
 

 

 

 

 

 

 

An Investigation into 

β-Glucuronidases 
 

 

 

 

 

 

Gregory David Tredwell B. Biomed Sci (Hons) 
 

 

 

Institute for Glycomics 

Griffith University (Gold Coast) 
 

 

 

Submitted in fulfilment of the requirements of the degree of Doctor of Philosophy 

 

 

 

November 2008 
 

 

 



 

 

 

 



 i

 



 ii 

 

 



 iii

Abstract 
Conjugated carbohydrates, such as proteoglycans, play pivotal roles in a number of 

diverse biological processes.  Their structural complexity encodes information that 

regulates intercellular communication, recognition events and cellular activity.  As such, 

the biosynthesis and catabolism of these complex molecules requires the tight regulation 

of a large number of enzymes.   

 

Two enzymes that are of particular interest in the metabolism of glycosaminoglycans 

are exo-β-glucuronidase and the endo-β-glucuronidase, heparanase.  These two 

glycosidases play an important role in the catabolism of glycosaminoglycan chains from 

extracellular matrix and basement membrane proteoglycans.  Over-expression of these 

enzymes has been reported in a number of tumours, and they have been implicated in 

tumour metastasis and angiogenesis.   Thus, there is considerable interest in the 

characterisation of these enzymes for the development of novel enzyme inhibitors. 

 

The work described in this thesis is divided into two parts.  The first part describes the 

cloning, expression and characterisation of a novel heparanase from the pathogenic 

bacterium Burkholderia pseudomallei.  In addition to the enzyme’s hydrolase activity 

against heparan sulfate, the B. pseudomallei heparanase was also found to have 

significant exo-β-glucuronidase activity.  This is the first report of a bacterial enzyme 

that is capable of cleaving heparan sulfate via a hydrolase mechanism. 

 

In the second part of the work, the X-ray crystal structure of human β-glucuronidase 

was used to design novel enzyme inhibitors.  A number of computational tools such as 

GRID, molecular docking and de novo ligand design were employed to generate a 

library of substituents that could be introduced at the C-1, C-2 and/or C-3 positions of 

specific carbohydrate templates that would potentially improve ligand binding to the 

enzyme. 

 

A number of 1-thioglucuronides, with substituted benzylic or aliphatic aglycon 

moieties, identified by the structure-based ligand design process, were chosen for 

synthesis.  The central glycosidation step used selective diethylamine-mediated 

de-S-acetylation of methyl 2,3,4,5-tetra-O-acetyl-1-S-acetyl-1-thio-β-D-glucuronate, and 

subsequent reaction of the generated thiolate with an activated acceptor molecule.  In 
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the case of the substituted benzyl halide acceptors, glycosidations gave solely the 

β-glycosides, whereas glycosidation with substituted propyl halide acceptors was found 

to produce α/β-anomeric mixtures.  The inhibitory activity of the prepared 

thioglucuronides was evaluated in vitro using a fluorogenic enzyme assay, with the 

most potent inhibitor showing activity down to 10-5 M against the test enzyme, bovine 

β-glucuronidase. 
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1 Introduction 

1.1 Proteoglycans 

Proteoglycans that are present in the extracellular matrix (ECM) and on the surface of 

cells are involved in multicellular processes and are of fundamental importance in 

development.1,2 These important biomolecules provide mechanical repulsive forces for 

lubrication and cushioning in joints, act as a barrier to diffusion across basement 

membranes, provide an anticoagulant coating of blood vessels and perform important 

intracellular communication roles.3  They also act as a reservoir for several proteins and 

growth factors including basic fibroblast growth factor (bFGF), transforming growth 

factor-β (TGF-β), granulocyte-macrophage colony stimulating factor (GM-CSF), 

platelet-derived growth factor and interleukin-3.4 

 

Proteoglycans are composed of several linear glycosaminoglycan (GAG) chains 

O-linked to a central protein core (Figure 1-1), and are found in the ECM or located in 

plasma membranes.1,2  The best understood proteoglycans are found in structural tissues 

such as cartilage.  For example, aggrecan, the major proteoglycan of cartilage, forms 

large hydrated aggregates.5  This super-molecular organisation provides resilience 

through the thermodynamically unfavourable release of bound water.5  The water is 

slowly released under pressure, which is then taken back up when the pressure is 

released.  These proteoglycans therefore act as shock absorbers or very stiff sponges.5 

 

 

Figure 1-1  Schematic diagram representing an integral membrane proteoglycan with a number 
of O-linked GAG chains. 
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The GAG chains attached to proteoglycans are very large linear carbohydrate polymers 

composed of a repeating disaccharide unit, containing an amino sugar 

(N-acetylglucosamine or N-acetylgalactosamine) and a uronic acid (D-glucuronic acid 

or D-iduronic acid).1,2  The acidic GAGs fall into three categories; heparan sulfate and 

heparin, chondroitin sulfates and hyaluronan (Figure 1-2). 

