase restriction site as mentioned by Huang et 

al.23) at the N-terminus (without the SUMO tag), was procured from Genscript (Scheme 5). We 

intended to ligate the SUMO tag ourselves with the Hep-1 gene construct using overlap-

extension PCR25-27. Accordingly, four different primers, SUMO_F and SUMO_R (forward and 

reverse primers, respectively for PCR amplification of SUMO gene sequence) and Hep-1_F and 
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Hep-1_R (forward and reverse primers, respectively for PCR amplification of Hep-1 gene 

sequence) were designed (Experimental Section 3.4.3). Notably they were designed in such a 

way that the SUMO_R also had the reverse compliment of Hep-1_F in the form of extra few 

bases at the end, so that overlap PCR can be performed subsequently. The Hep-1 gene sequence 

was PCR amplified from pUC57 plasmid using the Hep-1_F and Hep-1_R primers and the 

SUMO gene sequence was amplified using the SUMO_F and SUMO_R primers respectively, 

from a pET-15b plasmid in which it was originally present. The reaction mixture was then 

loaded onto a DNA gel and the appropriate bands were extracted (Figure 2) using a QIAquick 

Gel Extraction kit (a commercially available kit which is used to extract DNA from a gel by 

dissolving the agarose gel). 

 

Scheme 5: Strategy for construction of Hep-1-SUMO fusion protein. Hep-1 (in blue), along with the 
linker region (in purple) in pUC57 vector was ordered from Genscript, with Nde1 and Xho1 as the 
restriction sites. The linker region consisted of a glycine rich region (GGGS)3 and a site for bovine 
enterokinase cleavage as reported in literature23. SUMO gene was PCR amplified along with HisTag 
region on the N-terminus from a pET-15 vector in which it was originally present, using the SUMO_F 
and SUMO_R primers. 
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Thereafter, overlap-extension PCR25-27 was done to fuse the two gene products together. 

The product from this reaction was amplified further by PCR using the SUMO forward and Hep-

1 reverse primer. The success of the PCR was confirmed by running it on an agarose DNA gel 

where the expected mass increase of Hep-1 was observed (Figure 3).  

 

               1             2        3 
 
Figure 2: 0.8% Agarose DNA gel run for the PCR products of Hep-1 and SUMO. 1 represents 1 kb DNA 
ladder. 2 represents band corresponding to SUMO gene after PCR (enclosed band). 3 represents band 
corresponding to Hep-1 PCR product (enclosed band). 
 

 The fusion gene product was subsequently extracted from the gel and digested with 

Nde128 and Xho129 restriction enzymes as we wanted to use the corresponding restriction sites for 

inserting the fusion gene into pET-22 vector (pET vector is a vector which has got a T7 

bacteriophage promoter sequence and lac operon upstream of the multiple cloning site of the 

vector. Thus expression of this system can be induced using isopropyl thiogalactoside or IPTG).  
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         1         2 

Figure 3: 0.8% Agarose DNA gel for PCR product of fusion gene. 1 represents 1kb DNA ladder. 2 
represents Hep-1-SUMO fusion gene. 
 

 Simultaneously, a plasmid containing the pET-22 vector was also digested with the 

above-mentioned restriction enzymes to introduce the sticky ends and release the gene it 

contained previously. The digested mixture was then run on a DNA gel (Figure 4) and the 

corresponding DNA band was extracted with a gel extraction kit. Consequently, the fusion gene 

was inserted into pET-22b vector using the Quick Ligation Protocol (a commercially available 

kit which is used to ligate a gene into an empty vector to prepare the corresponding plasmid with 

the help of a DNA ligase enzyme).   

 

3.2.3.2 Expression of fused Heparinase-1-SUMO protein 

The constructed plasmid (Hep-1-SUMO fused in pET-22b) was subsequently 

transformed into XL10-Gold ultracompetent cells. XL10-Gold cells are commercially available 

cell lines that are competent and therefore they are more likely to incorporate foreign DNA. 

These cell lines are optimized for plasmid cloning as opposed to corresponding protein 
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production. The cell culture was then plated on ampicillin resistant plates and a single colony 

was grown overnight. The plasmid DNA was thereby extracted from the single cell colony and 

sent for sequencing. After confirmation of the correct gene sequence by sequencing, the plasmid 

was transformed into BL21(DE3) cells, which are cell lines optimized for protein expression. 

The cell culture was plated on ampicillin resistant plates and a single cell colony was picked and 

cultured overnight. Consequently, small-scale protein expression was started, expression was 

induced using IPTG and the soluble protein was extracted using BugBuster mix (a detergent 

based commercial solution that can perforate cell wall and liberate soluble protein without 

denaturing it). A protein gel was run, which does not indicate high expression (Figure 5)  

 

      1    2 

Figure 4: Agarose DNA gel of the restriction enzyme digested pET-22 plasmid. 1 represents 1kb DNA 
ladder. 2 corresponds to the empty pET-22 vector (enclosed band) while the lower band corresponds to 
the gene contained in the plasmid previously. 
 

Nonetheless, the expression was scaled up to a 2 L culture and expression was induced by 

IPTG. The cells were lysed by sonication and the lysate was purified using HisTrap column, as 

the desired protein carries a His-Tag (HisTrap columns are Nickel Sepharose High Performance 
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commercial columns for purification of histidine-tagged protein by immobilized metal ion 

affinity chromatography). The purified protein showed bands in SDS-gel corresponding to the 

expected mass of 56 KDa (Figure 6A). 

 

           1        2        3        4        5 

Figure 5: Small scale expression of Hep-1-SUMO fusion protein. 1 represents 10-250 KDa ladder, 2 
shows induced cell expression, 3, 4 and 5 correspond to uninduced cell expression. 
 
  

The protein could be further purified with size exclusion chromatography (Figure 6B). 

This gave us sufficiently pure Hep-1 fusion protein to begin biochemical studies. The expected 

mass was also confirmed by MS (Figure 8).  
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(A)      (B) 
 
Figure 6: (A) His-Trap purification fractions of Hep-1-SUMO fusion protein. (B) Size exclusion 
purification fractions of Hep-1-SUMO fusion protein on S-200 column. 
 
 
 The yield of the expression was found to be moderate (3 mg/litre). In order to investigate 

the low yield, another gel was run with the flowthrough from HisTrap purification and the 

inclusion bodies (dissolved in 8M urea) (Figure 7). It was revealed that a significant amount of 

the enzyme was still being expressed in the inclusion bodies. This also explained the absence of 

a prominent band corresponding to the desired molecular weight in the small-scale expression 

tests. Though the amount was lower than reported, it was sufficient for preparative heparin 

digestion. 
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         1       2         3         4        5         6        7 

Figure 7: Protein gel showing significant amount of expression as insoluble inclusion bodies. 1, 2, 3 and 
4 corresponds to HisTrap purified fractions, 5 is flowthrough fraction, 6 represents inclusion bodies 
(dissolved in 8M urea) and 7 corresponds to 10-250 KDa protein ladder. 
  
 

 Mass spectrometry confirmed the protein to be of the correct mass. (Figure 8) The 

protein was stored with 10% glycerol in 1 ml aliquots at a final concentration of 1 mg/ml and 

they were found to be stable and exhibit lyase activity for at least 6 months. 
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Figure 8: Expected mass of the protein = 56138.8 Da, found 56139 Da. 

 

3.2.4 Heparin oligosaccharide preparation by lyase action on heparin 

With the heparinase-1 enzyme in hand, degradation of heparin was carried out as reported 

in literature30. Briefly, 1 mg of enzyme was added to 10 mg of porcine intestinal mucosa-derived 

heparin dissolved in heparinase digestion buffer (0.1 M sodium acetate and 0.1 mM calcium 

acetate, pH 7). The reaction was incubated at 37 °C. The extent of degradation was determined at 

regular time intervals by running a high-density polyacrylamide gel (sugar gel) (see 

Experimental Section for preparation procedure). After sufficient degradation had occurred, the 

sample was lyophilized and size exclusion purification was done of the mixture on a Superdex-

30 column (Figure 9).  



	 135	

 

       1   2  3     4 

Figure 9: Size exclusion purification of Heparinase-1 treated heparin on S30 column. 1 represents 
heparin octasaccharide, 2 is heparin hexasaccharide, 3 is heparin tetrasaccharide and 4 is heparin 
disaccharide. Oligosaccharides larger than octasaccharide are seen before the octasaccharide peak with 
decreasing resolution. 

 

The peak corresponding to disaccharide was collected separately, lyophilized and then 

taken for the next step of strong anion exchange (SAX) purification. For this purpose, standards 

of heparin disaccharide were purchased from Dextra Laboratories, UK, which were used to 

provide the reference retention time for purification of the required disaccharide from the size 

exclusion purified mixture. 
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SAX purification was carried out using a ProPac PA1 column (resin based strong anion 

exchange column from Thermo Scientific) with 2 M sodium chloride. Since the trisulfated 

disaccharide 2 is highly charged, it eluted much later on the chromatogram (Figure 10).  

 

Figure 10: Strong anion exchange purification of disaccharide fraction from size exclusion purification. 
Desired product peak seen at 82.5 min retention time. Product absorbs at 232 nm because of the presence 
of unsaturation.   

 

The appropriate peak was then collected, lyophilized and desalted. (Figure 11) 
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            1           2 

Figure 11: Desalting of HPLC purified fraction on Sephadex G-25 column. 1 represents peak 
corresponding to heparin disaccharide, monitored at both 210 nm and 232 nm, 2 represents peak 
corresponding to salt detected by its conductivity. 

 

Consequently, fractions corresponding to the disaccharide were lyophilized to afford the 

pure disaccharide 3. It should be noted that the complete preparation and purification procedure 

for these heparin derived building blocks is pretty elaborate and time consuming (taking more 

than two weeks as reported)30. Also limited amount of oligosaccharides are obtained at a time.   

With these in hand, we went forward toward the synthesis of the thio-trisaccharide 

heparin/HS mimics. 
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3.2.5 Reaction of thio-monosaccharides with a non-sulfated HS disaccharide  

We started with the reaction of thiosugars with the simpler non-sulfated HS disaccharide 

2. For this purpose, the three monosaccharide thiols 4, 5 and 6 were used to create a library.  

 

Scheme 6: Reaction of HS derived non-sulfated disaccharide with monosaccharide thiols to prepare 
trisaccharides. Yields shown in Table 2. 

 

 The conditions developed for thiol-ene radical reaction in aqueous conditions were used 

for the coupling reactions. With a few optimizations it was found that 10-12 equivalents of the 

thiosugar were needed to completely consume the unsaturated disaccharide, with the 

photoinitiator amount as 1 equivalent. The yield for the coupling reaction with the α-thiosugar 

was much less as compared to the other thiosugars. This observation corroborated the trend seen 

for reaction with the model disaccharides.  

Since the amount of the starting disaccharide available per reaction was limited (~5 mg) 

owing to the elaborate preparation and purification process, efforts were made towards 

developing an efficient purification strategy. For all the purification optimizations, the coupling 

product formed between 5 and 2 was used. Purification attempts by normal silica 

chromatography led to severe loss of product. Attempts to purify using reverse phase 

chromatography with a Jupiter Proteo column (C12 based reverse phase column), was 

unsuccessful in separating the excess thiosugar and the product. Reverse phase conditions with a 

O
OH

HO
HO

R
+ O

O O
OH

OH

HO
NHAcOH

HO

HO2C
O

OH

HO
HO

R
S

O
O O

OH

OH

HO
NHAcOHHO

CO2H

R = OH, R1 = β-SH (4)             
R = NHAc, R1 = β-SH (5)
R = OH, R1 =  α-SH (6)

Vazo-44, UV

pH-4  buffer
2

R1



	 139	

volatile ion-pairing reagent has been reported for separation of heparin oligosaccharides31. 

Separation between the product and the excess thiosugar could not be achieved with this 

condition. Use of an amino column, which is known to furnish efficient separation of deprotected 

sugars, in some cases, (in the form of Luna amino column) proved to be unsuccessful too32. Next 

a Phenomenex STRATA strong anion exchange cartridge was used. A protocol using several 

washing steps with water followed by a 250 mM ammonium formate buffer wash was developed 

to purify the product (Experimental Section 3.4.2). The neutral thiosugar would be washed off 

with the water wash while the charged product would be eluted out with the ammonium formate 

buffer wash. Pure product was obtained by this method as determined by TLC and mass 

spectrometry. However, NMR taken after repeated lyophilisation to remove the ammonium 

formate, showed the presence of several large unrelated peaks (Figure 12). On further 

investigation, the four unrelated peaks observed were found to have an integration ratio of 

2:2:2:9. These were suspected to be from the resin leaching out from the cartridge column. The 

peaks corresponded to the six methylene protons present on the linker attached to the resin and 

nine methyl protons present on the methyl carbons of the quarternary ammonium nitrogen 

(Figure 13). Prewashing the column with ammonium formate and sodium chloride did not stop 

the leaching process from contaminating the sample.  
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Figure 12: NMR spectra for the trisaccharide formed by coupling 5 with 2 and purified using 
Phenomenex SAX cartridges show extra peaks. Peaks with integration 18.57,18.30,18.40 and 82.36  
(present in the ratio of 2:2:2:9) are suspected to be from the leached products from the cartridge.  

 

Thereafter, we resorted to purification of the product using strong anion exchange 

column on HPLC using ammonium formate as the buffer. Even though the product lacks a strong 

chromophore, the limited absorption of the –NHAc group at 220 nm33-34, allowed product 

detection by UV.  
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Figure 13: Structure of the quarternary ammonium resin on the SAX cartridge (structure adopted from 
Phenomenex product website)35. This is suspected to have leached out and co-eluted with product. 

 

 The recovery yield was still low because of manual collection from the HPLC system. 

Consequently, the purification run was re-optimized on a Mono Q SAX (strong anion exchange) 

column on FPLC. In addition to the UV chromatogram obtained, the individual fractions were 

also checked by mass spectrometry. This increased the recovery yield greatly. Ultimately a small 

set of trisaccharides was prepared with these optimized conditions as enlisted in Table 2. 
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Entry Thiosugar Product Yield 

1 
 

 

78% 

2 
 

 

73% 

3 

 
 

48% 

 

Table 2: Survey of trisaccharides formed by coupling HS disaccharide with monosaccharide thiols. 

 

3.2.6 Reaction of thio monosaccharides with sulphated heparin disaccharide 

 Before carrying out UV-induced radical thiocoupling reactions with the trisulfated 

disaccharide 3, it was necessary to verify that the sulfates were stable under the reaction 

conditions. The lability of sulfate functional groups has been widely reported in literature, with 

the N-sulfate group being most labile followed by the O-sulfates36. The desulfation occurs in a 

wide range of conditions, including exposure to highly acidic as well as basic conditions37-40. To 

the best of our knowledge, however, there has not been any study undertaken to investigate the 

stability of the sulfate groups under radical conditions in a mildly acidic buffer. For this purpose, 
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3 was used in control reactions, where it was exposed to identical conditions as for the non 

sulfated HS disaccharide coupling reactions, namely Vazo-44, pH 4 buffer and UV irradiation, 

but without the thiosugar. HPLC and mass spectrometry analysis, however revealed the sulfates 

to be quite stable with no smaller mass or change in retention time in the HPLC chromatogram, 

being visible which might indicate desulfation.  

 Thereafter, reactions were performed with the three thiosugars as in the case of the non-

sulfated disaccharide as depicted in Scheme 7.  

 

Scheme 7: Reaction of heparin derived trisulfated disaccharide with monosaccharide thiols to prepare 
trisaccharides. 

 

 Compared with the reaction conditions, optimized for the non-sulfated HS derived 

disaccharide 2, it was realized that a higher amount of thiosugar was required (16-18 equivalents 

for the β-sugars and 20 equivalents for the α-thiosugar) to completely consume the disaccharide. 

The photoinitiator amount used was 1.2 equivalent. The higher thiosugar requirement is 

presumably due to the deactivating influence exerted by the highly electronegative sulfate 

groups, which renders the disaccharide much less reactive. In this context, it is worthwhile to 

note that that the deactivating influence of sulfate groups in case of coupling between N-

methylaminooxy groups and hemiacetal functionality of the sugars has been reported41. When 

the starting disaccharide was completely consumed, as determined by the disappearance of the 

alkene peak in crude NMR, the reaction mixture was lyophilized several times to remove 

ammonium formate from the buffer. The presence of the product was verified by high resolution 
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mass spectrometry. Thereafter, purification was attempted with the optimized conditons found 

for the non-sulfated HS trisaccharide products. Unfortunately, almost the entire product was lost 

on the column as the sulfate groups bind too strongly with the SAX column to be dislocated 

using 250 mM ammonium formate buffer. Increasing the buffer concentration to 2M ammonium 

formate, improved the yield marginally. Thereafter, the column was changed to a DEAE (weak 

anion exchange) column at which point, the yield increased substantially to allow NMR 

characterization. With these conditons in hand, a similar trisaccharide set as the one obtained 

from 2, was synthesizeda (Table 3). 

 

 

 

 

 

 

 

 

 

 

																																																													
a	The	final	reactions	for	synthesis	of	trisaccharides	10,	11	and	12	with	the	optimized	conditions	were	done	by	Dr.	
Wei-Min	Liu.	Hence	the	procedure	for	synthesis	is	mentioned	only	with	the	HRMS	data	instead	of	the	full	
characterization.			
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Entry Thiosugar Product Yield 

1. 
 