 

 

Figure 1-2  Typical repeating disaccharide units for (a) heparan sulfate and heparin; 
(b) chondroitin sulfates; (c) hyaluronan. 

 

Complex patterns of epimerisation, deacetylation and sulfation for heparan sulfate and 

heparin, as well as for chondroitin sulfates, establishes sequences involved in important 

recognition events.5  The different patterns of GAG modification in different tissues at 

different times of development provides a possible mechanism for regulation of growth 

factor activity.5  Heparan sulfate in particular plays an important role in the regulation 

of basic fibroblast growth factor (bFGF).5  Heparan sulfate acts as a co-receptor, 

binding with bFGF to the fibroblast growth factor receptor, which helps to stabilise 

receptor dimerisation necessary for activation of intracellular signalling events.5,6 

 

While the interaction of heparan sulfate with many members of the FGF family is 

largely due to overall charge density, specific sequences of modifications are also 

important for a number of protein interactions.5  Heparin, for example, obtains its 

anticoagulant activity through a specific pentasaccharide sequence that binds to 
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antithrombin III (AT III) (Figure 1-3).  This binding produces a conformational change 

in AT III that allows the complex to bind to the active sites of factor Xa and thrombin 

proteases, halting the clotting cascade.3  This binding interaction is an important 

mechanism of endogenous heparan sulfate proteoglycans lining the endothelial cells of 

blood vessels to regulate the clotting cascade.3 

 

 

Figure 1-3  The antithrombin III binding pentasaccharide of heparan sulfate.7 

 

1.2 Glycosaminoglycan Biosynthesis 

The GAGs of proteoglycans are O-linked to serine residues of specific Ser-Gly 

sequences in the core protein, except for hyaluronan, which is the only GAG not 

covalently attached to a protein core.5,6  The biosynthesis of heparan sulfate, heparin 

and the chondroitin sulfates first begins in the endoplasmic reticulum (ER) and golgi 

compartments with the synthesis of the linkage tetrasaccharide 

[GlcUAβ1−3Galβ1−3Galβ1−4Xylβ1−O−Ser].  Four specific glycosyl transferase 

enzymes, Xyl transferase, Gal transferase I, Gal transferase II and GlcUA transferase I, 

sequentially transfer the appropriate carbohydrate residues, from activated nucleoside 

sugars, to the core protein.5,6  Once synthesised, the linkage tetrasaccharide may be 

modified by phosphorylation at the C-2 position of the xylose residue, as well as at 

either one or both of the galactose residues at the C-4 and C-6 positions.6  The exact 

role of these modifications remains unclear, however they may play a role in regulating 

the expression level of the GAGs, or selecting whether heparan sulfate or chondroitin 

sulfate GAGs are synthesised.6 
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The next glycosyl transfer reaction defines which GAG will be synthesised.  If a 

GlcNAc is transferred by GlcNAc transferase I, then a heparan sulfate GAG will be 

synthesised.  If a GalNAc is transferred by GalNAc transferase I, then a chondroitin 

sulfate GAG will be synthesised.  The GAG chain is then elongated through the 

alternating action of GlcUA transferase II and GlcNAc transferase II for heparan sulfate 

GAGs, and with GlcUA transferase II and GalNAc transferase II for chondroitin sulfate 

GAGs.  Interestingly, the GAG chain elongation is performed by bifunctional enzymes 

harbouring both glycosyl transferase activities.6  This is in contrast to the 

glycosyltransferase paradigm that each glycosidic linkage is the product of one enzyme. 

 

Following chain elongation, the heparan sulfate GAG is extensively modified by 

N-deacetylation and subsequent N-sulfation with the bifunctional enzyme 

N-deacetylase/N-sulfotransferase.  This modification is generally performed in tight 

clusters, forming variable length N-sulfated (NS) domains throughout the GAG chain, 

which are separated by N-acetylated (NA) domains.6,8  The epimerization of GlcUA to 

IdoUA is then performed by GlcUA C-5 epimerase, which acts only on a GlcUA 

located on the non-reducing side of a N-sulfated GlcN residue.6  The heparan sulfate 

chain is then sulfated at the C-2 position of IdoUA residues with 2-O-sulfotransferase, 

and at the C-6 and C-3 positions of GlcN residues with the 6-O-sulfotransferase and 

3-O-sulfotransferase enzymes, respectively.6  Heparin is a heavily sulfated form of 

heparan sulfate,5 and the initial N-deacetylation/N-sulfation step plays a crucial role in 

determining the overall extent of modifications, as many of the enzymes involved 

require the presence of N-sulfate groups for their substrate recognition.  A Scheme for 

the full biosynthesis of a heparan sulfate GAG is shown in Figure 1-4. 
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Figure 1-4  Scheme for the biosynthesis of heparan sulfate GAGs 
(PAPS = 3’-phosphoadenosine-5’-phosphosulfate).  Figure is modified from Esko et al.8 

 

Chondroitin sulfate GAGs undergo similar modifications to the heparan sulfate GAG 

chain.  The GlcUA is epimerised to IdoUA with GlcUA C-5 epimerase, and various 

sulfation of the GAG chain is performed, which is regulated in a spatiotemporal 

manner.6  The specific modifications being performed depend on which chondroitin 

sulfate is being synthesised.  Table 1-1 shows the predominant modifications for many 

of the known chondroitin sulfate GAGs.6 

 

Table 1-1  The predominant modifications for a number of the known chondroitin sulfate 
glycosaminoglycans.6 

Chondroitin Sulfate Predominant Modification 

A GalNAc(4S) 

B IdoUA 

C GalNAc(6S) 

D GalNAc(6S), GlcUA(2S) 

E GalNAc(4S, 6S) 
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Hyaluronan on the other hand is the simplest GAG, as it has no post synthesis 

modifications.  It is synthesised by the bifunctional enzyme hyaluronan synthase, which 

also facilitates transport of the nascent hyaluronan chain across the membrane.9  The 

rate of initiation of a new hyaluronan chain appears to be slower than the subsequent 

elongation, therefore polydisperse populations ranging from 105 to 107 Da are 

produced.9 

 

1.3 Glycosaminoglycan Catabolism 

Glycoside bond cleaving enzymes can be broadly classified as either glycoside 

hydrolases (glycosidases) or glycoside eliminases (polysaccharide lyases) depending on 

the mechanism of cleavage.10  For instance the glycosidases cleave a uronic acid 

glycosidic bond at the reducing end with the assistance of a water molecule 

(Figure 1-5a), while a polysaccharide lyase cleaves at the non-reducing end of the 

uronic acid via a β-elimination reaction, resulting in an unsaturated product 

(Figure 1-5b). 

 

a) 

 

 

b) 

 

 

Figure 1-5  Representative reactions catalysed by (a) glycosidases and (b) lyases. 

 

1.3.1 Glycosidases 

Glycosidases can be further categorised based upon the type of linkage that they cleave 

and they generally have a strict specificity for this linkage.11  Glycosidases are also 

categorised whether they are exo- or endo-acting enzymes.10  The exo-acting enzymes 

recognise and cleave terminal carbohydrate residues, while endo-acting enzymes cleave 

glycosidic bonds within the inner region of carbohydrate polymers.10   
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Glycosidases cleave glycosidic bonds with either net inversion or net retention of 

anomeric stereochemistry.11,12  Both mechanisms involve oxycarbenium ion-like 

transition states and are generally facilitated by a pair of acidic amino acids (Glu or 

Asp) in the active site.11,12  The two acidic acids of inverting glycosidases are 10.5 Å 

apart, on average, and the reaction proceeds via a single displacement mechanism.12,13  

One carboxylic acid functions as a general acid to protonate the glycosidic oxygen, 

which facilitates the lengthening of the fissile C-1 bond in a pseudoaxial direction.13-15  

As well as the distortion of the pyranoside ring to a skew, boat or envelope 

conformation, as the oxycarbenium ion-like transition state develops.13-15  The other 

carboxylic acid functions as a general base, coordinating a water molecule for 

nucleophilic attack at the anomeric position (Figure 1-6a).12,13  This is generally true 

except in the case of sialidases, which appear to use a tyrosine residue as the catalytic 

nucleophile.16 

 

In retaining glycosidases, the active site amino acids are 5.5 Å apart, on average, and 

the reaction proceeds via a double displacement mechanism, involving a covalently 

bound glycosyl-enzyme intermediate, as shown in Figure 1-6b.12,13  In the first step, one 

of the carboxylic acids functions as a general acid, protonating the glycosidic oxygen, 

while the other carboxylic acid acts as a nucleophile, attacking the anomeric position, 

resulting in the formation of an α-configured covalent glycosyl-enzyme 

intermediate.12,13  The covalent glycosyl-enzyme intermediate is usually in 4C1 

conformation but can also be found in the boat conformation.13  The aglycon diffuses 

away and is replaced by a water molecule, and the carboxylic acid functioning as the 

general acid now functions as a general base, coordinating the water molecule for 

nucleophilic attack at the anomeric position to form the product hemiacetal with net 

retention of configuration.12,13 
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Figure 1-6  Schematic diagrams of the general mechanisms for (a) an inverting β-glycosidase 
and (b) a retaining β-glycosidase.  Reproduced from Rye et al.12 

 

The schematic diagrams of the general mechanisms for β-glycosidases shown in 

Figure 1-6 inaccurately depict the location of the amino acid responsible for protonating 

the glycosidic oxygen.  While investigating inhibition of configuration-retaining 

β-glycosidase inhibitors, Heightman et al.14 recognised that protonation of the 

glycosidic oxygen actually takes place in the plane of the pyranoside ring and that the 

glycosidases can be further characterised into two types.  In the first type, the proton 

donor is “anti” to the pyranoside ring oxygen (Figure 1-7a), with respect to the plane 

formed by O-1, C-1 and H-1.  For the second type, the proton donor is located “syn” to 

the pyranoside donor (Figure 1-7b). 
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Figure 1-7  Protonation trajectories of the β-glucosidic bond: (a) anti and (b) syn.  Reproduced 
from Rye et al.12 

 

Glycosidases that cleave glucuronic acid glycosides, such as the glycosaminoglycans of 

proteoglycans, are the exo- and endo-β-glucuronidases, commonly referred to as 

β-glucuronidase and heparanase, respectively.  The following sections describe these 

two glycosidases in more detail. 