 

57% 

2. 
 

 

52% 

3. 

 

 

17% 

 

Table 3: Library of trisaccharides formed by coupling heparin disaccharide with monosaccharide thiols. 

 

3.2.7 Toward making a thio-linked heparin pentasaccharide mimic   

 With the library of heparin trisaccharides synthesized, we next turned our attention 

toward synthesizing heparin thio pentasaccharide mimic using a mono and tetrasaccharide 

coupling strategy. Here a heparin derived tetrasaccharide and a thio monosaccharide were 

utilized as shown in Scheme 8. For this purpose, heparin was depolymerized into smaller 

fragments using heparinase-1 as mentioned in Section 3.2.4. Size exclusion purification was 

carried out, and the fractions containing heparin tetrasaccharide was collected (Figure 9). Strong 
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anion exchange purification was carried out consequently with 2M sodium chloride using a 

Propac PA1 column. After lyophilization, the sample was desalted using a HiPrep 26/10 

desalting column. 

 

Scheme 8: Proposed reaction of β-thioGlcNAc with heparin derived tetrasaccharide.  

 

 Reactions were then carried out using the optimized conditions obtained for the synthesis 

of trisaccharides from the heparin-derived disaccharide, 3. Unsurprisingly, a substantial amount 

of the tetrasaccharide was left unreacted, as determined from crude NMR, as the number of 

sulfate groups in the tetrasaccharide is double that in the disaccharide. However, increasing the 

thiosugar to even 40 equivalents and the photo initiator concentration to 4 equivalents did not 

lead to full consumption of the tetrasaccharide. Increasing the reaction time to 36 h did not help 

either. It was therefore realized that because of the deactivating influence of the sulfates, highly-

sulfated oligosaccharides larger than disaccharides are difficult substrates for this coupling 

reaction. 

 In order to verify that the reaction did not proceed because of the deactivating nature of 

the sulfate groups, the next step would be to prepare a desulfated version of tetrasaccharide 13 

and perform the thio-coupling reaction with it. Chemical approaches for 2-O-desulfation42, 6-O-

desulfation43 and N-desulfation39 have been reported and these could be used to generate the 

desulfated tetrasaccharide. The product thereby generated can also be sulfated at specific 

positions using sulfotransferases to prepare heparin thio-mimics. 
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Nevertheless, with the trisaccharide mimics in our hand, we proceeded towards the 

biological studies of these molecules. It should be mentioned here that for biological studies we 

are using the unnatural anomer (β as compared to α) with an unnatural stereochemistry of linkage 

(axial as compared to equatorial). We persisted with the unnatural anomer of GlcNAc because of 

synthetic convenience. It was found during experimentation that the α anomer (which is present 

in native heparin) gave extremely low yield for the thiol-ene reaction. The exclusive axial 

stereochemistry of linkage during the radical reaction was also found during experimentation and 

it can be explained by the reason given in chapter-2. We persisted with the wrong 

stereochemistry of linkage since it was reasoned that one wrong linkage stereochemistry in a 

long polysaccharide of heparin should not affect the biological activity of heparin to a great 

extent (only long polysaccharide chains of heparin have been shown to have significant 

biological activity). Of course, this can be verified only by extensive modelling studies and co-

crystallization studies of this unnatural heparin mimic with protein binding partners, where the 

electrostatic interaction between the electronegative groups on the polysaccharide and the basic 

amino acids in the protein can be studied. Also, it is plausible that this distortion in the resultant 

polysaccharide chain because of the unnatural linkage stereochemistry can give rise to 

exclusivity in terms of the interaction of this unnatural polysaccharide with its protein-binding 

partners. This can in turn exclude side effects of heparin when it is being used for medicinal 

purposes. It would therefore be interesting to study the biological activity of heparin with an 

unnatural linkage stereochemistry. In addition we also wanted to explore if the thio-linkage or 

monosaccharides in the form of glucose instead of GlcNAc have any interesting effect in terms 

of their interaction with the protein-binding partners. 
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3.2.8 Biological studies with the synthesized trisaccharides 

 Heparin is known to interact with a plethora of proteins mainly through electrostatic 

interaction and hydrogen bonding interaction44-45. Amongst other proteins, heparin is known to 

interact with fibroblast growth factors46, coagulation factors and their inhibitors47 and 

chemokines48. Apart from this, β-secretase-1 (BACE-1), an enzyme implicated in the formation 

of amyloid β-peptide from amyloid precursor protein (APP), which leads to Alzheimer’s disease, 

has been reported to interact with heparin49.  BACE-1 has been known to interact with HS-

derived oligosaccharides containing N-acetyl groups as well as heparin-derived oligosaccharides 

containing N-sulfates, along with O-sulfates50-51. Thus BACE-1 (expressed in the Turnbull 

laboratory) was chosen as the target, to investigate the interaction of our synthesized 

oligosaccharides.  

Various methods have been used to study ligand protein interaction, which includes 

enzyme linked immunosorbent assays (ELISA)52, surface plasmon resonance53, isothermal 

titration calorimetry54, differential scanning calorimetry55 and circular dichroism56 among others. 

However, most of these approaches suffer from the fact that they are either not high throughput 

or require relatively large amounts of sample. Differential scanning fluorimetry (DSF)57-58, on 

the other hand, is highly sensitive and also it requires low amounts of compound. Its main 

drawback is that it is not a quantitative assay. This approach is based on the assumption that 

proteins experience an increase in stability on binding to their ligands. Consequently this stability 

is reflected in an increase in the denaturation or melting temperature of the protein-ligand 

complex as compared to the protein itself. In order to detect the denaturation temperature, a 

hydrophobic dye (in the form of SYPRO orange) is most commonly used as it can bind to the 

less exposed hydrophobic regions of a protein that is revealed when it denatures in aqueous 
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solution. A reporter function is therefore executed by the dye, which indicates the denaturation 

temperature by an increase in fluorescence as it gets to bind with a hydrophobic substrate. 

Plotting the intensity of fluorescence of the dye against the temperature to which the protein-

complex is exposed, generally gives a sigmoidal curve (Figure 14). The temperature at which 

the protein unfolds is referred to as the melting temperature (Tm). A change in the stability of the 

protein-ligand complex, as compared to the protein, is indicated by a shift in Tm while the degree 

of shifting indicates the stabilization extent and consequently the relative affinity of the ligand 

for the protein.   

 Since the amounts of the trisaccharides obtained from the coupling of HS 

disaccharide 2 and heparin-derived disaccharide 3 with various thio-sugars were quite limited, 

we decided to go for DSF for initial screening.  

 

Figure 14: Typical sigmoidal curve obtained for plot of fluorescence intensity against temperature. The 
state of the protein under study, at each stage of the transition is also depicted. (Adapted from Niesen et 
al., Nat. Protoc., 2, 2007, 2212-222158) 

 

 

 

a function of temperature; this generates a sigmoidal curve that can
be described by a two-state transition (Fig. 2). The inflection point
of the transition curve (Tm) is calculated using simple equations
such as the Boltzmann equation,

y ¼ LL+
ðUL # LLÞ

1+ exp Tm#x
a

! " ð1Þ

where LL and UL are the values of minimum and maximum
intensities, respectively, and a denotes the slope of the curve within
Tm. The simplest way to calculate Tm values is to determine the
maximum of the first derivative; this feature is offered by most PCR
software packages (e.g., in the Mx3005p, scans using the type ‘SYBR
green’ allow display of derivatives after the run is finished).

To date, the dye with the most favorable properties for DSF is
SYPRO orange, owing to its high signal-to-noise ratio. For exam-
ple, with hen egg lysozyme, the increase in the fluorescence
intensity of the dye bound to denatured protein compared to
aqueous solution is almost 500% (Fig. 1). The relatively high
wavelength for excitation for SYPRO orange, near 500 nm
(Fig. 3), also decreases the likelihood that any small molecule
would interfere with the optical properties of the dye and cause, for
example, quenching of the fluorescence intensity. For comparison,
many compounds interfere with the spectral properties of the
commonly used 1-Anilino-8-naphthalene sulfonate (1,8-ANS),
whose excitation maximum is B350 nm. In addition, the signal
intensities with 1,8-ANS, for example, are relatively small (B80%;
see Fig. 1)12. However, not all proteins can be analyzed using
SYPRO orange. Other dyes should be tested for cases where no
unfolding transition is observed using SYPRO orange.

Other thermal scanning methods for small-molecule screening
The stabilization of proteins against thermal denaturation, and the
influence of small molecules, can also be measured by differential
scanning calorimetry (DSC) or differential scanning light scattering
(DSLS). DSC in an automated version (capDSC, MicroCal, LLC13)
allows a series of up to 192 protein/compound combinations.
Although generally less favorable because of the need for a reporter
dye, DSF is superior to DSC with respect to throughput (time per
sample in DSC: B90 min). DSLS5, another technique available for
assessing protein stability, monitors the aggregation that occurs for
most proteins as they denature6. It is performed in a 384-well
format (StarGazer, Harbinger Biotech). Although most proteins are
amenable to DSLS and DSF, a small percentage of proteins might

not work with DSLS but could be analyzed by DSF and vice versa6.
DSF performed on RT-PCR instruments also eliminates the need to
add oil on top of the samples to prevent evaporation and provides a
wider range of temperature for scanning (480 1C).

Setting up the plate
The small molecules to be screened may comprise salts, buffers or
compounds, such as substrates, inhibitors or co-factors that are
thought to selectively interact with the protein of interest. If a
protein or closely related proteins are known to bind to specific
ligands, the screening collection may include those specific ligands
and their analogues (for a more detailed discussion on library
construction, see Vedadi et al.6). We typically select 10–15 com-
pounds per lead scaffold to add to the screening library. These
synthetic compounds are customarily distributed in 2 mg amounts,
allowing hundreds of screens and sufficient initial follow-up
studies, such as co-crystallization or inhibition assays. Most sup-
pliers deliver the ordered amount in a vial, and for accuracy and
practicality reasons it is best to dissolve the entirety of the
compound in the required volume of the inorganic solvent
dimethyl sulfoxide (DMSO). The majority of compounds that
are hydrophobic are dissolved in DMSO at relatively high concen-
trations. We found a solubility limit of less than 10 mM for only 1%
of over 2,000 compounds dissolved, whereas for 85% the solubility
was 50 mM or higher. For long-term storage of light-sensitive
compounds, brown glass vials with DMSO-resistant lids and seals
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Figure 1 | Optical properties and fluorescence signal in the presence of
lysozyme (native versus denatured) for selected dyes that can be used for DSF.
All dyes (at 43 mM except SYPRO orange, which was diluted 1:250) were in a
solution of 75 mg ml#1 hen egg lysozyme in buffer (10 mM 3-(cyclohexylamino)-
1-propanesulfonic acid pH 9.0, 150 mM NaCl). The graph shows the difference
in fluorescence intensity before and immediately after incubation for 5 min at
100 1C, respectively. The excitation and emission wavelengths given in the
table refer to the custom filters for the Stratagene Mx3005p instrument.

UL

LL

30 40 50 60
Temperature (°C)

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

18,000

20,000

F
lu

or
es

ce
nc

e 
E

x 49
2
/E

m
61

0 
(A

.U
.)

70 80 90
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The dye, the molecular structure of which is undisclosed, is symbolized as a
three-ring aromatic molecule. In the presence of a globular protein (spherical
shape at the baseline of the curve), a basic fluorescence intensity is excited
by light of 492 nm (depicted schematically by green curved arrows). Through
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strong fluorescent light of 610 nm (depicted by orange curved arrows) is
emitted by the dye molecules bound to them. Following the peak in the
intensity, a gradual decrease is observed, which is mainly explained by protein
being removed from solution owing to precipitation and aggregation. The
lower and upper level in the fluorescence intensity, LL and UL, respectively,
defined by equation (1), are depicted in the figure.

NATURE PROTOCOLS | VOL.2 NO.9 | 2007 | 2213

PROTOCOL



	 150	

3.2.8.1 Binding studies with BACE-1 

Before the actual trisaccharides were used, a control study was set up with standards of 

heparin disaccharides, tetrasaccharides, hexasaccharides, octasaccharides and decasaccharides 

(dp2, dp4, dp6, dp8 and dp10) obtained by size exclusion purification of heparinase-1 degraded 

heparin. DSF studies indicated however, that there was only a marginal difference in binding 

affinity amongst the various standards. The binding was weak, even for a heparin-derived 

decasaccharide normally reported to have a half maximal effective concentration against BACE-

1 as 10 µg/ml59. Considering the reported versus our observed results, the lack of binding was 

unexpected, as it is known that the binding affinity of heparin oligosaccharides for BACE-1 

increases with increase in length of the oligosaccharide50. Moreover, dp2 did not seem to bind 

with BACE-1 at all, since the melting temperature shift was found to be less than the error bar 

(thus proving the data to be insignificant).  

To troubleshoot this result, we investigated different concentrations. A titrimetric assay 

was carried out with different concentrations of heparin, as a control. It was observed that 

changing the concentration of heparin had no significant effect in the binding of heparin with 

BACE-1. The binding of heparin with BACE-1 was not found to be significant either. Using 

BACE-1 obtained from commercial sources (R&D labs) did not improve the situation. 

Consequently, we decided to change the protein substrate to fibroblast growth factors. 
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3.2.8.2 Binding studies with fibroblast growth factors  

The interaction of fibroblast growth factors (FGFs) especially FGF-1 and FGF-2 with 

various heparin oligosaccharides has been reported previously60-62. Heparin is known to facilitate 

dimerization of FGF-1 on binding to the sugar, which then binds to two units of fibroblast 

growth factor receptor 2c (FGFR2c). Bound FGFR2c then initiates a signaling cascade leading to 

a strong mitogenic response63. Similarly, FGF-2 has been reported to interact with fibroblast 

growth factor receptor 1 (FGFR-1) inducing mitogenic activities64-65.  For both of these binding 

events, DSF studies have also been reported using differently-sized heparin oligosaccharides66.  

Accordingly, we initiated binding studies with both of FGF-1 and FGF-2. Control studies 

were done initially with heparin to verify that there was a concentration dependent change in 

stability of the protein-heparin complex with changes in heparin concentration. With FGF-1, the 

shift in melting temperature was significant, with a change of 12.9 °C and 22.75 °C when 2:1 

and 5:1 molar ratio of heparin was used (since heparin is heterogeneous, the average molecular 

weight provided by the supplier was used for calculating molar values) respectively (Figure 15).  

However, with these and additional concentrations of heparin, FGF-2 was stabilized to such an 

extent by heparin that the reading went beyond the measurable parameters of the assay. 

Therefore, FGF-1 was subsequently used in all the studies. 

 We then proceeded to perform binding studies with the three sulfated trisaccharides 

synthesized, at a 5:1 concentration of the trisaccharides to FGF-1. This is because heparin has 

been reported to interact with growth factors through sulfate groups and carboxylic groups with 

the basic amino acid residues of the protein67. However, no changes in melting temperature were 

observed indicating no significant binding of the synthesized trisaccharides with FGF-1 (Figure 
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16). The starting sulfated disaccharide 3 showed no binding with FGF-1 either. Increasing the 

concentrations of the sulfated oligosaccharides did not have any effect on the melting 

temperature shift. Despite the fact that there are three sulfate groups able to interact with the 

basic amino acid residues of the protein in the case of 3, 10, 11 and 12, the lack of significant 

binding is presumably because of the small size of the sulfated domain. The minimal length of 

heparin oligosaccharide binding to FGF-1 has been reported to be a hexasaccharide68. Thus the 

small disaccharide unit may not be interacting effectively with the active cleft of the growth 

factor protein.  

 However, there are reports of sulfated heparin mimetic disaccharides binding to FGF-1 

with Kd in the range of 48-77 µM as measured by surface plasmon resonance solution affinity 

assay69. The binding constant has been observed to decrease with increase in sulfate groups. 

Also, Hu et al. has reported binding of synthesized similar heparin disaccharides with FGF-1 

with Kd ranging from 9 to 21 µM. The binding constant has been reported to follow the same 

trend with increasing sulfates. The study was done using isothermal titration calorimetry70.  

 Nonetheless, since longer sulfated oligosaccharides could not be synthesized by this 

approach, we sought to measure the binding activities with the synthesized trisaccharides.  

 To further probe any effect the thio-linkage and thioglucose, has, in terms of binding with 

FGF-1, the synthesized non-sulfated trisaccharides and starting non-sulfated disaccharide 2 were 

also studied for their binding activity with FGF-1. No melting temperature shift was observed in 

this case too. This observation is presumably because in the absence of sulfate groups, there was 

not a significant electrostatic interaction between the sugar and the basic amino acid residues in 

the protein. 
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Figure 15: Heparin used in molar ratio of 2:1 and 5:1 w.r.t. FGF-1. Significant melting temperature shift 
is observed w.r.t. just FGF-1 (control)  

 

(A)       (B) 

Figure 16: (A) DSF studies done with sulfated disaccharide 3 and its trisaccharide derivatives. Heparin 
has been used as a reference (B) 1st order derivative of the same plots does not show significant difference 
in melting temperature on being treated with the compounds. 
 