 

1.3.1.1 β-Glucuronidase 

1.3.1.1.1 Biological Role 

β-Glucuronidase (EC 3.2.1.31) is a family 2 glycosyl hydrolase which removes 

D-glucuronic acid from the non-reducing terminal end of β-linked D-glucuronides, 

whether they be glycoside- or acyl-linked, aliphatic or aromatic (Figure 1-8).17-19   

 

 

Figure 1-8  The general reaction catalysed by β-glucuronidase. 

 

This exo-glycosidase activity is essential for the normal turnover of many D-glucuronic 

acid-containing glycosaminoglycans (GAGs) including chondroitin sulphate, heparin 

sulphate and hyaluronan.  This is evident from an autosomal recessively inherited GAG 

storage disease called mucopolysaccharidosis type VII (MPS VII or Sly 

syndrome).4,20-22  Affected individuals have a deficient β-glucuronidase activity, causing 

the intralysosomal accumulation of GAGs in multiple organs and the urinary excretion 

of large amounts of partially degraded GAGs.23  Symptoms associated with MPS VII 
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include dwarfism, radiological abnormalities, hepatosplenomegaly and mental 

retardation.24  

 

β-Glucuronidase also plays a role in the enterohepatic circulation by hydrolysing 

glucuronides produced primarily by the liver.25-27  Glucuronidation is an important 

phase II biotransformation reaction that takes place in the lumen of the liver, as well as 

other tissues including the kidney and the intestine.2,27  A wide variety of chemicals are 

conjugated with D-glucuronic acid, which is transferred from UDP-glucuronate by 

UDP-glucuronyl transferase, in order to reduce toxicity and to facilitate excretion, by 

improving water solubility.2,25  The small molecular-weight conjugates (< 400), are 

excreted through the kidney in urine, and the higher molecular-weight conjugates are 

excreted in the bile, and hence the faeces.2,28  However, when hydrolysed by 

β-glucuronidase, the deconjugated compounds can be absorbed through the wall of the 

small intestine and sent back to the liver, and this cyclic process of 

conjugation/deconjugation constitutes the enterohepatic circulation.27  Studies on the 

inhibition of β-glucuronidase with competitive inhibitors have also suggested that 

β-glucuronidase may play a key role in sperm penetration and fertilisation of ovum.19 

 

1.3.1.1.2 Enzyme Localisation 

β-Glucuronidase is widely distributed in animals, plants, bacteria and 

molluscs.20,22,26,29-31  Within the cell, β-glucuronidase can be found as a soluble enzyme, 

membrane bound, or even associated with the cytoskeleton, as observed in studies with 

goat sperm cells32, but what makes β-glucuronidase distinct from other mammalian 

enzymes is that it has a dual localisation within the cell.26,31,33-36  Not only is 

β-glucuronidase present in lysosomes, but up to 50 % of the total enzyme content within 

cells is localised within the lumen of the endoplasmic reticulum (ER).19,35,37-39  Both 

forms of β-glucuronidase are catalytically and immunologically very similar, if not 

identical, however they differ slightly in amino acid and carbohydrate content.35,37   

 

Within mouse liver, kidney and lung tissues, β-glucuronidase is sequestered within the 

lumen of the ER by the non-covalent binding to an accessory protein called 

egasyn.25,26,38,40,41  Egasyn is identical to a murine carboxyl esterase called esterase 22, 

which likely serves to detoxify xenobiotics including drugs, antibiotics, herbicides and 

insecticides as well as hydrolysing naturally occurring compounds including 
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phosphatidylcarnitine, lysophospholipids and monoglycerides.40,41  In addition to its 

natural catalytic activity mouse egasyn also binds to eight amino acids at the C-terminal 

of murine β-glucuronidase via its carboxyl esterase active site.40  Up to four molecules 

of egasyn can bind to murine β-glucuronidase, one for each subunit of the enzyme 

homotetramer, and this complex is retained within the lumen of the ER via egasyn's 

C-terminal, HTEL tetrapeptide signal sequence.41  This retention signal is similar to the 

KDEL signal sequence that has been observed for several ER luminal proteins.41  The 

human homolog of egasyn, shares a 78 % identity with mouse egasyn and also contains 

a similar retention signal HIEL, however binding with human β-glucuronidase does not 

involve C-terminal amino acids nor does it require egasyn’s carboxyl esterase active 

site.40  Despite this difference, human egasyn binds and sequesters human 

β-glucuronidase in the ER, and this role of egasyn-like proteins has also been reported 

for rat, rabbit and frog tissues.40 

 

The microsomal and lysosomal forms of β-glucuronidase are charge isomers and are 

thought to differ slightly in their amino acid and carbohydrate compositions.26,35-37  Post 

translational cleavage of a C-terminal peptide from β-glucuronidase occurs within 

endosomes, and each monomer subunit of β-glucuronidase contains four potential 

Asn-linked glycosylation sites.31,42  The study of these branched oligosaccharides by 

Hoja-Lukowicz et al.42 using affinity chromatography revealed that the complex 

biantennary type structures of lysosomal β-glucuronidase are almost fully sialylated, 

while the same type of glycans present on microsomal β-glucuronidase do not contain 

sialic acid residues (Table 1-2). 