 
 It was therefore realized that in order to observe significant binding activity, larger 

sulfated oligosaccharides were needed. Since we had experienced problems extending the 

coupling reaction to heparin derived tetrasaccharide (as explained before), because of the 

deactivating nature of the electronegative sulfate groups, it is necessary to complement this 

chemical approach with an enzymatic one. This is the topic of discussion in Chapter-4 in which 
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we have investigated the possibility of utilizing enzymes to extend on the oligosaccharide chain 

towards building larger heparin analogues. 

 

3.3 Summary 

 We have succeeded in using the thiol-ene radical reaction, discussed previously, to couple 

thiosugars with heparin- and heparan sulfate (HS)-derived oligosaccharides. This serves as a 

proof of concept towards building larger glycosaminoglycan oligosaccharides. Importantly, the 

reactions could be carried out in completely aqueous conditions, thus enabling coupling reactions 

to be carried out directly on heparin and HS natural products without the need for protective 

group manipulation. 

  Sulfated thiosugars would be an interesting reactant with which to carry out these 

coupling reactions, where it would be important to investigate potential deactivating effects the 

sulfates might have on the electrophilic nature of the thiosugar. Also, by virtue of being sulfated, 

the products would be better thiomimics of heparin/HS. We envision that this reaction can also 

be used for tagging of various types of probes to the non-reducing end of glycosaminoglycan 

derived oligosaccharides, leading to potentially interesting substrates for screening and 

diagnostic assays.   

 In addition, the non-sulfated HS analogues can also be potentially used for further 

modification by enzymes such as N-deacetylase/N-sulftotransferase71, C-5 epimerase72 and O-

sulfotransferases73 to synthesize different heparin/HS thio-mimics. Since, this strategy involved 

coupling two carbohydrate units, the approach might also find utility in coupling different 



	 155	

glycosaminoglycans together, leading to the novel hybrid glycosaminoglycans with hitherto 

undiscovered activities. 

 The synthesized compounds can be further tested for biological activities using other 

assays, such as displacement assays in which the synthesized oligosaccharides would be used to 

compete with radiolabelled heparin for binding with FGF-1. This should give more quantitative 

information about the interaction between the oligosaccharides and FGF-174. Alternately, 

isothermal titration calorimetry may also be used to yield quantitative information about the 

carbohydrate protein interaction61.  

 Our further efforts include extending these heparin and HS thio-mimics 

chemoenzymatically. This would enable us to get better binding results. A chemoenzymatic 

approach in this context would be useful because it should not be affected by the deactivating 

nature of the sulfate groups. Moreover, sulfate groups can potentially be added enzymatically to 

the neutral thiosugar, after coupling with the heparin derived unsaturated oligosaccharide. This 

would overcome the potential deactivating influence of the sulfates on the thio sugar towards the 

thiol-alkene radical reaction. The chemoenzymatic strategy for the extension of the thio mimics 

is discussed in Chapter-4.     

 

3.4 Experimental Section 

3.4.1 Synthesis of compounds 

NMR data: Proton nuclear magnetic resonance spectra (1H) were recorded on a Bruker DPX 400 

(400 MHz) and Bruker DQX 400 (400 MHz) spectrometer. Carbon nuclear magnetic resonance 

spectra (13C) were recorded on a Bruker DQX 400 (101 MHz) spectrometer. Spectra were fully 
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assigned based on chemical shifts using a combination of COSY, HSQC data and comparison 

with spectra of related compounds. All chemical shifts are referenced to the relevant residual 

solvent peak and are quoted in ppm with respect to the internal standard of tetramethylsilane 

(TMS). Resonances are described as s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), 

sxt (sextet), sept (septet), oct (octet), multiplet (m), app. (apparent) and br (broad). Coupling 

constants (J) are given in hertz (Hz).  

Mass spectra: Mass spectra were recorded on a Fisons Platform VG Spectrometer (ESI) using 

electrospray ionisation in a positive (ESI+) or negative (ESI-) scan mode. m/z are reported with 

their percentage abundance. 

Accurate mass Service 

Analyses were performed using a Thermo Exactive mass spectrometer equipped with Waters 

Acquity liquid chromatography system. Instrument control and data processing were performed 

using Thermo Xcalibur Software.  The system was calibrated on the day of the analysis and its 

mass accuracy with external calibration (as used for these experiments) is better than 5 ppm for 

24 hours following calibration.  The mass spec was operated using the heated electrospray 

(HESI-II) probe and resolution was set to 50,000.  Electrospray source conditions were adjusted 

to maximise sensitivity.  A mixture of 10% water, 89.9% methanol and 0.1% formic acid was 

used to transport samples to the mass spectrometer at a flow rate of 0.2 mL/min. 

LC samples parameters 

Analyses were performed using a Waters Xevo G2-S QToF mass spectrometer equipped with 

Waters Acquity liquid chromatography system.  Instrument control and data processing were 

performed using Waters Masslynx 4.1 Software.  The system was calibrated throughout 
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the analysis using Lockspray (TM) and mass accuracy is better than 5 ppm.  The mass spec was 

operated using electrospray, source conditions were adjusted to maximise sensitivity.   

Chromatography: Thin layer chromatography (TLC) was carried out on Merk Kieselgel 60F254 

0.2 mm precoated aluminium backed plates. Product spots were visualized with a combination of 

the following: 254 nm UV lamp, aqueous phosphomolybdic acid and Ce(IV) (2.5% 

phosphomolybdic acid hydrate, 1% cerium(IV) sulfate hydrate, and 6% H2SO4); ammonium 

molybdate (5% in 2M H2SO4). Retention factors (Rf) are reported with the solvent system used 

in parentheses. Flash column chromatography (FC) was carried out with Fluka Kiegselgel 60 

220-440 mesh silica gel, with the solvent system used, in parentheses. 

Proton and carbon NMRs of compounds were assigned using a combination of proton, carbon, 

COSY, HSQC and 1D-TOCSY studies.  

1. Synthesis of compound (2): 

 

Disaccharide 2 derived by Heparinase-3 degradation of heparan sulfate, was obtained from the 

Turnbull laboratory. Hence its preparation is not reported here. Characterization data is as 

mentioned below:  

1H NMR (400 MHz, D2O): δ ppm 2.01 (s, 3H, -NHAc), 3.73-3.8 (m, 3H, H-2’, H-3, H-4), 3.85 

(dd, J5,6a = 3.5 Hz, J6a,6b = 12.6 Hz, 1H, H-6b), 3.87 (d, J1,2 = 6.6 Hz, 1H, H-2), 3.89 (dd, J5,6a = 

2.2 Hz, J6a,6b = 12.6 Hz, 1H, H-6a), 3.93 (ddd, J5,6a = 3.5 Hz, J5,6b = 2.2 Hz, J5,4 = 10.1 Hz, 1H, 

H-5), 4.21 (dd, J = 3.5 Hz, J = 3.8 Hz, 1H, H-3’), 4.68 (d, J = 7.9 Hz, H-1β), 5.12 (d, J1’,2’ = 6 

Hz, 1H, H-1’), 5.18 (d, J = 1.9 Hz, H-1α), 5.79 (d, J4’,3’ = 3.5 Hz, 1H, H-4’); 13C NMR (101 
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MHz, D2O): δ ppm 22.1 (NHCOCH3), 53.9 (C-2), 56.5 (C-2β), 60.2 (C-6), 66.6 (C-3’), 69.0 (C-

3/C-4/C-2’), 70.3 (C-5), 72.1 (C-4/C-3/C-2’), 78.4 (C-2’/C-3/C-4), 90.5 (C-1α), 94.9 (C-1β), 

100.4 (C-1’), 107.6 (C-4’), 144.7 (C-5’), 169.1 (NHCOCH3), 174.7 (CO2H); ESI-HRMS: calcd. 

for C14H21NO11 (M-H+) 378.1042, found 378.1047.  

1H spectra 

Proton.001.1r.esp

8 7 6 5 4 3 2 1 0
Chemical Shift (ppm) 	

13C spectra 

13C.001.1r.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm) 	
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2. Synthesis of compound (3): 

 

Heparin sodium salt from porcine intestinal mucosa (from Sigma Aldrich) (50 mg) was treated 

with 5  mg of Heparinase-1, in 5 mL heparin digestion buffer (0.1 M sodium acetate and 0.1 mM 

calcium acetate, pH 7) at 37 °C. The extent of degradation was determined at regular time 

intervals by running a sugar gel. The progress of the reaction was monitored by running sugar 

gels at regular intervals as well as by monitoring the UV absorbance of the reaction mixture at 

232 nm. At the end of 72 hrs. the reaction was terminated by heating the mixture at 100 °C for 2 

minutes. Thereafter, the protein was removed via vivaspin (10 KDa) and the flow-through was 

lyophilized and purified on a Superdex 30 size exclusion column (16 mm X 200 cm) using 0.5 M 

ammonium bicarbonate as buffer, running at 0.5 ml/min. The fraction corresponding to the 

disaccharide was then lyophilized and purified by means of SAX chromatography on a Propac 

PA1 column, using 2M NaCl and 100% water as buffer, running at 1 ml/min. The peak 

corresponding to the disaccharide was collected and lyophilized. Thereafter, desalting was done 

on a HiPrep 26/10 (Sephadex G-25) desalting column running at 5ml/min flowrate. The peak 

corresponding to the disaccharide was collected and lyophilized to yield the final pure 

compound.1H NMR (400 MHz, D2O): δ ppm 3.27 (dd, J = 3.6 Hz, J = 10.3 Hz, 1H, H-2), 3.75 

(dd, J3,4 = 8.9 Hz, J3,2 = 10.3 Hz, 1H, H-3), 3.84 (dd, J4,5 = 9.8 Hz, J4,3 = 8.9 Hz, 1H, H-4), 4.15 

(ddd, J5,6a = 2.1 Hz, J5,6b = 3.5 Hz, J5,4 = 9.8 Hz, 1H, H-5), 4.21 (dd, J6a,5 = 2.1 Hz, J6a,6b = 11.2 

Hz, 1H, H-6a), 4.33 (dd, J3’,4’ = 4.4 Hz, J3’,2’ = 3.4 Hz, 1H, H-3’), 4.36 (dd, J6b,5 = 3.5 Hz, J6b,6a 

= 11.2 Hz, 1H, H-6b), 4.57 (dd, J2’,1’ = 2.9 Hz, J2’,3’ = 3.4 Hz, 1H, H-2’), 4.7 (d, J = 8.3 Hz, 

H-1β), 5.45 (d, J = 3.5 Hz, 1H, H-1α), 5.5 (d, J = 3.5 Hz, 1H, H-1’), 5.9 (d, J = 4.4 Hz, 1H, H-
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4’); 13C NMR (101 MHz, D2O): δ ppm 57.8 (C-2), 63.5 (C-3’), 66.7 (C-6), 67.9 (C-5), 68.8 (C-

3), 75.2 (C-2’), 78.5 (C-4), 91.1 (C-1α), 95.9 (C-1β), 97.0 (C-1’), 106.5 (C-4’), 144.7 (C-5’), 

169.1 (CO2H); ESI-HRMS: calcd. for C12H19NO19S3 (M-4H++3Na+) 641.9099, found 641.9111  

1H spectra 

proton.esp

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm) 	

13C spectra 

am65820302.004.001.1r.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm) 	
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3. Synthesis of compound (7): 

 

Compound 2 (5 mg, 0.02 mmol), was dissolved in 300 µL ammonium formate buffer (250 mM, 

pH-4). 2-Acetamido-2-deoxy-1-thio-β-D-glucopyranose (38 mg, 0.16 mmol) and Vazo-44 (6.5 

mg, 0.02 mmol) were then added to it and the reaction mixture was irradiated under UV for 8 

hrs. Completion of the reaction was verified using crude NMR. Thereafter, the reaction mixture 

was lyophilized several times to get rid of ammonium formate. Purification of the reaction 

mixture was done using a Mono Q column on an AKTA FPLC purifier system using 250 mM 

ammonium formate and water (flow rate = 1 mL/min). Individual fractions were checked by 

mass spec. to locate the product. Pure fractions were then lyophilized multiple times to remove 

ammonium formate salt and the product as a white powder was obtained in 78% yield. 1H NMR 

(500 MHz, D2O): δ ppm 2.01 (s, 3H, -NHAc), 2.03 (s, 3H, -NHAc), 3.36-3.43 (m, 2H, H-5’’/H-

3’’), 3.51 (dd, J4’’,3’’ = 9.05 Hz, J = 1.7 Hz, 1H, H-4’’), 3.55 (dd, J2’,3’ = 9.8 Hz, J2’,1’ = 7.4 Hz, 

1H, H-2’), 3.57-3.61 (m, 2H, H-3/H-4), 3.63-3.71 (m, 2H, H-6b’’/H-2’’), 3.68 (dd, J4’,3’ = 4.2 

Hz, J4’,5’ = 2 Hz, 1H, H-4’), 3.78 (d, J = 3.4 Hz, 1H, H-2), 3.8 (dd, J6b,6a = 8.3 Hz, J6b,5 = 3.4 Hz, 

1H, H-6b), 3.84 (dd, J6a,6b = 8.3 Hz, J6a,5 = 2.5 Hz, H-6a), 3.87 (dd, J6a’’,6b’’ = 11.3 Hz, J6a’’,5 = 

1.2 Hz, 1H, H-6a’’), 3.88-3.9 (m, 1H, H-5), 3.97 (dd, J3’,2’ = 9.8 Hz, J3’,4’ = 4.2 Hz, 1H, H-3’), 

4.25 (dd, J5’,4’ = 2 Hz, J = 3.4 Hz, 1H, H-5’), 4.42 (d, J1’,2’ = 7.9 Hz, 1H, H-1’), 4.69 (d, J1,2 = 8.2 

Hz, H-1β), 4.89 (d, J1’’,2’’ = 10.4 Hz, 1H, H-1’’), 5.18 (d, J = 3.3 Hz, 1H, H-1α); 13C NMR (126 

MHz, D2O): δ ppm 21.8 (NHCOCH3), 22.3 (NHCOCH3), 49.6 (C-4’), 53.7 (C-2), 55.3 (C-2’’), 

55.4 (C-4/C-3), 59.8 (C-6), 60.9 (C-6’’), 69.7 (C-3’’/C-5’’), 70.1 (C-5), 71.2 (C-4’’), 72.9 (C-3’), 
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74.6 (C-2’), 75.1 (C-5’), 79.7 (C-3/C-4), 79.8 (C-5’’/C-3’’), 84.0 (C-1’’), 90.1 (C-1α), 103.0 (C-

1’); IR (neat) νmax 760, 1058, 1379, 1574, 3084 cm-1; ESI-HRMS: calcd. for C22H36N2O16S (M-

H+) 615.1707, found 615.1713 

1H spectra 

proton.esp

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm) 	

13C spectra 

13C.esp

180 160 140 120 100 80 60 40 20
Chemical Shift (ppm) 	
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4. Synthesis of compound (8)  

 

Compound 2 (5 mg, 0.02 mmol) was dissolved in 300 µL ammonium formate buffer (250 mM, 

pH-4). 1-Thio-β-D-glucopyranose (32 mg, 0.16 mmol) and Vazo-44 (6.5 mg, 0.02 mmol) were 

then added to it and the reaction mixture was irradiated under UV for 8 hrs. Completion of the 

reaction was verified using crude NMR. Thereafter, the reaction mixture was lyophilized several 

times to get rid of ammonium formate. Purification of the reaction mixture was done using a 

Mono Q column on an AKTA FPLC purifier system using 250 mM ammonium formate and 

water (flow rate = 1 mL/min). Individual fractions were checked by mass spec. to locate the 

product. Pure fractions were then lyophilized multiple times to remove ammonium formate salt 

and obtain the product as a white foam in 73% yield. 1H NMR (500 MHz, D2O): δ ppm 2.01 (s, 

3H, -NHAc), 3.32-3.52 (m, 2H, H-5’’/H-3’’), 3.57 (dd, J = 9.5 Hz, J = 8.8 Hz, 1H, H-2’’), 3.65 

(dd, J = 10.8 Hz, J = 7.6 Hz, 1H, H-2’), 3.78 (dd, J = 16.3 Hz, J = 1.7 Hz, 1H, H-6b’’), 3.87 (dd, 

J = 8.9 Hz, J = 8.1 Hz, 1H, H-2), 3.93 (dd, J = 5.6 Hz, J = 3.2 Hz, 1H, H-3), 4.02 (dd, J = 12.8 

Hz, J = 5.4 Hz, 1H, H-4’’), 4.13 (dd, J = 2.5 Hz, J = 4.8 Hz, 1H, H-2), 4.15-4.23 (m, 2H, H-2’, 

H-6a), 4.31 (d, J = 2.8 Hz, 1H, H-6b), 4.33 (d, J = 11.3 Hz, J = 1.2 Hz, 1H, H-6a’’), 4.42 (dt, J = 

10.1 Hz, J = 3.2 Hz, 1H, H-4), 4.46 (ddd, J5,6a = 2.1 Hz, J5,6b = 3.5 Hz, J5,4 = 9.8 Hz, 1H, H-5), 

4.53 (dd, J = 3.7 Hz, J = 8.3 Hz, 1H, H-3’), 4.58 (d, J1’,2’ = 7.7 Hz, 1H, H-1’), 4.62 (d, J = 3.5 

Hz, 1H, H-4’), 4.67 (dd, J = 2.3 Hz, J = 5.6 Hz, 1H, H-5’), 4.69 (d, J1,2 = 8.2 Hz, H-1β), 4.89 (d, 

J1’’,2’’ = 10.4 Hz, 1H, H-1’’), 5.18 (d, J = 5.2 Hz, 1H, H-1α); 13C NMR (126 MHz, D2O): δ ppm 

22.1 (NHCOCH3), 54.5 (C-2), 56.4 (C-2β), 58.5 (C-2’’), 60.1 (C-6), 61.5 (C-6’’), 66.6 (C-3’), 

68.0 (C-3), 70.3 (C-4’’/C-5’’), 71.6 (C-5), 72.1 (C-4), 75.6 (C-3’’), 79.4 (C-2’), 79.8 (C-1’’), 

O
OH

HO
HO

HO
S

O
O O

OH

OH

HO
NHAcOH

HO

CO2H



	 164	

80.4 (C-5’’/C-4’’), 90.2 (C-1α), 95.9 (C-1β), 100.6 (C-1’), 67.6 (C-4’), 74.8 (C-5’), 169.1 

(NHCOCH3), 174.7 (CO2H); IR (neat) νmax 618, 633, 1072, 1596, 3044 cm-1; ESI-HRMS: calcd. 

for C20H33NO16S (M-H+) 574.1447, found 574.1457 

1H spectra 

Proton.esp

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm) 	

13C spectra 

13C.001.1r.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm) 	
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5. Synthesis of compound (9): 

 

Compound 2 (5 mg, 0.02 mmol) was dissolved in 300 µL ammonium formate buffer (250 mM, 

pH-4).1-Thio-α-D-glucopyranose (32 mg, 0.16 mmol) and Vazo-44 (6.5 mg, 0.02 mmol) was 

then added to it and the reaction mixture was irradiated under UV for 9 hrs. Thereafter, the 

reaction mixture was lyophilized several times to get rid of ammonium formate. Purification of 

the reaction mixture was done using a Mono Q column on an AKTA FPLC purifier system using 

250 mM ammonium formate and water (flow rate = 1 mL/min). Individual fractions were 

checked by mass spec. to locate the product. Pure fractions were combined and lyophilized 

multiple times to remove ammonium formate salt yielding desired product as a white foam in 

48% yield. 1H NMR (500 MHz, D2O): δ ppm 2.00 (s, 3H, -NHAc), 3.35 (dd, J = 9.3 Hz, J = 9.9 

Hz, 1H, H-4’’), 3.57 (dd, J = 9.3 Hz, J = 9.7 Hz, 1H, H-3’’), 3.58 (dd, J = 8.7 Hz, J = 7.5 Hz, 

1H, H-2’), 3.59-3.62 (m, 2H, H-3/H-4), 3.64 (dd, J = 4.1 Hz, J = 1.8 Hz, 1H, H-4’), 3.74 (dd, J = 

5.5 Hz, J = 12.2 Hz, 1H, H-6a’’), 3.76 (dd, J = 5.5 Hz, J = 9.7 Hz, 1H, H-2’’), 3.77 (d, J = 3.5 

Hz, 1H, H-2), 3.78 (dd, J = 12.2 Hz, J = 2.3 Hz, 1H, H-6b’’), 3.81 (dd, J6b,6a = 8.5 Hz, J6b,5 = 3.2 

Hz, 1H, H-6b), 3.85 (dd, J6a,6b = 8.4 Hz, J6a,5 = 2.7 Hz, 1H, H-6a), 3.89-3.91 (m, 1H, H-5), 3.94-

3.96 (m,1H, H-5’’), 3.98 (dd, J = 9.6 Hz, J = 4.5 Hz, 1H, H-3’), 4.27 (dd, J5’,4’ = 1.9 Hz, J = 3.2 

Hz, 1H, H-5’), 4.40 (d, J1’,2’ = 7.6 Hz, 1H, H-1’), 4.65 (d, J1,2 = 7.8 Hz, H-1β), 5.16 (d, J1’’,2’’ = 

3.4 Hz, 1H, H-1’’), 5.39 (d, J = 5.4 Hz, 1H, H-1α); 13C NMR (126 MHz, D2O): δ ppm 22.1 

(NHCOCH3), 55.5 (C-2), 56.4 (C-2β), 58.5 (C-2’’), 60.8 (C-6), 61.8 (C-6’’), 65.6 (C-3’), 68.7 
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(C-3), 70.9 (C-4’’/C-5’’), 74.6 (C-5), 79.1 (C-4), 81.6 (C-3’’), 83.4 (C-2’), 85.8 (C-1’’), 87.4 (C-

5’’/C-4’’), 90.1 (C-1α), 94.9 (C-1β), 100.1 (C-1’), 68.6 (C-4’), 75.6 (C-5’), 158.1 (NHCOCH3), 

164.7 (CO2H); IR (neat) νmax 615, 633, 649, 772, 1058, 1097, 1418, 1590, 3082 cm-1; ESI-

HRMS: calcd. for C20H33NO16S (M-H+) 574.1447, found 574.1452 

1H spectra 

1D.esp

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm) 	

13C spectra 

am69212402.002.001.1r.esp

180 160 140 120 100 80 60 40 20
Chemical Shift (ppm) 	
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6. Synthesis of compound (10) 

 

Compound 3 (3 mg, 0.005 mmol) was dissolved in 300 µL ammonium formate buffer (250 mM, 

pH-4). Subsequently, 2-Acetamido-2-deoxy-1-thio-β-D-glucopyranose (20 mg, 0.1 mmol) and 

Vazo-44 (3 mg, 0.01 mmol) were added to the solution mixture and it was irradiated under UV 

for 9 hrs. Completion of the reaction was verified using crude NMR where the unsaturation peak 

from compound 3 coming at around 5.9 ppm was monitored. Thereafter, the reaction mixture 

was lyophilized to remove ammonium formate.  

 

 

 

 

 

 

 

 

 

O
OH

HO
HO

AcHN
S

O
O O

OH

OSO3H

HO
NHSO3HOSO3H

HO

CO2H



	 168	

HRMS data: 
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7. Synthesis of compound (11) 

 

Compound 3 (3 mg, 0.005 mmol) was dissolved in 300 µL ammonium formate buffer (250 mM, 

pH-4). Subsequently, 1-thio-β-D-glucose (20 mg, 0.1 mmol) and Vazo-44 (3 mg, 0.01 mmol) 

were added to the solution mixture and it was irradiated under UV for 9 hrs. Completion of the 

reaction was verified using crude NMR. Thereafter, the reaction mixture was lyophilized to 

remove ammonium formate.  
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HRMS data 
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8. Synthesis of compound 12 

 

4-Deoxy-α-L-threo-hex-4-enopyranosyl-2-sulfato-(1→4)-6-sulfato-glucose-N-sulfate (5 mg, 

0.009 mmol) was dissolved in 300 µL ammonium formate buffer (250 mM, pH-4). 

Subsequently, 1-thio-α-D-glucose (35 mg, 0.18 mmol) and Vazo-44 (6 mg, 0.018 mmol) were 

added to the solution mixture and it was irradiated under UV. After 9 hrs, additional 1-thio-α-D-

glucose (35 mg, 0.18 mmol) was added into the reaction mixture and the reaction mixture was 

irradiated for further 4 hrs. The crude reaction mixture was checked with 1H NMR and the crude 

NMR spectrum showed that the conversion yield was 17%. The reaction mixture was lyophilized 

thereafter. 
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HRMS data: 
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9. Synthesis of compound (13) 

 

Heparin sodium salt from porcine intestinal mucosa (from Sigma Aldrich) (50 mg) was treated 

with 5 mg of Heparinase-1, in 5 mL heparin digestion buffer (0.1 M sodium acetate and 0.1 mM 

calcium acetate, pH 7) at 37 °C. The extent of degradation was determined at regular time 

intervals by running a sugar gel. The progress of the reaction was monitored by running sugar 

gels at regular intervals as well as by monitoring the UV absorbance of the reaction mixture at 

232 nm. At the end of 72 hrs. the reaction was terminated by heating the mixture at 100 °C for 2 

minutes. Thereafter, the protein was removed via vivaspin (10 KDa) and the flow-through was 

lyophilized and purified on a Superdex 30 size exclusion column (16 mm X 200 cm) using 0.5 M 

ammonium bicarbonate as buffer, running at 0.5 ml/min. The fraction corresponding to the 

tetrasaccharide was then lyophilized and purified by means of SAX chromatography on a Propac 

PA1 column, using 2M NaCl and 100% water as buffer, running at 1 ml/min. The peak 

corresponding to the disaccharide was collected and lyophilized. Thereafter, desalting was done 

on a HiPrep 26/10 (Sephadex G-25) desalting column running at 5ml/min flowrate. The peak 

corresponding to the disaccharide was collected and lyophilized to yield the final pure 

compound.  1H NMR (700 MHz, D2O): δ ppm 3.19 (dd, J2’’,1’’ = 3.5 Hz, J2’’,3’’ = 10.3 Hz, 1H, H-

2’’), 3.23 (dd, J2,1 = 3.7 Hz, J2,3 = 10.6 Hz, 1H, H-2), 3.57 (dd, J3,2 = 10.3 Hz, J3,4 = 9 Hz, 1H, H-

3), 3.62 (dd, J3’’,2’’ = 10.1 Hz, J3’’,4’’ = 9.2 Hz, 1H, H-3’’), 3.67 (dd, J4’’,3’’ = 8.8 Hz, J4’’,5’’ = 9.7 

Hz, 1H, H-4’’), 3.77 (dd, J4,5 = 9.7 Hz, J4,3 = 9.2 Hz, 1H, H-4), 3.95-3.97 (m, 1H, H-5), 4.04 

(dd, J4’,3’ = 3.7 Hz, J4’,5’ = 3.1 Hz, 1H, H-4’), 4.05-4.07 (m, 1H, H-5’’), 4.14 (dd, J3’,2’ = 6.2 Hz, 
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J3’,4’ = 3.7 Hz, 1H, H-3’), 4.17 (dd, J6a,6b = 11.2 Hz, J6a,5 = 1.5 Hz, 1H, H-6a), 4.23 (dd, J6b’’,5’’ 

= 1.9 Hz, 1H, H-6b’’), 4.24 (dd, J3’’’,2’’’ = 3.3 Hz, J3’’’,4’’’ = 4.8 Hz, 1H, H-3’’’), 4.24 (dd, J2’,1’ = 

2.8 Hz, J2’,3’ = 6.2 Hz, 1H, H-2’), 4.27 (dd, J6a,6b = 11.2 Hz, 1H, H-6b), 4.28 (dd, 1H, H-6a’’), 

4.55 (dd, J2’’’,3’’’ = 3.3 Hz, J2’’’,1’’’ = 2.4 Hz, 1H, H-2’’’), 4.72 (d, J5’,4’ = 3.1 Hz, 1H, H-5’), 5.14 

(d, J1’,2’ = 2.8 Hz, 1H, H-1’), 5.36 (d, J1,2 = 3.74 Hz, 1H, H-1), 5.37 (d, J1’’,2’’ = 3.52 Hz, 1H, H-

1’’), 5.44 Hz, (d, J1’’’,2’’’ = 2.4 Hz, 1H, H-1’’’), 5.93 (d, J4’’’,3’’’ = 4.8 Hz, 1H, H-4’’’); 13C NMR 

(176 Hz, D2O): δ ppm 57.3 (C-2), 57.5 (C-2’’), 62.4 (C-3’’’), 65.7 (C-6), 66.6 (C-6’’), 67.8 (C-

5’’), 68.5 (C-5), 68.8 (C-3’), 69.2 (C-3), 69.3 (C-3’’), 69.5 (C-5’), 74.1 (C-2’’’), 75.8 (C-2’),76 

(C-4’), 76.5 (C-4’’),77.7 (C-4), 90.7 (C-1’’), 96.8 (C-1), 97.1 (C-1’’’), 99.1 (C-1’), 106.2 (C-

4’’’); ESI- HRMS: calcd. For C24H36O38N2S6 [M-2H]2- 575.9641, found 575.9648. 

1H spectra 

am75122504.001.001.1r.esp

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
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13C spectra 

am75122504.005.001.1r.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm) 	

10. Synthesis of compound (1) 

 

Glucosamine hydrochloride (1 g, 4.63 mmol) was dissolved in 30 mL water. Sulfur trioxide 

pyridine complex (0.88 g, 5.56 mmol) was added in three equal portions of 35 mins. intervals at 

room temperature. During this whole process, the pH was maintained at 9.5 using sat. NaHCO3. 

Thereafter, it was left to be stirred for 5 hrs. At the end of the reaction, it was concentrated in 

vacuo and the product was purified using flash chromatography using a solvent system of 

EtOAc:MeOH:H2O = 5:2:1. (Yield = 88%) TLC: Rf 0.17 (EtOAc:MeOH:H2O = 5:2:1) 1H NMR 

(400 MHz, D2O): δ 5.34 (d, J=3.54 Hz, 0.7H), 4.60 (d, J= 8.34 Hz, 0.26 H), 3.81-3.61 (m, 3H) , 

3.5-3.47 (m, 1H), 3.40-3.34 (m, 1H), 3.12 (dd, J=3.54 Hz, J=6.82 Hz, 0.8 H), 2.90 (dd, J= 8.34 

Hz, J=1.52 Hz, 0.2 H),  13C NMR (D2O) : δ 91.62 (C-1α), 71.68, 71.47, 70.43, 61, 58.35, IR: 

1177.06 cm-1, 1350 cm-1  
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3.4.2 General Chemical methods 

 

Protocol for purification of charged sugars on Phenomenex SAX cartridge 

1. Column wash with 2 CV methanol (Conditioning) 

2. Column wash with 3 CV water (Equilibrating) 

3. Column wash with 300 mM ammonium formate (3 CV) 

4. Column wash with 1 M NaCl (2 CV) 

5. Column wash with 3 CV water. 

6. Crude product loading (10 mgs. in 1 mL water) 

7. Washing with 4 CV water (to wash out neutral thio sugar) 

8. Washing with 250 mM ammonium formate (3 CV) to wash out charged product.   

(CV= column volume) 

 

HPLC time program for purification of compound 3 and compound 13 

0-1 min @ 100% A 

1-101 min @ 0% - 75% B (with the gradient increasing from 0 to 75% over 100 mins) 

101-111 min @75% - 100%B (with gradient increasing from 75% B to 100% B over 10 mins) 

111-121 min @100% B-0% B (with gradient decreasing from 100% B to 0% B over 10 mins) 
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Protocol for sugar gel preparation 

 

Acrylamide for resolving gel (33%):  

297 ml of water is added to 40 % 19:1 acrylamide powder (bought from Sigma) to make 60 %/ 

19:1 ratio ie T60 % (total) C5 % (crosslinker).  

Acrylamide for loading gel (9%): 

 29.7 ml of water is added to 40 % 49:1 acrylamide powder to make 60 %/ 49:1 ratio i.e. T60 % 

(total) C2 % (crosslinker).  

GlycoMap buffer:  

• 200 ml 895 mM Tris Acetate pH 7.0  

 pH is adjusted to 7.0 using 50% acetic acid  

Made up to 1 litre with water to give 895 mM tris base. 

It can be stored at 4 °C until use. 

1. Resolving gel: For 1 gel 6 ml solution needed: 3.15 ml GlycoMap Buffer, 3.85 ml    

Acrylamide 60 % 19:1, 20 µl 10 % APS and 5 µl Temed are mixed.  

 2. Overlay buffer is composed of 3.15 ml GlycoMap buffer and 3.85 ml water. 

3.  Loading Gel: For 1 gel: 0.9 ml GlycoMap buffer, 0.3 ml acrylamide, 0.8 ml water, 10 µl 

10 % APS, 5 µl TEMED are needed.  

4. Running buffer is made with 36.3g Tris, 40g MES and in 1 litre of water. This 

corresponds to 10X concentration.  
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5. Loading buffer is 1:1 running buffer: glycerol if dry sample or 80 % glycerol/ 20 % 

running buffer if diluting into sample. 1 µl phenol red is dissolved in 50 % glycerol/ 

water to each sample. Loading buffer (x2 strength) is composed of 895 mM tris pH 7.0, 

550 µl + 80% glycerol 250 µl + 200 µl H2O. 

6. 200 V run takes about 4 hours, it can then be run overnight at 100 V so that phenol red    

has run approx 2/3 down the gel. 

7. Destaining at the end of the run is done with 0.08 % azure A (dissolved in water) for 10 

minutes minimum and then destained using water. 