 

Table 1-2  Comparison of microsomal and lysosomal β-glucuronidase carbohydrate 
structures.42 

Carbohydrate Structures 
Microsomal 

β-Glucuronidase 

Lysosomal 

β-Glucuronidase 

Tri and/or Tetraantennary 40.8 % 17.0 % 

Complex Biantennary 
38.9 % 

(Not Sialylated) 

46.4 % 

(Sialylated) 

High mannose and/or 

Non-bisected Hybrid 
19.6 % 36.6 % 
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While the exact role of the localisation of β-glucuronidase within the lumen of the ER is 

not known, microsomal β-glucuronidase is thought to be a precursor of the fully mature 

lysosomal enzyme.37  This transition may be regulated through different glycosylation 

reactions as the protein travels through the Golgi apparatus.  An increase in sialylation 

of the complex biantennary glycans may disrupt the interaction with egasyn, preventing 

the retention of human β-glucuronidase within the ER.  Also an increase in the number 

of high mannose type glycans may facilitate targeting to lysosomes, via phosphorylation 

of mannose residues and consequent recognition by mannose-6-phosphate receptors 

within the membrane of the Golgi complex.43,44 

 

1.3.1.1.3 Expression 

β-Glucuronidase is widely distributed in mammalian tissues including spleen, brain, 

skeletal muscle, liver, pancreas, prostate, kidney and lung.26,45  The enzyme is also 

expressed by some plants, bacteria and molluscs.36  In humans, the gene for 

β-glucuronidase is located on the long arm of chromosome 7 (7q11.21), orientated on 

the minus strand and consists of 21 521 base pairs.45  The structural gene contains 12 

exons which are spliced following transcription to produce a 2.7 kb mRNA molecule, 

which is then translated to produce the 74 715 Da protein monomer.45-48 Normally, 

β-glucuronidase exists in solution as a homotetramer, although there is also evidence of 

a functional homodimer.31  The level of expression of β-glucuronidase within different 

cells is regulated at multiple levels, including transcription, translation and 

post-translation.49   

 

Closely linked to the β-glucuronidase structural gene are several regulatory loci, which 

control the rate and degree of enzyme transcription.46,50  These include:46,51 

• Temporal locus (Gus-t), which acts trans to regulate tissue and time-specific 

changes. 

• Systemic locus (Gus-u), which has a uniform effect on β-glucuronidase levels in 

all tissues. 

• Regulatory locus (Gus-r), which acts cis to regulate the androgen induction of 

β-glucuronidase. 

 

In rat and mouse kidney proximal tubular epithelial cells, β-glucuronidase is under 

multi-hormone control.52  Through interactions with Gus-r, testosterone increases 
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β-glucuronidase expression up to 100-fold.38,50,52,53  Fluctuating levels of growth 

hormone are necessary for the full androgen effect on the β-glucuronidase gene, and this 

is mediated through insulin-like growth factor-I (IGF-I), which is a key intermediate in 

the signal transduction pathway.53  Furthermore, estrogen antagonises the 

androgen-mediated stimulation of β-glucuronidase.53  Androgen-induced 

β-glucuronidase of the kidney proximal tubular epithelial cells is excreted in the urine, 

and the reason for this strong response is not completely understood.53  It has been 

proposed that induced β-glucuronidase activates an aggression-stimulating pheromone 

that is also present in the urine.53  This pheromone, when conjugated to D-glucuronic 

acid, is water soluble, but also inactive.53  Activation of this aggression pheromone by 

hydrolysis of the glucuronide is thought to be advantageous for male mice in regards to 

their social behaviour.53  It is also thought to be disadvantageous for female mice, which 

accounts for the antagonising action of estrogen on the androgen-induction of 

β-glucuronidase.53 

 

Other methods for the control of β-glucuronidase expression include the differential 

regulation of mRNA turnover rates and the efficiency of translation.49  For example, 

β-glucuronidase mRNA within T-lymphocytes is translated at a significantly lower rate 

than for B-lymphocytes or plasma cells.49  Furthermore, the rate of translation of rodent 

β-glucuronidase mRNA is three times higher than human β-glucuronidase mRNA, due 

to a 155 base pair segment of internal coding sequence that increases translation.38 

 

Post-translational processing is also another important method for the regulation of 

β-glucuronidase expression within cells.  Differential processing of plasma cell's 