 

3.4.3 Biological Experimental 

	

Heparinase-1 gene sequence (UniProt ID: B3U3D9) 

CAGCAAAAAAAATCCGGTAACATCCCTTACCGGGTAAATGTGCAGGCCGACAGTGC
TACAGAGCGAGATTATTGACAACAAATGGGTGGCAGTAGGCATCAATAAACCTTAT
GCATTACAATATGACGATAAACTGCG CTTTAATGGA AAACCATCCT ATCGCTTTGA 
GCTTAAAGCCGAAGACAATTCGCTTGAAGGTTATGCTGCAGGAGAAACAAAGGGCC
GTATAGAATTGTCGTACAGCTATGCAACCACCAATGATTTTAAGAAATTTCCCCCAA
GCGTATACCAAAATGCGCAAAAGCTAAAAACCGTTTATCATTACGGCAAAGGGATT
TGTGAACAGGGGAGCTCCCGCAGCTATACCTTTTCAGTGTACATACCCTCCTCCTTC
CCCGACAATGCGACTACTATTTTTGCCCAATGGCATGGTGCACCCAGCAGAACGCTT
GTAGCTACACCAGAGGGAGAAATTAAAACACTGAGCATAGAAGAGTTTTTGGCCTT
ATACGACCGCATGATCTTCAAAAAAAATATCGCCCATGATAAAGTTGAAAAAAAAG
ATAAGGACGGAAAAATTACTTATGTAGCCGGAAAGCCAAATGGCTGGAAGGTAGAA
CAAGGTGGTTATCCACCGCTGGCCTTTGGTTTTTCTAAAGGGTATTTTTACATCAAGG
CAAACTCCGACCGGCAGTGGCTTACCGACAAAGCCGACCGTAACAATGCCAATCCC
GAGAATAGTGAAGTAATGAAGCCCTATTCCTCGGAATACAAAACTTCTACCATTGCC
TATAAAATGCCCTTTGCCCAGTTCCCTAAAGATTGCTGGATTACTTTTGATGTCGCCA
TAGACTGGACGAAATATGGAAAAGAGGCCAATACAATTTTGAAACCCGGTAAGCTG
GATGTGATGATGACTTATACCAAGAATAAGAAACCACAAAAAGCGCATATCGTAAA
CCAGCAGGAAATCCTGATCGGACGTAACGATGACGATGGCTATTACTTCAAATTTGG
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AATTTACAGGGTCGGTAACAGCACGGTCCCGGTTACTTATAACCTGAGCGGGTACAG
CGAAACTGCCAGA           

 

SUMO protein gene sequence: 

AGCATGTCGGACTCAGAAGTCAATCAAGAAGCTAAGCCAGAGGTCAAGCCAGAAGT
CAAGCCTGAGACTCACATCAATTTAAAGGTGTCCGATGGATCTTCAGAGATCTTCTT
CAAGATCAAAAAGACCACTCCTTTAAGAAGGCTGATGGAAGCGTTCGCTAAAAGAC
AGGGTAAGGAAATGGACTCCTTAAGATTCTTGTACGACGGTATTAGAATTCAAGCTG
ATCAGACCCCTGAAGATTTGGACATGGAGGATAACGATATTATTGAGGCTCACAGA
GAACAGATTGGTGGTATC 

 

Hep-1 gene sequence with linker region (as procured from Genscript) 

CATATGGGTGGTGGCGGCAGTGGCGGCGGTGGTTCAGGCGGTGGCGGTTCAGACGA
CGATGACAAACAACAGAAAAAATCAGGCAACATTCCGTATCGTGTGAACGTTCAGG
CAGACAGTGCTAAACAAAAAGCTATCATCGATAACAAATGGGTCGCGGTGGGCATT
AATAAACCGTATGCCCTGCAGTACGATGACAAACTGCGTTTTAACGGTAAACCGAG
CTATCGCTTCGAACTGAAAGCGGAAGACAATTCTCTGGAAGGCTACGCGGCCGGTG
AAACCAAAGGCCGTACGGAACTGAGCTATTCTTACGCAACCACGAACGATTTTAAA
AAATTCCCGCCGAGCGTGTATCAGAATGCCCAAAAACTGAAAACGGTTTATCATTAC
GGCAAAGGTATTTGCGAACAGGGCAGCTCTCGCAGTTATACCTTTTCCGTTTACATT
CCGAGTTCCTTCCCGGATAACGCGACCACGATCTTTGCCCAATGGCATGGTGCACCG
TCTCGTACCCTGGTCGCGACGCCGGAAGGTGAAATTAAAACCCTGAGCATCGAAGA
ATTCCTGGCGCTGTACGACCGCATGATCTTCAAGAAAAACATCGCCCATGATAAAGT
GGAAAAGAAAGATAAAGATGGTAAAATCACGTATGTTGCCGGTAAACCGAATGGCT
GGAAAGTCGAACAGGGCGGTTACCCGACCCTGGCATTTGGTTTCTCAAAAGGCTATT
TCTACATCAAAGCTAATTCGGATCGTCAATGGCTGACCGACAAAGCTGATCGCAACA
ATGCGAACCCGGAAAATAGTGAAGTGATGAAACCGTATTCATCGGAATACAAAACC
AGCACGATTGCCTATAAAATGCCGTTTGCACAGTTCCCGAAAGATTGTTGGATTACC
TTTGACGTTGCAATCGATTGGACGAAATATGGCAAAGAAGCTAACACCATCCTGAA
ACCGGGTAAACTGGATGTCATGATGACCTACACGAAAAATAAAAAACCGCAGAAAG
CGCACATTGTGAACCAGCAAGAAATTCTGATCGGTCGTAACGATGACGATGGCTACT
ACTTCAAATTCGGTATCTATCGCGTGGGTAACAGCACGGTTCCGGTCACCTACAATC
TGAGCGGCTACTCCGAAACGGCACGCTAACTCGAG 
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Primers for Hep-1-SUMO fusion protein gene synthesis 

 

SUMO_F: AGTCGTCATATGGGCAGCAGCCATCATCATCATCATCA	 

 

SUMO_R: CCGCCACTGCCGCCACCACCACCACCAATCTGTTCTCTGTGAGCCTC  

 

HepI_F: GGTGGTGGCGGCAGTGGCGG  

 

HepI_R: AGGCGACTCGAGTTAGCGTGCCGTTTCGGAGTAG	

 

Fusion gene synthesis 

Hep-1 gene sequence procured from Genscript  and SUMO are subjected to PCR amplification. 

Pfu ULTRA II Hotstart PCR mastermix used.    

PCR cycle used: 

Denaturation  = 95 °C for 2 mins. 20 secs 

Hybridization = 55 °C for 20 secs. 

Elongation = 72 °C for 3 mins. 45 secs. 

It was repeated for 25 cycles. 

Thereafter, a 0.8% agarose DNA gel was run for 35 mins. at 110 V with the PCR products. The 

purified products were then extracted using the QIAquick Gel Extraction kit. For overlap 

extension PCR, 3.5 µl Hep-1 at a concentration of 0.03 pmol/µl  was added with 1.25 µl of 

SUMO at a concentration of 0.08 pmol/µl., alongwith Pfu Mastermix of 25 µl and 20.25 µl 

water. The total 50 µl reaction mixture was subjected to PCR with the following conditions: 
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Denaturation = 94 °C for 5 mins. 30 sec. 

Hybridization = 60 °C for 30 secs. 

Elongation = 72 °C for 3 mins. 45 secs. 

The cycle was repeated 30 times. 

Thereafter, it was run with SUMO_F (1 µl at 10 µM concentration) and Hep-1_R (1 µl at 10 µM 

concentration) primers for 20 more cycles.  

The ligated mass was purified by running a DNA gel and extraction with QIAquick Gel 

Extraction kit.  

The restriction enzyme digest was subsequently performed as follows: 

To 20 µl pET 22b plasmid at 116 ng/ µl concentration, 2 µl each of Nde1 and Xho1 were added, 

alongwith 2.7 µl CutSmart buffer. They were then incubated at 37  °C for 3 h. 

To a 50 µl fused gene at 15.3 ng/ µl, 2 µl each of Nde-1 and Xho-1 were added, alongwith 6 µl 

CutSmart buffer. They were then incubated at 37 °C for 3 h. 

Purification of the enzymatic mixture was done by running a DNA gel. Quick ligation of the 

fused gene was performed in the now empty pET-22 vector. 

5.32 µl of pET-22 vector at 9.4 ng/µl was added to 3.5 µl of fused gene at 15.3 ng/µl 

concentration, alongwith 1.18 µl water, 10 µl of 2X ligation buffer and 1 µl of Quick T4 DNA 

ligase. They were thoroughly mixed by flicking and incubated at room temperature for 5 mins. 

They were then chilled on ice and this gene mixture was then transformed into XL10-Gold Cells. 
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General protocol for transformation of plasmid into XL-10 Gold cells    

1. 10 µl of cells are taken out from -80°C freezer and thawed on ice. 

2. 2 µl of β-mercaptoethanol is added to the cells in a tube. 

3. The tube is flicked to mix the contents and then incubated on ice for 10 mins. 

4. 4 µl of ligation mixture is added to the culture. 

5. The tube is flicked again and incubated on ice for further 30 mins. 

6. The tube is then heat pulsed in 42 °C water bath for 30 secs. And immediately put in ice and 

incubated for 10 mins. 

7. 300 µl of SOC media is added to the tube and thereafter it is placed in 37 °C incubator for 1 h 

(at 225-250 r.p.m.) 

8. Ampicillin-LB-Agar plates is used for plating the culture. 

9. Three small scale cultures are started with three colonies of cells from the plates, the next day, 

with 10 ml LB media each, alongwith 10 µl of (1000X stock) Ampicillin.   

10. The DNA is extracted by miniprep kit the next day and is sent for sequencing. 

Thereafter, they are transformed into BL21(DE3) cells for corresponding protein expression.  

 

General protocol for transformation of plasmid into BL21(DE3) cells 

1. 10 µl  of cells are taken out from the freezer and thawed on ice. 
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2. 4 µl of plasmid DNA then added to the cell culture. Tube is flicked a few times to mix the 

contents.  

3. Mixture is kept on ice for 30 mins. 

4. Heat shock provided for 30 secs at 42 °C 

5. Tube is incubated on ice for 10 mins. 

6. 200 µl SOC media is added to it.  

7. Thereafter it is placed in a 37 °C incubator for 1 h (at 225-250 r.p.m.) 

8. The cell cultures are then plated on LB-Agar-Amp plates.  

9. Next day, four small case cultures are started from individual colonies. 

 

Small scale expression 

1. Four small scale cultures of 10 ml LB each are started. 

2. 10 µl of Amp (from 1000X stock) added to the tubes. 

3. They are left at 37 °C for 3 h until O.D. reaches 0.6 

4. Thereafter, IPTG (1mM) is added. 

5. Incubated at 37  °C for another 3 h. 

6. They are then centrifuged at 3750 rpm for 10 mins. 

7. Supernatant is drained while cell pellet is suspended in 0.5 ml BugBuster mix.  
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8. They are then shaken at r.t. for 15 mins. 

9. Centrifugation then done at 20K for 10 mins to separate out the supernatant and pellet. 

10. They are then run on SDS gel. 

 

General Protocol for Large scale expression   

1. Two 250 ml flasks with 25 grams each of LB and 1 litre water were autoclaved. 

2. After the small scale culture was complete, 10 ml of the culture was added to 1 litre of the 

large scale culture. 1 ml of (1000X stock) Amp. is also added. 

3. They were shaken at 180 rpm for 3 h until O.D. reaches 0.6. 

4. 1 mM IPTG (from 1M stock Amp) was added to each of the 2 litre cultures. 

5. They were further shaken at 37  °C for further 3 h. 

6. Thereafter, the media was centrifuged for 10 mins at 8K and the supernatant poured out. 

7. A minimum amount of lysis buffer (25 mM Tris, pH – 7.2, 500 mM NaCl, 30 mM imidazole) 

was then added to the cell pellet, along with 25 mg of lysozyme, 5 mg of DNAse and 1 protease 

inhibitor tablet. The cell pellet was resuspended in this reaction mixture for 3 h. 

8. Cells were then lysed by sonication. A sonication pulse cycle of 0.5 sec off and 0.5 sec on 

time was run for 5 mins. 

9. The lysed cell mixture was then centrifuged at 20K for 30 mins. to separate out the 

supernatant from the inclusion bodies.  
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10. The supernatant was loaded onto a Histrap column for purification using binding buffer (25 

mM Tris, pH – 7.2, 500 mM NaCl, 30 mM imidazole) and elution buffer (25 mM Tris, pH – 7.2, 

500 mM NaCl, 250 mM imidazole) running at 5 ml/min. 

11. The fractions were then dialysed against the storage buffer (25 mM Tris, pH – 7.2, 150 mM 

NaCl) and stored with 10% glycerol. 

 

HisTrap purification chromatogram of Hep-1. 

 

It was further purified by size exclusion chromatography on a S200 column. 
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Size Exclusion purification chromatogram of Hep-1 

 

2nd peak was found to be of the product while the first peak remained unidentified.  

 

DSF studies with BACE-1, FGF-1 and FGF-2 

A BioRad RT-PCR machine was used for the DSF studies, in 96 well plates. Experiments were 

done in triplicates. Typically, 10 µl reaction volumes were setup. Heparin disaccharide, heparin 

and synthesized compounds were added in 5:1 molar ratio w.r.t the protein (with the protein 

concentration as 10 µM). 1 µl of Sypro Orange was added from a 100X stock concentration to 

make the final concentration of the dye as 10X. (This was found to be optimal for giving the best 

reading). The rest of the solution was made up with PBS buffer upto 10 µl. The plate was sealed 

with transparent foil and the thermocycler was set up for an experiment with the following 
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parameters (0.3 °C/min rise in temperature with a 3 sec hold time, excitation at 483 nm and 

emission at 568 nm, scanning from 31 °C to 81 °C). The data was subjected to a Excel-based 

processing using Frank Niesens (SGC Oxford) analysis tool58. 

 

A typical data shown from a run with 10:1 concentration of sugar:protein taken (1) FGF-1 

control (2) heparin:FGF-1 (10:1), (3) compound 2: FGF-1 (10:1) (4) compound 3: FGF-1 (10:1) 

(5), compound 10: FGF-1 (5:1) (6) compound 11: FGF-1 (10:1), (7) compound 12: FGF-1 

(10:1), (8) compound 13: FGF-1 (10:1) (9) heparin dp16:FGF-1 (10:1) 

The results show that even heparin tetrasaccharide (compound 13) does not significant binding 

with FGF-1 as measured by DSF. However, heparin derived dp16 has got a quite significant 

binding. 
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Chapter – 4 Glycosyltransferase utilization for heparin 

thiomimic synthesis  

 

4.1 Introduction 

 Glycosyltransferase enzymes are involved in biosynthesis of 

glycosaminoglycans in natural systems. Normally, an N-acetylglucosaminyltransferase and a 

glucuronyltransferase enzyme are responsible for alternately transferring an N-acetylglucosamine 

unit and glucuronic acid unit, respectively, to build up the backbone chain1-3, known as 

heparosan4. Thereafter, the heparin carbohydrate backbone can be modified by various enzymes 

such as O-sulfotransferases5, which facilitate transfer of sulfate groups to various hydroxyl 

positions in the sugar. Another important enzyme, N-deacetylase N-sulfotransferase6-7 (NDST), 

facilitates the deacetylation of the acetamido group in N-acetyl glucosamine and installs a sulfate 

group in its position. Finally, C-5 epimerase8 acts to reverse the stereochemistry at C-5 to 

convert glucuronic acid to iduronic acid. 

 Thio-analogues of sugars rather than the common oxo-sugars have been used 

successfully as substrates for glycosyltransferase reactions. Tsuruta et al. have reported the usage 

of GDP-5-thiomannose and GDP-5-thiofucose as substrates for mannosyltransferase and 

fucosyltransferase respectively9. Nishio et al. have reported using 1-thio-α-D-rhamnopyranoside 

as a glycosyl acceptor for jack bean α-mannosidase catalyzed glycosylation10. The usage of a β-

galactosyltransferase on a thio acceptor has been demonstrated by Renaudie et al. in the 

synthesis of lacto-N-neotetraose11.  
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 All these examples prompted us to explore if a similar enzymatic approach could 

be followed to perform an enzymatic extension of the thio-mimics of heparin discussed 

previously. Since the deactivating influence of the sulfate groups does not allow heparin-derived 

oligosaccharides larger than disaccharides to be used for the thio-coupling reaction, we 

hypothesized that a combination of N-acetylglucosaminyltransferase and glucuronyltransferase 

can be used to extend the sugar chain to the desired lengths. 

 As shown in Scheme 1, glucuronyltransferase should be able to use a typical 

thio-heparin mimic building block with a thio-N-acetylglucosamine (thio-GlcNAc) at the non-

reducing end, as an acceptor, to transfer a glucuronic acid on to thio-GlcNAc. This can then be 

further extended using an N-acetylglucosaminyltransferase to attach a N-acetylglucosamine at 

the non-reducing end. 

 

Scheme 1: Scheme for usage of glycosyltransferases on thio-mimics of heparin for chain extension 
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 The two enzymes can thereafter be used in tandem to extend on the sugar 

backbone with the thio linkage already incorporated. An additional advantage of using this 

approach is the hydrolysis-resistant thio linkage. This allows stable analogs of the heparin GAG 

backbone to be extended to have biological activities comparable to naturally available heparin.  

 A potentially useful application of the enzymatic extension approach on thiosugars is for 

building up of synthetic proteoglycans. It is known that in nature, proteoglycans consist of 

heterogeneous glycosaminoglycan chains attached to the core protein through a tetrasaccharide 

linker consisting of xylose-galactose-galactose-glucuronic acid12-14. Exhaustive lyase treatment 

on such a proteoglycan should be able to chop off the heterogeneous chain of GAG, leaving the 

tetrasaccharide linker behind with an unsaturation on the non-reducing end glucuronic acid. A 

thio-N-acetylglucosamine monosaccharide can then be attached to the unsaturation using 

aqueous phase radical chemistry already developed. Subsequently, the chain can be further 

extended using pmHS2 and KfiA as shown in Scheme 2. 
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Scheme 2: Plausible application of combined thiyl-alkene radical reaction and enzymatic extension for 
synthesis of defined proteoglycans  
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utilization of KfiA as an N-acetylglucosaminyltransferase and pmHS2 as a 

glucuronyltransferase.   

 As discussed in the introduction, the activity of pmHS2 therefore needs to be evaluated 

with respect to a thiosugar-containing oligosaccharide. Since pmHS2 has been reported to have 

broad substrate specificity, wherein it can use various unnatural UDP-sugars15, it was 

hypothesized that it might show a similar tolerance towards unnatural acceptors too. In order to 

evaluate the ability of a glucuronyltransferase to use an oligosaccharide containing thio-GlcNAc 

at the non-reducing end, as an acceptor, several criteria needs to be kept in mind: 

a) The substrate should be easily available. 

b) In terms of chain length it should be a disaccharide, at the minimum. This is because it has 

been reported that pmHS2 is inefficient in using a glucosamine monosaccharide as an acceptor16.   

c) The linkage stereochemistry between the thiosugar and the next sugar should be the same as is 

obtained in the thiol-ene radical coupling reaction for preparation of heparin and heparan sulfate 

mimics. This requirement is specifically because we wanted to utilize the unnatural heparin and 

heparan sulfate mimics developed by thiol-ene reaction as acceptors for enzymatic extension. 

 Keeping all these considerations in mind, the substrate chosen is depicted as 1 in Scheme 

3. Incidentally, it is one of the deprotected model substrates prepared before. Since it can be 

produced easily, is a disaccharide and also has the same linkage stereochemistry (for the 

thiosugar) as found in the synthesized heparin thio-mimics, it seemed like a good substrate for 

testing and optimizing the activity of pmHS2.  
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 The specific difference regarding the linkage stereochemistry was the axial-

linkage of the model, which differs from natural substrates. In order to investigate the substrate 

tolerance of pmHS2 towards unnatural stereochemical linkages, substrate 1 is ideal as it is 

composed of β-N-acetylglucosamine linked to the glucuronide in axial conformation. In contrast, 

naturally available heparosan contains α-N-acetylglucosamine linked to glucuronic acid in an 

equatorial conformation. Also, since α-sugars were found to have less reactivity towards thiol-

ene radical reaction, which led to lowered yield of the desired thio-heparin mimic and model 

disaccharide, the β-sugar disaccharide model was chosen for synthetic convenience. Therefore, it 

was imperative to test and subsequently optimize pmHS2 reactivity against β-GlcNAc-

containing acceptors.  

 

Scheme 3: Proposed reaction for utilization of the model substrate 1 as acceptor for 
glucuronyltransferase, pmHS2. 
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Scheme 4, would help us in re-establishing the minimum substrate specificity for KfiA as well as 

enable us to extend the heparin mimic chain as depicted in Scheme 1.  

 

Scheme 4: Proposed reaction for utilization of glucuronic acid as acceptor for KfiA. 

 

 We sought to profile the unnatural substrate acceptability and corresponding activity of 

these glycosyltransferases. Accordingly, the two enzymes needed to be expressed in appropriate 

vectors in abundant quantities for carrying out the biocatalytic reactions.  

 

4.2.1 Expression of KfiA 

 The expression of KfiA has been reported by Chen et al.17 The gene from the host 

organism E. coli K5 has been cloned into pET 21b vector using BamH1 and Xho1 as the 

restriction enzymes. Consequently, the protein was expressed as a C-terminal six-histidine 

tagged protein. The yield has been reported to be moderate with 10 mg being recovered from 1 

litre of culture. Consequently, we decided to synthesize the gene in a similar way. The 

synthesized plasmid (KfiA in pET 21b vector) was procured from GenScript. Thereafter, the 

plasmid was transformed into XL10-Gold cells for cloning. The cloned gene was expressed in 

BL21(DE3), and grown in LB medium supplemented with 100 µg/ml ampicillin, at 37 °C. 

Induction was carried out at an  A600 of 0.6, when isopropyl β-D-thiogalactopyranoside (IPTG) 

O
HO2C

HO
HO

OH OH
KfiA

UDP-GlcNAc O
CO2H

O
HO

OH OH

OHO
HO

AcHN

OH

3 4



	 206	

was added to induce the expression. The culture was then subjected to overnight shaking at 22 

°C. After harvesting the bacteria, the cells were sonicated in lysis buffer (25 mM Tris HCl, pH-

7.5, 500 mM NaCl, 30 mM imidazole) and purified using Nickel Sepharose High Performance 

columns (His Trap, GE) using a linear gradient of elution buffer (25 mM Tris HCl, pH-7.5, 500 

mM NaCl, 250 mM imidazole). The protein was further purified using size-exclusion 

chromatography. Thereafter, the protein was dialysed into the storage buffer (25 mM Tris HCl, 

pH-7.5, 150 mM NaCl).  

 The identity of the expressed protein was verified using gel electrophoresis (Figure 1) 

and further by mass spectrometry (Figure 2). 
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     1     2     3     4     5     6                              7       8     9     10   11    

Figure 1: Gel electrophoresis of fractions obtained by HisTrap purification of KfiA. 1 represents 10-225 
KDa ladder, 2 represents inclusion bodies (dissolved in 8M urea), 3 shows inclusion bodies (5x dilution) 
4, 5 and 6 flowthrough, 7, 8, 9, 10 and 11 correspond to purified fractions. 

  

 The final yield of the protein was quite low (2 mg/litre) as against the reported value. As 

can be seen from Figure 1, there was no presence of the protein in either inclusion bodies  

(which would indicate that the protein was precipitating during expression) or the HisTrap flow-

through (indicating loss of protein because of insufficient binding to the column). Efforts were 

therefore made to further optimize the expression conditions. Carrying out the induction using 

IPTG at an O.D. (A600) of 0.8 was seen to increase the yield slightly. The yield decreased on 

inducing the cells at an O.D. of 1.0. This is presumably because at this higher cell concentration 

the nutrients in the medium become a limiting factor. The induced stress on the cells leads to less 
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production of protein. Changing the amount of IPTG (both doubling as well as reducing the 

amount) for the induction did not have any noticeable effect on the expression yield. The other 

parameter, which was changed, was the induction phase temperature. Decreasing the temperature 

below 22 °C led to decrease in yield of the protein (with respect to Entry 1, Table 1) while 

increasing it led to precipitation of the protein in the form of inclusion bodies. Lastly, when the 

induction phase was increased to 22 h from 16 h, the yield was observed to have increased 

slightly.  

 Sonication during the process of lysis has been sometimes reported to lead to formation 

of protein aggregates, causing soluble protein loss19.  Therefore, cells were also lysed using 

repeated freeze thaw cycles. The yield however was found to be the same. 

Serial Number Expression Parameter Changed Yield 

1. Induction at O.D. 0.8 3 mg/litre 

2. Induction at O.D. 1.0 1.8 mg/litre 

3. IPTG concentration (2 mM) 2.5 mg/litre 

4. IPTG concentration (0.5 mM) 2.3 mg/litre 

5. 
Induction phase temperature (15 °C) (at 

O.D. 0.8) 
2.7 mg/litre 

6. Induction phase temperature (37 °C) 1.3 mg/litre 

7. Induction phase time (22 h) 4.3 mg/litre 

 

Table 1: Optimization attempts to increase yield of expressed KfiA. Beneficial conditions were carried 
forward for the next parameter change, and therefore the yield of 4.3 mg/litre reflects a combined effect 
of induction at increased O.D. coupled with longer induction time. 

 



	 209	

 

 

Figure 2: Expected mass of KfiA = 28397 Da, found 28400 Da  

 

 As can be seen from Table 1, the yield of the protein could not be increased to a large 

extent by these changes. The reported procedures for expression for KfiA mention the utilization 

of BL21 star (DE3) cell line along with co-expression of these enzymes with chaperone plasmid 

pGro7 (Takara), expressing GroEL and GroES chaperone proteins17. This cell line differs from 

normal BL21(DE3) in that it contains an additional mutation in a gene coding for RNase E, 

which degrades mRNA within the cell20-22. Usage of this strain therefore results in increased 

mRNA stability and consequently increased protein expression and therefore this maybe one of 

the contributing factors behind the low expression yield observed. 
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 Another reason might be the lack of pGro7 plasmid being co-expressed. Chaperone 

proteins GroEL and GroES are known to bind to hydrophobic domains, which are exposed to 

solvents and also to each other and assist in folding of their substrates by ATP-driven 

conformational changes. Thus, it prevents aggregation of nascent peptides23-24. In the absence of 

these folding mechanisms, however, the misfolded proteins are exposed to partial or complete 

proteolytic cleavage25. Presumably, the KfiA protein in absence of the chaperones is also being 

exposed to proteolytic cleavage. This hypothesis of KfiA degradation by internal proteases, is 

supported by the observation of additional bands as seen from the gel in Figure 1. Apart from 

the pure protein, bands of probable cleaved protein can also be seen on the gel, which might also 

contain the C-terminal His tag region. These bands were obtained in all cases of the optimization 

trials. However, in the absence of chaperones, during over-expression of the protein, some 

precipitation in the inclusion bodies is also expected. But as can be seen from Figure 1, no 

desired protein is visible in the inclusion bodies. Nonetheless in the absence of this cell line and 

the chaperone plasmid pGro7, we decided to go ahead with the expression conditions giving 

highest yield (Entry 7, Table 1).  

In order to investigate the folding state of the protein, a CD experiment was done on the protein 

(Figure 3). 
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Figure 3: CD spectrum of KfiA  

 

While the spectrum reveals that the protein has got a definite 3D structure, instead of a random 

coil, it is not possible to say if all of the protein molecules are folded in the correct conformation.  

It is also not possible to say if the entire protein molecule is folded in the correct conformation. 

This is because the CD structure of the protein has not been reported. This is in spite of the fact 

that the spectrum is similar to the theoretically predicted CD spectrum based on the protein 

function (Experimental Section 4.4.2) 

 KfiA was initially dialysed into a storage buffer comprising of 20 mM Tris, pH-7.5 and 

20% glycerol as reported18 and stored at -80 °C after flash freezing. However, it was found that a 

considerable amount of the protein precipitated during dialysis, after thawing, to remove the 

glycerol before activity tests. Even though usage of 0.1% Triton-X detergent during the lysis 

stage of the cells during protein purification did stabilize the protein and lowered the 
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precipitation considerably, presence of the detergent was found to be detrimental for the activity 

of the protein and also hampered in obtaining mass spectra. Triton-X is normally used since 

being an amphiphilic detergent, it helps in solubilizing the protein by shielding the hydrophobic 

regions of the protein from water. Passing the protein through a detergent removal column 

(PierceTM Detergent Removal Spin Column) or running an extended gradient on a C-18 column 

(in LC stage) before injecting into the mass spectrometer was not beneficial either. 

Consequently, we stopped using Triton-X in the lysis buffer and instead the storage buffer was 

changed to 25 mM Tris, pH-7.5 and 150 mM NaCl26. When the protein was stored with 10% 

glycerol in this buffer, protein precipitation was observed to have stopped after thawing and 

dialysis. Presumably, the increased stability of the protein is due to the charge interaction 

stabilization between the salt and the charged amino acid residues of the protein.   

 

4.2.2 Expression of pmHS2 

 pmHS2, is a bacterial enzyme involved in the extension of heparosan chains from 

Pasteurella multocida27. Heparosan is the unepimerized and unsulfated precursor of heparin. Li 

et al. has reported that the expression level of N-His6-tagged pmHS2 is higher than the C-His6-

tagged construct18. Accordingly, we generated our pmHS2 construct as a N-His6-tagged protein 

sub-cloned in pET-15b vector using Nde1 and BamH1 as the restriction enzymes. The described 

gene construct in pET-15b was procured from Genscript and transformed into XL10-Gold cells 

in a similar way as done for KfiA, for cloning. After verifying the gene sequencing, expression 

was carried out using standard procedures in BL21(DE3) cells using 1mM IPTG for induction 

and 25 °C as the induction phase temperature. Induction was done at an O.D. of 0.8. Purification 
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of the N-terminal His tagged protein using Histrap column, again yielded the protein in moderate 

yields (7 mg/litre) as against the reported yield of 17 mg/litre reported by Li et al. It is clear from 

the gel obtained after purification of the protein that there was expression of the protein as 

inclusion bodies apart from the soluble fractions (Figure 4). Similarly, there was loss of the 

protein in HisTrap nickel column flow-through (lane 4,5 and 6, Figure 4).  

 

            1     2    3    4   5   6      7    8    9   10  11 12  13 

Figure 4: Gel electrophoresis of fractions obtained by HisTrap purification of pmHS2. 1 represents 10-
225 KDa ladder, 2 shows inclusion bodies (dissolved in 8M urea), 3 is inclusion bodies (5x dilution), 4, 5 
and 6 correspond to flowthrough, while 7, 8, 9, 10, 11, 12 and 13 correspond to purified fractions. 

 

 The loss of protein in the flow-through was prevented by loading a lower volume of the 

lysate on the HisTrap column. This increased the yield to 9 mg/litre. Therefore, similar 

optimization conditions used for KfiA were tried for pmHS2 (Table 2). Here, a combination of 

0.5 mM IPTG and reduced induction phase temperature of 15 °C along with an increased 
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induction phase time of 22 h were found to be beneficial, yielding an increase to 12 mg/litre. 

This is consistent with reported means of increasing the expression yield of large sized proteins 

as lowering the induction phase temperature increases solubility of the expressed protein28-29. 

This is because, at lower temperature, the rate of expression of the protein is reduced thus 

providing more time for better folding of the protein, reflected in its increased solubility. Also 

proteases are less active at lower temperature and therefore loss of protein due to proteolytic 

digestion is reduced30. Thus the induction phase temperature was kept at 15 °C throughout.  

Serial Number Expression Parameter Changed Yield 

1. Induction at O.D. 1.0 7.3 mg/litre 

2. IPTG concentration (2 mM) 6.2 mg/litre 

3. IPTG concentration (0.5 mM) 9.4 mg/litre 

4. Induction phase temperature (15 °C) 10.1 mg/litre 

5. Induction phase temperature (37 °C) 6.4 mg/litre 

6. Induction phase time (22 h) 12 mg/litre 

 

Table 2: Optimization of expression conditions for pmHS2. Beneficial conditions were carried forward 
for the next parameter change, and therefore the yield of 12 mg/litre reflects a combined effect of increase 
in induction time, decrease in induction phase temperature and decrease in IPTG concentration. 

 

 The structure of expressed pmHS2 was investigated with the CD spectrum too (Figure 

5). 
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Figure 5: CD spectrum of pmHS2 

 However, as with KfiA, since the CD spectrum of pmHS2 is yet to be reported, the 

experimentally obtained spectrum could not be compared with a reference spectrum, to have an 

insight into the folding state of the entire protein. The predicted CD spectrum was similar with 

the experimentally obtained spectrum though (Experimental Section 4.4.2).  

When Xu et al. reported the preparative scale synthesis of heparin oligosaccharides, they utilized 

the pGro7 chaperone plasmid for co-expression of GroEL and GroES chaperone proteins with 

pmHS2 as they did for KfiA16. In addition, pmHS2 was also expressed in BL21 star (DE3) cell 

line. As explained for the expression of KfiA, these factors might have an important role to play 

regarding the relatively low yield of the expressed protein. As reported for KfiA, storage of the 

protein in 20 mM Tris buffer and 20% glycerol without salt resulted in precipitation of pmHS2 

as well when it was thawed from -80 °C and dialysed to remove glycerol. Subsequently, 

introduction of 150 mM NaCl in storage buffer helped in stabilization of the expressed protein. 
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Use of Triton-X in the lysis buffer did stabilize the protein to a great extent but at the cost of 

adversely affecting the activity and interfering with the ionization process during mass 

spectrometric identification. As a result the use of the detergent in subsequent trials was 

discontinued. 

 The mass spectra of the protein (Figure 6) revealed a second peak apart from the 

expected peak at +178 Da.  

 

 

Figure 6: Expected mass of pmHS2 = 77399 Da, found = 77396 Da 

 

On further search through literature, it was found that the second peak is most probably due to N-

terminal gluconoylation of the N-His6 tagged protein. α-N-terminal gluconoylation has been 

reported on protein residues containing Gly-Ser-Ser-[His]6 on the N-terminus, wherein it has 
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been proposed that the amino group at the N-terminus reacts with 6-phosphoglucono-1,5-lactone 

to give rise to the gluconoylated product as shown in Scheme 531.  