β-glucuronidase protein yields an enzyme with a higher catalytic activity per molecule 

than for T- and B-lymphocytes.49  

 

1.3.1.1.4 Activity 

β-Glucuronidase is an exo-glycosidase, which hydrolyses β-linked D-glucuronic acid 

residues from the non-reducing termini of GAGs and glucuronides.17,19,25,26,31  Being 

primarily a lysosomal hydrolase, human β-glucuronidase has an acidic pH optimum 

between 4 and 5.5, however Escherichia coli β-glucuronidase, which has a significant 

homology with the human enzyme has a more neutral pH optima 

(6.5 − 7.5).17,19,21,22,35,36,54,55  β-Glucuronidase is specific for the anomeric configuration 
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of the D-glucuronic acid, highly favouring β-linked glucuronides, however it does not 

discriminate between the β(1,4) linkage, present in heparan sulphate, or the β(1,3) 

linkage in chondroitin sulphate.4  Furthermore, β-glucuronidase is reported to hydrolyse 

all glucuronides whether they be glycoside- or acyl-linked, aliphatic or aromatic, with 

net retention of the anomeric configuration.18,56,57  However, it has also been reported 

that β-glucuronidase may recognise terminally linkage carbohydrates besides 

D-glucuronic acid.58  For the hydrolysis of the O-nitrophenyl β-glucoside (1), the 

Michaelis constant Km is 2.8 ± 0.9 mM, which is surprisingly close to the Michaelis 

constant for the hydrolysis of the O-nitrophenyl β-glucuronide (2), in the range 

0.13 − 2.9 mM.58  β-Glucuronidase has also been reported to be capable of hydrolysing 

galacto-configured substrates.14 

 

 
    1              2 

 

In addition to β-glucuronidase's ability to hydrolyse β-linked glucuronides, this enzyme 

also has the ability to catalyse the transfer of β-glycosidically linked glucuronyl residues 

to stereospecific sites on acceptor sugars.59,60  Niemann et al.60 reported the exclusive 

formation of glucuronyl β(1,3)-glycosidic linkages with yields up to 28.9 %, while 

β(1,2) and β(1,4) linkages have also been reported with similar yields.59  

β-glucuronidase is also able to catalyse the transfer of several other carbohydrates such 

as glucose, galactose, xylose and fucose, to furfuryl alcohol, an acid sensitive diene, 

with transfer yields as high as 84 %.58  Monosaccharides with a secondary hydroxyl 

group configuration matching that of glucuronic acid, that is, equatorial at C-2, C-3 and 

C-4, had by far the greatest degree of transfer.58 

 

1.3.1.1.5 Structure 

The three dimensional structure of human β-glucuronidase was published in 1996 by 

Jain et al.31 with a resolution of 2.6 Å.  β-Glucuronidase is a homotetramer with each 

monomer consisting of a single chain of 651 amino acids, which is arranged into three 

structural domains (Figure 1-9).31  The first domain, consisting of amino acids 22-223, 

is a highly distorted barrel-like structure with a jelly roll motif and two β-hairpin 
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insertions.31  The second domain (amino acids 224-342) is similar in topology to the 

immunoglobulin constant domain, and the third domain contains the active site of the 

enzyme within a (α/β)8 TIM barrel motif between amino acids 343-632.31   

 

   

Figure 1-9  a) [Left] Human β-glucuronidase, showing the homotetramer structure; b) [Right]  
A view of one of the monomers showing the three domains of the β-glucuronidase monomer.  
Coloured blue is the highly distorted barrel domain.  Coloured green is the domain similar in 
topology to the immunoglobulin constant domain and coloured yellow to red is the (α/β)8 TIM 
barrel housing the catalytic residues. 

 

The catalytic active site is a large crater-shaped cavity formed at the interface of two 

monomers.31  The homotetramer contains two of these cavities and each includes two 

identical pockets containing the catalytic residues.31  Residues Glu451, Glu540, and 

Tyr504 are involved in catalysis, with Glu451 functioning as the general acid/base 

residue and Glu540 acting as the catalytic nucleophile.22,57  Tyr504 has been found to be 

important for catalysis, although its role is unclear.22  The active site region displays a 

particularly high density of charged residues, and the overall electrostatic field is such 

that it would make favourable interactions with an electronegative substrate, such as a 

D-glucuronic acid containing substrate.31 

 

β-Glucuronidase also contains a β-hairpin loop between amino acids 184-204 that is 

structurally similar to β-hairpin loops present in the lysosomal proteases, cathepsin A 

and D.31,61  These structures have been implicated in the recognition by 

N-acetyl-glucosamine-1-phosphotransferase, which is the enzyme responsible for the 

first step in the synthesis of the mannose-6-phosphate lysosomal targeting signal.61  

However, from the available crystal structures of seven lysosomal enzymes (cathepsins 

A, B, D, L, β-glucuronidase, aryl sulfatase B, and aspartyl glucosaminidase) only three 
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seem to possess this structurally conserved β-hairpin loop, suggesting the presence of 

multiple phosphotransferase-binding sites.61 

 