 

Scheme 5: Proposed biochemical pathway for α-N  gluonoylation of N-terminal His tagged proteins31-32 

 

 As can be seen from the protein sequence of expressed pmHS2 (Experimental Section 

4.4.1), the N-terminus of the expressed protein has Gly-Ser-Ser-[His]6 , so this supports our 

hypothesis that the second peak comes from N-terminal gluconoylation. Incidentally, Geoghegan 

et al. has reported using pET-15b vector (the same vector used by us for the expression of 

pmHS2) as one of the vectors for the study of α-N-gluconoylation31. This post-translational 

modification is presumed to occur because of the accumulation of 6-phosphogluconolactone in 

the absence of phosphogluconolactonase in the phosphate pentose pathway33. N-terminal 

gluconolyation is known to interfere with crystallization of proteins34. However, even though 

general glycation of amino acid residues of the side chains of non-terminal amino acid residues 

have been reported to adversely affect the activity of enzymes35-36, any adverse activity of this 
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particular post translational modification on enzymatic activity has not been reported, to the best 

of our knowledge. Hypothesizing that this might be because the modification takes place at the 

terminus of the protein chain, leaving the active site residues intact, it was decided to go ahead 

with the expressed pmHS2 having the modification. 

 

4.2.3 Using KfiA and pmHS2 for activity studies 

 With both enzymes in hand, optimization of conditions for the glycosyltransferase 

reaction of both enzymes was initiated. 

 We sought to use KfiA for transferring N-acetylglucosamine onto glucuronic acid 

(Scheme 4).  The reaction conditions described by Liu et al. for transferring a UDP-GlcNAc 

analogue (UDP-GlcNTFA) onto a disaccharide derived from nitrous acid degradation of 

heparosan, were used initially37. Briefly, UDP-GlcNAc and glucuronic acid (5 µM) were added 

in the ratio of 1:1.2, along with 10 mM MgCl2 as co factor and 0.1 mg of the enzyme in 1ml pH-

7.2 Tris buffer at 25 °C. The reaction progress was estimated using HPLC, where the conversion 

of UDP-GlcNAc to UDP was noted at regular intervals. This was not a direct readout of product 

formation, but informed the timescale for purification and analysis. 

 Divalent metal co-factors have been reported be essential to the activity of several 

glycosyltransferases (both inverting and retaining glycosyltransferase)38 where it is involved in 

coordinating with oxygen atoms of the two phosphate groups of UDP-sugars as well as one of 

the aspartate groups of the DXD conserved motif in most glycosyltransferases. However, the 

metal ions are a requirement only for the glycosyltransferase A (GT-A) family of enzymes. This 

induces a conformational change, paving the way for the acceptor to bind to the active site39. 
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With the aforementioned reaction conditions, however, we could not detect the formation of 

product even after overnight reaction. Mg2+ was used as the cofactor here, but studies by Li et 

al.18 and Sugiura et al.26 has suggested that Mn2+ is a much more effective cofactor for this 

enzyme. Therefore, the co-factor was changed to MnCl2 for all subsequent reactions. Fortunately, 

we were able to observe the expected product this time. The identity of the product was 

extensively verified by mass spectrometry and further by MS/MS (Experimental Section 4.4.4) 

 As shown in Table 3, lowering the pH from 7.2 to 6.5 and through to 5.5 had a 

significant positive effect on the reaction yield as seen from the UDP-GlcNAc to UDP 

conversion, with lower pH leading to greater yield. However, the stability of the protein was 

significantly affected as the protein precipitated much more quickly with decreasing pH. The 

increase in yield is consistent with what has been reported in literature18. 

 A CD melting experiment was done to determine the maximum temperature that KfiA 

can be subjected to before it denatures. Melting temperature for KfiA was determined to be 47 

°C (Experimental Section 4.4.3). Accordingly, we decided to expose the protein reaction to a 

temperature maximum of 37 °C. Increasing the temperature from 25 °C to 30 °C and thereafter 

to 37 °C led to increase in conversion at the expense of protein stability. While, increasing the 

equivalents of either UDP-GlcNAc or glucuronic acid did not have any significant effect, 

increasing the concentration of the protein did increase the conversion, albeit to a small extent.    
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Serial Number Reaction condition Conversion (from UDP 
GlcNAc to UDP) 

1. Mg2+ as cofactor - 

2. Mn2+ as cofactor 2 % 

3. pH – 6.5 reaction buffer 8.3 % 

4. pH – 5.5 reaction buffer 9.2 % 

5. UDP-GlcNAc:glucuronic acid (4:1) 3.4 % 

6. UDP-GlcNAc:glucuronic acid (1:4) 3.5 % 

7.  Reaction temperature 30 °C 6.6 % 

8. Reaction temperature 37 °C 7.6 % 

9. Enzyme concentration (0.4 mg/ml) 4.5 % 

10. Enzyme concentration (0.6 mg/ml) 5.8 % 

11. Enzyme concentration (0.8 mg/ml) 11.2 %* 

 

Table 3: Reaction condition optimization for KfiA reaction using glucuronic acid as acceptor. 
Conversions calculated from standard curves of UDP-GlcNAc and UDP.  (individual parameters as stated 
in the entries changed from initial condition mentioned in text) 

* Conversion after 48 h of reaction. 0.3 mg/ml of enzyme added at the beginning of the reaction and a 
further 0.5 mg/ml added after 24 h. Reaction buffer pH – 6.5. In all other cases, conversion recorded after 
overnight reaction.  

 

 Exploring the substrate scope of the enzyme, phenyl glucuronide was also used as a 

potential acceptor for KfiA as represented in Scheme 6. This had the added benefit that the 

conversion of the starting material to product could be monitored directly by HPLC, without 

relying on UDP-GlcNAc to UDP conversion.  
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Scheme 6: Phenyl glucuronide as acceptor for KfiA 

 

 Again, the expected product could be observed on MS and the product identity was 

verified by HRMS. The conversion as calculated from absorbance of phenyl glucuronide and the 

product was found to be comparable with that obtained with glucuronic acid when similar 

reaction conditions were used.   

 In order to further characterize the product, attempts were made to purify the product. 

Unfortunately, a crude NMR could not be obtained because of presence of paramagnetic Mn2+ in 

the solution. Thus, efforts to remove the metal ions using a cation exchange column were 

attempted. Though a TLC system comprising of n-butanol/formic acid/water has been reported 

for the analysis of glycosaminoglycan oligosaccharides40, it did not prove to be particularly 

effective in separating out the high concentration of UDP-GlcNAc and glucuronic acid from the 

low concentration of the product. Reverse phase column chromatography was not effective either 

as the compounds did not bind to the column at all. Acetylation of the reaction mixture for 

further purification was not effective because a distinct spot corresponding to the product could 

not be observed due to streaking of the electronegative phosphate and carboxylic groups and low 

concentration of the product. Conducting the reaction on a larger scale and adding more enzyme 

(up to 8 mgs in 10 ml of reaction mixture) with longer reaction time was not effective in 

increasing the product yield. Presumably, this is because of the fact that the most of the enzyme 
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was not properly folded due to it being expressed in the absence of the chaperone proteins, and 

the residual activity being seen was because of the minor fraction of the enzyme expressed in the 

correctly folded state. It should also be noted at this point that it has been reported that the 

catalytic efficiency of the enzyme increases with increase in chain length of the acceptor17. 

Hence, an acceptor with longer chain length might experience higher rate of glycosyltransferase 

activity by KfiA. 

 Glycosyltransferase reactions with pmHS2 were similarly initiated with the disaccharide 

1 as shown in Scheme 3. The reaction conditions started with were the ones reported for the 

transfer of glucuronic acid onto a trisaccharide of heparosan37. The reaction conditons are 10 

mM MgCl2, disaccharide 1 and UDP-GlcA in the ratio of 1:1.2 and 0.2 mg of the enzyme in 1ml 

pH-7.2 Tris buffer at 25 °C. Monitoring the conversion of UDP-GlcA to UDP using a polyamino 

column proved to be effective for the optimization reactions.  

 After not observing any product after overnight reaction, the cofactor was changed to 10 

mM MnCl2 and the buffer pH lowered. As noted in Table 4, fortunately product formation was 

observed. The product was characterized by MS and further by MS/MS to reveal that it was 

indeed the expected product (Experimental Section 4.4.4). Thus, this was the first time that 

pmHS2 had been shown to perform glycosyltransferase reaction on a thio-linked acceptor. Also, 

as mentioned before, this also proves that the active site of pmHS2 has sufficient tolerance for an 

unnatural stereochemistry of linkage.  

 Nevertheless attempts were made to increase the yield of the reaction. The increased 

GlcA transferase activity of pmHS2 at lower pH is precedented15, with a pH range of 4-5 being 
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reported as optimal. In our hands, the stability of the enzyme was also seen to decrease with 

lowered pH.  

 The melting temperature of pmHS2 was determined to be 41 °C (Experimental Section 

4.4.3) and consequently the temperature max for the reaction was fixed at 37 °C.  

 Increased reaction temperature also led to a moderate increase in yield, again at the cost 

of stability of the protein. Increasing the equivalents of either the acceptor disaccharide or UDP-

GlcA had no observable effect in increasing the yield of the reaction as no UDP formation was 

detected. Adding more enzyme after regular intervals, on the other hand seemed to be more 

promising in this case. 

 Accordingly, a large scale reaction was set up using 10 mgs of the acceptor disaccharide 

1, in 5 ml MES buffer at pH – 6.5, 1 mg of pmHS2, 10 mM MnCl2 and 1.2 equivalents of UDP-

GlcA with respect to the acceptor, at 30 °C. After overnight reaction, a very low conversion of 

3.2 % was seen, with protein precipitation. Since an excess of UDP-GlcA was still left behind in 

the reaction mixture, another 3 mgs. of the enzyme was added and setup for another overnight 

reaction. Observing the conversion to be still low at 5.3%, the reaction was further left for 

another overnight after addition of another 6 mgs of the enzyme. The conversion yield after 3 

days was estimated at 8.8%.  
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Serial Number Reaction condition Conversion (from UDP GlcA 
to UDP) 

1. Mg2+ as cofactor - 

2. pH – 6.5 reaction buffer (with Mn2+) 3.4 % 

3. pH – 5.5 reaction buffer 3.8 % 

4. UDP-GlcNAc:glucuronic acid (4:1) (pH 

– 7.2) 

- 

5. UDP-GlcNAc:glucuronic acid (1:4) (pH 

– 7.2) 

- 

6.  Reaction temperature 30 °C (pH – 7.2) 4.2 % 

7. Reaction temperature 37 °C (pH – 7.2) 4.7 % 

8. Enzyme concentration (0.4 mg/ml) 2.1 % 

9. Enzyme concentration (1 mg/ml) 2.9 % 

10. Enzyme concentration (2 mg/ml) (pH – 

6.5) 

8.8 %* 

 

Table 4: Reaction condition optimization for pmHS2 reaction using disaccharide 1 as acceptor. 
Conversions calculated from standard curves of UDP-GlcA and UDP after overnight reaction. 

* Enzyme added sequentially as mentioned in discussion with final concentration of enzyme after three 
days being (2 mg/ml) 

 

 Attempts to purify the product using normal chromatography with a combination of 

water/butanol/formic acid was not successful because of the low concentration of the product 

and only UDP-GlcA and starting disaccharide could be recovered. Acetylation of the reaction 

mixture to purify the protected product again led to no recovery of the same because of streaking 

on silica due to the unprotected negative charges. Size exclusion purification has been reported 

as a means to purify this kind of mixtures37. However, no observable product could be detected 

when run with 250 mM ammonium bicarbonate, possibly due to dilution. It was apparent that the 
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yield of the product needed to be increased before purification of the product could be carried out 

for NMR studies. 

 The low yield of the product can be presumably due to the following reasons: 

1. Expression of the enzyme in the absence of chaperone proteins had led to only a minor 

fraction of the enzyme being folded in the correct conformation and therefore functionally active.  

2. The stereochemistry of linkage of the acceptor is different from that present in natural sources 

and therefore, the acceptor was not accommodated in the active site as easily as its naturally 

available counterpart leading to lower conversion.  

3. The thio linkage between glucuronide derivative and N-acetylglucosamine is unnatural too as 

in naturally available counterparts the linking atom is oxygen. This might have led to lower 

acceptance of the acceptor by the enzyme because of size difference. 

4. It has been reported that pmHS2 is inefficient in extending the chain from sugars as small as 

glucosamine monosaccharide16. It is probable therefore, that the activity of the enzyme increases 

with increase in chain length of the acceptor as has been observed for KfiA. Using a longer 

oligosaccharide as acceptor instead of a disaccharide, therefore, might result in more activity of 

pmHS2. 

5. Enzyme activity can also be inhibited by the products being formed. Thus inhibition of the 

enzyme activity by the products needs to be investigated too. This holds true for the KfiA 

reaction too, discussed previously. In this respect, it should be mentioned that Chen et al. has 

reported inhibition of KfiA activity by UDP (one of the products of the reaction)17.  
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 Performing analytical size exclusion chromatography can validate the speculation, 

regarding improper folding of the protein in absence of chaperones, for both KfiA and pmHS2. 

This will give an idea about the proportion of protein in the unfolded state, if any. In case, there 

is unfolded protein, it will affect the activity of the enzyme leading to low yield of the reaction. 

Moreover, kinetic experiments should be performed with the expressed enzymes, on substrates 

used by other research groups for the same set of enzymes and for which kinetic parameters are 

already available. This will enable us to compare those parameters and determine if the reason 

for the low yield of the reaction is because of unnatural substrates (in the form of thio substrates 

and unnatural stereochemistry of linkage) being used. Kinetic parameter comparison with 

experiments using longer more native substrates will also enable us to determine how the usage 

of shorter acceptors is affecting the yield of the enzymatic reactions. Regarding product 

inhibition, it is necessary to probe the effect of the products on KfiA activity. This holds true for 

the pmHS2 reaction too.  

  We think the next step to try would be to co-express both the enzymes with chaperone 

plasmids. Presumably this would lead to higher activity of both the enzymes. It would be useful 

to further characterize the enzymatic products especially using NMR, which would give an 

insight to the stereochemistry of the linkage being formed. 

 

4.3 Summary 

 We expressed two bacterial enzymes to attempt a biocatalytic extension to heparin-like 

building blocks. Coupled with the thio-alkene radical reaction, this would thus comprise a 

chemo-enzymatic approach to defined heparin analogs. This required the expression and 
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optimization of both KfiA and pmHS2. This sets the stage for further development work in our 

laboratory.  

 Unfortunately, we encountered extremely low yield of both of the proteins, which proved 

to be a hindrance in reaction optimization. The activity of both the enzymes was also found to be 

low. This in turn would require further optimization of the expression and reaction conditons for 

the two enzymes. Co-expression with chaperone proteins should be useful in properly folding 

enzymes, thus displaying more activity as reported by Chen et al.17 & Xu et al.16 It would also be 

useful to utilize the disaccharide isolated from the nitrous acid degradation of heparosan, GlcA-

anhydromannitol, as a control to test the activity of the enzymes. This disaccharide has been used 

as an acceptor for KfiA and subsequent extension of the sugar backbone using pmHS2 and KfiA 

in tandem for the chemo-enzymatic synthesis of heparin16, 37.  

 In conclusion, we have successfully demonstrated the use of pmHS2 for extending on 

disaccharide acceptors containing unnatural thio linkages along with two unnatural 

stereochemistry of linkage by MS and MS/MS. To the best of our knowledge, this is the first 

reported observation of the action of pmHS2 on thio substrates. Owing to the tolerance of the 

enzyme towards unnatural linkages as observed in this work, and reports that it can accept 

unnatural UDP-sugars as substrates15, it is plausible to synthesize novel glycosaminoglycans 

with this technique whose biological activities would be interesting to study. The approach can 

also be used to extend on the heparin trisaccharide mimics discussed previously, which can be 

further modified using C-5 epimerase and sulfotransferases to prepare interesting 

glycosaminoglycan mimics.   

 KfiA has also been shown to utilize glucuronic acid and phenyl glucuronide as acceptors, 

which shows that the enzyme is capable of accepting substrates with unnatural substituents at the 
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reducing end. This fact can potentially be utilized for analysis and purification later, such as 

using fluorogenic substrates attached to the reducing end to help in monitoring. Thus, the use of 

this enzyme for synthesis of interesting carbohydrate functionalized materials can be considered 

beyond the extension of GAG chains from glucuronic acid, such as extending from substrates 

immobilized on solid surfaces or nanoparticles through unnatural linkages. Such kind of 

structures would be useful in mimicking cell surface GAGs, and could give further insight into 

how they interact with chemokines and fibroblast growth factors for downstream cell signaling. 

 The next step in this project is to optimize the expression of the two enzymes and use 

them to build up a small library of model substrates for NMR characterization. This should 

include both α- and β-thio-N-acetylglucosamine-containing acceptors to probe the effect of 

stereochemistry on enzyme activity. Thereafter, the thio heparin trisaccharide mimics (both 

sulfated and non-sulfated) can be extended by the tandem use of the two enzymes. Finally with 

the optimized conditions they can be used to build up defined proteoglycan as well as novel 

hybrid proteoglycan structures. 