1.3.1.2 Heparanase 

1.3.1.2.1 Biological Role and Localisation 

Heparanase is an endo-β-glucuronidase, involved in the degradation of heparan sulphate 

and belongs to the glycosyl hydrolase family 79.62,63  Heparanase is located primarily 

within the lysosomes and golgi apparatus of neutrophils, macrophages, T- and 

B-lymphocytes, platelets, cytotrophoblasts, keratinocytes, capillary endothelium, skin 

fibroblasts and hepatocytes.62,64-66  However, little or no heparanase is expressed in 

connective tissue cells and most normal epithelial cells.64,66  When released from the 

intracellular stores of the circulating cells, heparanase degrades the ECM to facilitate 

extravasation from capillaries.4  Heparanase may regulate growth factor action by 

releasing HS-bound growth factors such as bFGF from cell surfaces or from the 

ECM,67,68 and has also been implicated in the release of subendothelial bound 

lipoprotein lipase.69 

 

1.3.1.2.2 Expression 

Despite earlier reports on the existence of several distinct mammalian heparan sulfate 

degrading endo-β-glycosidases (heparanases), it is now thought that mammalian cells 

express predominantly a single functional heparanase enzyme.62  The gene for 

heparanase is found on chromosome 4q21.3, and encodes for a 543 amino acid 

precursor, pre-proheparanase (Figure 1-10).63,64,70,71  This precursor contains a 

hydrophobic 35 amino acid stretch at the N-terminus, which is essential for subcellular 

trafficking to the lysosomal compartments,62 as well as six putative N-glycosylation 

sites, which regulate intracellular transport and secretion.72  Following cleavage of an 

N-terminal signal peptide yielding proheparanase, an unknown protease cleaves an 

internal linker from the N-terminus, producing 8 and 50 kDa polypeptides, which 

reassociate to form the active heterodimer, heparanase.70,71 
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Figure 1-10  Post-translational processing of human heparanase to its mature heterodimer form.  
The locations of the putative catalytic residues Glu225 (general acid/base) and Glu343 (catalytic 
nucleophile) are indicated by the asterisks and the locations of the six N-glycosylation sites are 
indicated by the solid circles.  Reproduced from Parish el al.63 

 

The basal activity of heparanase mRNA expression is positively regulated by a number 

of transcription factors such as Ets1, Ets2, Sp1 and the GA binding protein (GABP), 

which bind to a number of sites in the -1 and -340 bp region preceding the heparanase 

gene.72  Estrogen has also been shown to induce heparanase mRNA expression, while 

DNA methylation of CpG islands in the heparanase promoter negatively regulates 

mRNA expression.72 

 

1.3.1.2.3 Activity 

Due to its lysosomal location within cells, heparanase has an acidic pH optimum range 

between pH 5-6 and is inactivated at alkaline pH conditions greater than pH 8.64  

Heparanase hydrolases the β-(1,4)-glycosidic linkage between the D-glucuronic acid and 

N-acetyl glucosamine residues at specific sites within heparan sulphate polymers, 

yielding oligomeric fragments consisting of about 10-20 sugar units.4,62,64  No unified 

picture of human heparanase substrate recognition has yet been provided, and some of 

the evidence is contradictory.  Gong et al.7 has even reported that human heparanase 

might act in an exo-lytic fashion, though this activity has not be confirmed. 

 

A capsular polysaccharide from Escherichia coli K5, that has the same carbohydrate 

composition (-GlcUA-β1,4-GlcNAc-α1,4-)n as heparan sulfate, was found to be 

resistant to heparanase digestion, indicating that biosynthetic modifications of the 

polysaccharide backbone are essential for enzyme recognition.73  The capsular 
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polysaccharide was also resistant to hydrolysis after chemical 

N-deacetylation/N-sulfation or partial enzymatic C-5 epimerisation.  However, the 

capsular polysaccharide modified chemically by O-sulfation was susceptible to 

hydrolysis, indicating that O-sulfation and not N-sulfation nor IdoUA is essential for 

recognition by heparanase.73  In particular, selective O-desulfation implicated a 

2-O-sulfate group on a hexuronic acid residue located two monosaccharide units from 

the cleavage site, toward the reducing end.73  Figure 1-11 shows the proposed minimal 

O-sulfation of heparan sulfate required for substrate recognition by heparanase. 

 

 

Figure 1-11  The proposed minimally O-sulfated sequence on heparan sulfate for substrate 
recognition by heparanase.73  The 2-O-sulfate proposed to be essential for substrate recognition 
is coloured red. 