 

4.4 Experimental Section 

4.4.1 Expression of KfiA and pmHS2 

KfiA gene sequence (UniProt Accession No.: Q47332) 

 

ATGATTGTTGCAAATATGTCATCATACCCACCTCGAAAAAAAGAGTTGGTGCATTCT

ATACAAAGTTTACATGCTCAAGTAGATAAAATTAATCTTTGCCTGAATGAGTTTGAA

GAAATTCCTGAGGAATTAGATGGTTTTTCAAAATTAAATCCAGTTATTCCAGATAAA
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GATTATAAGGATGTGGGCAAATTTATATTTCCTTGCGCTAAAAATGATATGATCGTA

CTTACAGATGATGATATTATTTACCCTCCCGATTATGTAGAAAAAATGCTCAATTTTT

ATAATTCCTTTGCAATATTCAATTGCATTGTTGGGATTCATGGCTGTATATACATAGA

TGCATTTGATGGAGATCAGTCTAAAAGAAAAGTATTTTCATTTACTCAAGGGCTATT

GCGACCGAGAGTTGTAAATCAATTAGGTACAGGGACTGTTTTTCTTAAGGCAGATCA

ATTACCATCTTTAAAATATATGGATGGTTCTCAACGATTCGTCGATGTTAGATTTTCT

CGCTATATGTTAGAGAATGAAATTGGTATGATATGTGTTCCCAGAGAAAAAAACTG

GCTAAGAGAGGTCTCATCAGGTTCAATGGAAGGACTTTGGAACACATTTACAAAAA

AATGGCCTTTAGACATCATAAAAGAAACACAAGCAATCGCAGGATATTCAAAACTT

AACCTCGAATTAGTGTATAATGTGGA AGGGTAA 

 

KfiA was expressed in pET-21b vector. The whole construct was procured from Genscript. The 

plasmid was scaled up by Miniprep according to the general procedure described in 

Experimental Section of Chapter-3.  

Expression of the protein on a large scale was also done according to the general procedure 

described in Experimental Section of Chapter-3.  
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HisTrap purification of KfiA 

 

pmHS2 gene sequence (Uniprot Accession No.: Q5SGE1)  

 

ATGAAGGGAAAAAAAGAGATGACTCAAATTCAAATAGCTAAAAATCCACCCCAACA

TGAAAAAGAAAATGAACTCAACACCTTTCAAAATAAAATTGATAGTCTAAAAACAA

CTTTAAACAAAGACATCATTTCTCAACAAACTTTATTGGCAAAACAGGACAGTAAAC

ATCCGCTATCCGCATCCCTTGAAAACGAAAATAAACTTTTATTAAAACAACTCCAAT

TGGTTCTGCAAGAATTTGAAAAAATATATACCTATAATCAAGCATTAGAAGCAAAG

CTAGAAAAAGATAAGCAAACAACATCAATAACAGATTTATATAATGAAGTCGCTAA

AAGTGATTTAGGGTTAGTCAAAGAAACTAACAGCGCAAATCCATTAGTCAGTATTAT
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CATGACATCTCACAATACAGCGCAATTTATCGAAGCTTCTATTAATTCATTATTGTTA

CAAACATATAAAAACATAGAAATTATTATTGTAGATGATGATAGCTCGGATAATAC

ATTTGAAATTGCCTCGAGAATAGCGAATACGACAAGCAAAGTCAGAGTATTTAGAT

TAAATTCAAACCTAGGAACTTACTTTGCGAAAAATACAGGCATATTAAAATCTAAAG

GTGACATTATTTTCTTTCAAGATAGTGATGATGTATGTCATCATGAAAGAATAGAAA

GATGTGTAAATATATTATTAGCTAATAAAGAAACTATTGCTGTTCGTTGTGCATACT

CAAGACTAGCACCAGAAACACAACATATCATTAAAGTCAATAATATGGATTATAGA

TTAGGTTTTATAACCTTGGGTATGCACAGAAAAGTATTTCAAGAAATTGGTTTCTTC

AATTGTACGACTAAAGGCTCAGATGATGAGTTTTTTCATAGAATTGCGAAATATTAT

GGAAAAGAAAAAATAAAAAATTTACTCTTGCCGTTATACTACAACACAATGAGAGA

AAACTCTTTATTTACTGATATGGTTGAATGGATAGACAATCATAACATAATACAGAA

AATGTCTGATACCAGACAACATTATGCAACCCTGTTTCAAGCGATGCATAACGAAAC

TGCCTCACATGATTTCAAAAATCTTTTTCAATTCCCTCGTATTTACGATGCCTTACCA

GTACCACAAGAAATGAGTAAGTTGTCCAATCCTAAGATTCCTGTTTATATCAATATT

TGTTCTATTCCCTCAAGAATAGCGCAATTACGACGTATTATCGGCATACTAAAAAAT

CAATGTGATCATTTTCATATTTATCTTGATGGCTATGTAGAAATCCCTGACTTCATAA

AAAATTTAGGTAATAAAGCAACCGTTGTTCATTGCAAAGATAAAGATAACTCCATTA

GAGATAATGGCAAATTCATTTTACTGGAAGAGTTGATTGAAAAAAATCAAGATGGA

ATTATATAACCTGTGATGATGACATTATCTATCCAAGCGATTACATCAATACGATGA

TCAAGAAGCTGAATGAATACGATGATAAAGCGGTTATTGGTTTACACGGCATTCTCT

TTCCAAGTAGAATGACCAAATATTTTTCGGCGGATAGACTGGTATATAGCTTCTATA

AACCTCTGGAAAAAGACAAAGCGGTCAATGTATTAGGTACAGGAACTGTTAGCTTT

AGAGTCAGTCTCTTTAATCAATTTTCTCTTTCTGACTTTACCCATTCAGGCATGGCTG
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ATATCTATTTCTCTCTCTTGTGTAAGAAAAATAATATTCTTCAGATTTGTATTTCAAG

ACCAGCAAACTGGCTAACAGAAGATAATAGAGACAGCGAAACACTCTATCATCAAT

ATCGAGACAATGATGAGCAACAAACTCAGCTGATCATGGAAAACGGTCCATGGGGA

TATTCAAGTATTTATCCATTAGTCAAAAATCATCCTAAATTTACTGACCTTATCCCCT

GTTTACCTTTTTATTTTTTATAA 

 

pmHS2 was expressed in pET-15b vector. The whole construct was procured from Genscript.  

Corresponding protein sequence, when expressed in pET-15b vector with N-terminal His-Tag: 

 

MGSSHHHHHHSSGLVPRGSMKGKKEMTQIQIAKNPPQHEKENELNTFQNKIDSLKTTLN

KDIISQQTLLAKQDSKHPLSASLENENKLLLKQLQLVLQEFEKIYTYNQALEAKLEKDKQ

TTSITDLYNEVAKSDLGLVKETNSANPLVSIIMTSHNTAQFIEASINSLLLQTYKNIEIIIVD

DDSSDNTFEIASRIANTTSKVRVFRLNSNLGTYFAKNTGILKSKGDIIFFQDSDDVCHHER

IERCVNILLANKETIAVRCAYSRLAPETQHIIKVNNMDYRLGFITLGMHRKVFQEIGFFNC

TTKGSDDEFFHRIAKYYGKEKIKNLLLPLYYNTMRENSLFTDMVEWIDNHNIIQKMSDT

RQHYATLFQAMHNETASHDFKNLFQFPRIYDALPVPQEMSKLSNPKIPVYINICSIPSRIA

QLRRIIGILKNQCDHFHIYLDGYVEIPDFIKNLGNKATVVHCKDKDNSIRDNGKFILLEELI

EKNQDGYYITCDDDIIYPSDYINTMIKKLNEYDDKAVIGLHGILFPSRMTKYFSADRLVY

SFYKPLEKDKAVNVLGTGTVSFRVSLFNQFSLSDFTHSGMADIYFSLLCKKNNILQICISR

PANWLTEDNRDSETLYHQYRDNDEQQTQLIMENGPWGYSSIYPLVKNHPKFTDLIPCLP

FYFL 

The sequence highlighted in red is from the pET- vector. That consists of the sequence Gly-Ser-

Ser (methionine at the beginning has been observed to fall off during expression of the protein), 
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which is susceptible to N-terminal gluconoylation. Also there exists a thrombin cleavage site in 

the sequence after His-Tag and before the pmHS2 sequence starts. Cleavage of the tag in this 

position should remove the His-Tag as well as the gluconoylated residue. This can be an 

additional verification that the second peak is indeed due to N-terminal gluconoylation. 

pmHS2 plasmid  scaling up was done by Miniprep according to the general procedure described 

in Experimental Section of Chapter-3.  

Expression of the protein on a large scale was also done according to the general procedure 

described in Experimental Section of Chapter-3.  

 

 

HisTrap purification of pmHS2 
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4.4.2 Structure and CD spectrum prediction of KfiA and pmHS2 

CD analysis of the proteins 

For CD analysis, both KfiA and pmHS2 were buffer exchanged into 10 mM NaHPO4, pH 7.5, 

150 mM NaCl. For the measurement 180 µl of protein solution (10 µM) was placed in a micro 

cuvette (1 mm path length) was used. CD spectra were recorded from 200–300 nm with a step 

size of 0.5 nm and 1 s measurement per point. 

Prediction of CD structure 

The amino acid sequences of KfiA (UniProt Accession No.: Q47332) and Heparosan synthase B 

(pmHS2) (UniProt Accession No.: Q5SGE1) were retrieved from the UniProtKB database and 

were used to generate 3D structural models (in PDB format) using the intensive mode in the 

Phyre2 webserver41 PHYRE 2 (Protein Homology/AnalogY Recognition Engine version 2.0) is a 

widely used webserver that uses homology modelling for structure prediction i.e. constructing 

the structural model of a query protein sequence (target protein) based on the experimental 

structure of a homologous protein (template protein). 

The predicted structures were then used to calculate the theoretical circular dichroism (CD) 

spectrum of a protein using the DichroCalc web interface42 using the default parameters.  

For KfiA a homology model belonging to the fold, Nucleotide-diphospho-sugar transferase, 

Superfamily-Nucleotide-diphospho-sugar transferase and family, N-

acetylglucosaminyltransferase was chosen to yield the corresponding CD structure, based on 

similarity in function.  
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Predicted CD for KfiA 

 

Experimentally obtained CD for KfiA 

 

The predicted CD structure is similar to what has been obtained experimentally, with the 

exception of a few folds. However, since this is a theoretical prediction, not much information 

can be obtained from this. 
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Similarly for pmHS2, a homology model with the PDB header as transferase, PDB molecule as 

the chrondroitin polymerase from E. coli strain K4 (K4CP) was chosen to generate the predicted 

CD structure, based on similarity in function. 

 

Predicted CD structure of pmHS2 

 

For pmHS2 too, even though the predicted structure is similar to the experimentally obtained 

one, there are some differences in the folds. 
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Experimentally obtained CD spectrum of pmHS2 

 

4.4.3 Melting temperature determination of KfiA and pmHS2 

For melting temperature experiments, the protein was dialysed into phosphate buffer as 

mentioned before. CD spectra were recorded from 200–300 nm with a step size of 0.5 nm and 1 s 

measurement per point. Temperature was ramped stepwise from 25–85 °C in 1 °C steps with 120 

s at each temperature.  
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Melting temperature curve for KfiA: 

 

The melting temperature was found to be 46.87 +/- 0.16 °C 

Melting temperature curve for pmHS2: 

 

Melting temperature of the protein was found to be 41.07 +/- 0.11 °C. 
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4.4.4 MS and MS/MS data for KfiA and pmHS2 reactions 

Reactions with KfiA 

 

Mass predicted for compound 4 is 398.1299 (M+H) (in positive mode) 

 

Found = 398.1295  

 

 

Subsequent MS/MS of this peak was done. 
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B1 - 2H2O = 168.07, B1 - H2O = 186.08, B1 = 204.09 (Nomenclature of fragments done according 

to the Domon and Costello proposed method)43 
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Expected mass of compound 4 = 396.1142 (M-H, in negative mode) 

Found = 396.1164 
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MS/MS for this peak was done: 

 

 

 

 

C1-H2O = 202.07 
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Reactions with pmHS2 

 

Predicted mass of compound 2 = 602.1391 (M-H, negative mode) 

Found = 602.1393 
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MS/MS of this peak was done. 

 

 

 

 

C1  = 193.04, Y1 = 223.03, B2 = 378.11, Y2 = 426.11 
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4.4.5 Reaction procedure of KfiA and pmHS2 

Before the reaction, the protein (KfiA or pmHS2) was dialysed against the reaction buffer (25 

Tris, 150 mM NaCl, pH -7) to remove glycerol. Thereafter typical reactions were set up in 1 ml 

aliquots. The acceptor and UDP-sugar was added to a final concentration of 1mM. MnCl2 was 

added to a final concentration of 10 mM. Thereafter the protein was added to the required 

concentration (typically 1 mg/ml final concentration and the rest of the volume was filled up 

with the reaction buffer. The reaction mixture was set up in the thermoshaker and progress of the 

reaction was monitored at regular intervals by running a HPLC to check for the conversion of 

UDP-sugar to UDP. At the end of the reaction, 10% acetonitrile was added to precipitate out the 

protein, while the supernatant was lyophilized to obtain the crude reaction mixture.   
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Chapter – 5                Conclusion  

 

In conclusion we have established an efficient thiol-ene radical approach for synthesis 

of S-linked disaccharides. Apart from protected sugars, deprotected carbohydrates can also be 

directly coupled in aqueous conditions. This constitutes the first example of thiol–ene 

mediated glycosylation between two carbohydrate moieties in aqueous conditions, to the best 

of our knowledge. This approach can enable us to synthesize potentially biologically relevant 

substrates which are resistant to enzymatic degradation at the same time, because of the thio-

linkage. With the help of other thiosugar epimers, the scope for these reactions can be further 

extended to mimic more biologically relevant molecules. 

We have also succeeded in using the thiol-ene radical reaction to couple thiosugars with 

heparin- and heparan sulfate (HS)-derived oligosaccharides. This serves as a proof of concept 

towards building larger glycosaminoglycan oligosaccharides. Importantly, the reactions could 

be carried out in completely aqueous conditions, thus enabling coupling reactions to be 

carried out directly on heparin and HS derived oligosaccharides without the need for 

protective group manipulation. Also, the labile sulfate groups of the heparin carbohydrates 

were found to be stable in the reaction conditions used. This approach can also be utilized for 

tagging of the non-reducing end of the glycosaminoglycan oligosaccharides by various 

molecules such as fluorophores etc. for diagnostic purposes. Thus, apart from the reducing 

end of the oligosaccharide, which can be accessed by means of Schiff base formation, our 

developed strategy also enables accessing the non-reducing end for tagging purposes. This 

can be useful in instances where it is known that the reducing end of the oligosaccharide is 

involved in direct interaction with its binding partners and therefore modifying the reducing 

end can hamper the interaction.  
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 Interestingly, such an approach of thiol-ene radical reaction addition to the 

unsaturation of the oligosaccharide has already been pursued, albeit unsuccessfully by the 

Nitz group as part of their continuing endeavor towards developing protecting group free 

glycosylation strategies1. In this unpublished work, as a thesis, the author reports the addition 

of N-acetylcysteamine to an unsaturated model monosaccharide. They have reported the 

isolation of only one isomer in this case in quite good yields. Specifically, a galacturonic 

configuration of the product was observed by them. When the reactions were tried on a 

chondroitin sulfate building block, with an unsaturation at the non-reducing end, they could 

not obtain the desired product even with different reaction conditions and photoinitiators. 

However, when increased thiol concentration was used, they reported the formation of 

several side products in the reaction mixture. These could not be characterized, as the author 

was unable to separate the products. Use of Michael acceptors by esterifying the carboxylic 

group or use of electrophiles for attack on the unsaturation did not increase the yield.  

 The reversal of enzymatic activity by mutagenesis has been reported in some cases 

especially in the context of Endo enzymes2. It would be interesting, therefore to perform site 

directed mutagenesis on Heparinase-1 in an attempt to induce a Michael type reaction. 

Specifically this might involve reversing the acidic and basic amino acid residues in the 

active site, which are involved in the normal reaction, in the first instance (Figure 1 and 2). 

More specifically, if thio substrates can be accepted by the mutated enzyme, it would lead to 

the formation of stable thio linkages which should not be cleaved by the enzyme’s forward 

activity. 

 Unfortunately, larger oligosaccharides from heparin could not be used for thiol-ene 

radical reaction because of the deactivating influence of the sulfate groups. Binding studies 

with the synthesized small mimics did not show any measurable binding activity. Therefore 

the enzymatic extension of the thio mimics for definite binding activity was sought. 
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 As part of the enzymatic approach, we expressed two bacterial enzymes to attempt a 

biocatalytic extension of heparin thio mimics. We showed for the first time by MS and 

MS/MS conclusively, that the glucuronyl transferase involved in enzymatic backbone 

synthesis of heparin, can also accept thio analogs, even with unnatural stereochemistry. 

However, the yield of this reaction could not be increased sufficiently to allow NMR 

characterization of the product. It is possible that with correct folding of the enzyme, the 

activity, and thereby the yield will increase. The enzymatic approach coupled with the thiol-

ene radical reaction can also be utilized to build defined proteoglycans and even novel hybrid 

proteoglycan structures. This sets the stage for further development work in our laboratory.  

 

Figure 1: Mechanism of action of wild type Heparinase-1 



	 254	

 

Figure 2: Proposed mutagenesis study on the enzyme to impart a Michael addition type reaction  
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