 

Okada et al.74 however, concluded that the 2-O-sulfate of a hexuronic acid residue 

located two monosaccharide units from the cleavage site, toward the reducing end, was 

not essential for substrate recognition by heparanase.  By using a series of structurally 

defined oligosaccharides, a number of important features about substrate recognition by 

heparanase were proposed.74  Firstly, the minimum recognition sequence proposed is a 

trisaccharide, as shown in Figure 1-12.  A highly sulfated structure is critical for 

heparanase action, with the GlcN(2-N-sulfate) structure on the reducing side and the 

GlcN(6-O-sulfate) structure on the non-reducing side (coloured red) of the cleavage site 

are considerably important for substrate recognition.  The GlcN(2-N-sulfate) structure 

on the non-reducing side or the GlcN(6-O-sulfate) structure  on the reducing side 

(coloured blue) of the cleavage site appear to have a promoting effect on heparanase 

action, while the GlcN(3-O-sulfate) structure on the reducing side (coloured green) 

causes inhibition of the enzyme.74 
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Figure 1-12  The minimum sequence of heparan sulfate for substrate recognition by heparanase.  
The functional groups coloured red are important for substrate recognition, and the groups 
coloured blue have a promoting effect on enzyme activity.  The sulfate group coloured green 
appears to inhibit heparanase activity. 

 

1.3.1.2.4 Structure 

The X-ray crystal structure for heparanase has yet to be determined, however secondary 

structure predictions from the amino acid sequence suggest that heparanase contains a 

catalytic (α/β)8 TIM-barrel fold.63,66,75  TIM-barrels are characteristic of the clan A 

glycosyl hydrolase families, which includes the family 2 glycosyl hydrolase, 

β-glucuronidase.66  However, heparanase does not show any significant homology to the 

family 2 β-glucuronidases.76  On the basis of sequence alignments, the two conserved 

acidic residues within the (α/β)8 TIM-barrel, Glu225 and Glu343, have been identified 

as the general acid/base and catalytic nucleophile, respectively, and site-directed 

mutagenesis of these two residues completely abolished heparanase activity.75  

Heparanase is also thought to contain six putative N-glycosylation sites and a candidate 

C-terminal transmembrane region.64,66,72 

 

A homology model of the active site (α/β)8 TIM-barrel fold has been created based upon 

structural information for two homologous clan A hydrolases, xylanase from 

Penicillium simplicissimum and glycanase from Cellulomonas fimi (Figure 1-13).77  

While human heparanase has a low sequence identity (20 %) with xylanase, the high 

similarity (57 %) suggests that the proteins share similar structures.77  The homology 

model supports the assignment of Glu225 and Glu343 as the catalytic residues, however 

the model does not include the 8 kDa heparanase fragment excised from proheparanase, 

which is thought to reassociate with the 50 kDa fragment to form part of the (α/β)8 

TIM-barrel.78 
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Figure 1-13  Superposition of modelled heparanase (red) with crystal structures of xylanase 
(green) and glycanase (blue).  Reproduced from Zhou et al.77 

 

1.3.2 Polysaccharide Lyases 

Most polysaccharide lyases act endolytically, though some exhibit both endo- and exo-

activity, and their activity is generally optimal a alkaline pH.79,80  The mechanism for 

the reaction is proposed to involve three stages.  The first stage involves the removal of 

the negative charge on the carboxylate anion of the uronic acid.79,81,82  The second stage 

involves the general base catalysed proton abstraction from the C-5 position, termed the 

α-carbon, and the third stage involves the elimination of the leaving group from the C-4 

position, termed the β-carbon, resulting in a α/β-unsaturated product.79,81,82  Deuterium 

kinetic isotope studies have indicated that the abstraction of the C-5 proton is the rate 

limiting step and that cleavage of C-4 leaving group is a separate step.81  The proposed 

mechanism for the cleavage of α-1,4-polygalacturonic acid by a pectate lyase is shown 

in Figure 1-14.  In this mechanism, the negative charge of the galacturonic acid is 

neutralised by the positive charge of calcium ions bound to the active site. 
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Figure 1-14  Schematic diagram representing the proposed mechanism for the cleavage of 
α-1,4-polygalacturonic acid by a pectate lyase.  Reproduced from Herron et al.82 

 

The polysaccharide lyases are mainly products of various microorganisms, though a 

number of fungal lyases have also been found.79,80  There are at least three basic types 

of polysaccharide lyases which can cleave linkages of heparan sulfate and heparin with 

different specificities.  Three heparin lyases have been isolated from the soil isolate 

Flavobacterium heparinum, which is capable of utilising heparan sulfate and heparin as 

its sole carbon and nitrogen source.83,84 These enzymes are known as heparin lyase I 

(EC 4.2.2.7), heparin lyase II (No EC number) and heparin lyase III (EC 4.2.2.8).84  

Heparin lyase activity has also been reported for Bacteroides sp. and Prevotella 

heparinolytica10,80, and chondroitin sulfate lyases (EC 4.2.2.4) and hyaluronan lyases 

(EC 4.2.2.1) have also been reported for a number of bacterial species.80 

 

1.4 Pathological Significance of the β-Glucuronidases 

1.4.1 Cancer Metastasis and Angiogenesis 

The degradation of the constituents of the extracellular matrix (ECM) and vascular 

basement membranes including collagens, laminins, fibronectin, vitronectin and 

heparan sulphate proteoglycans, are essential for tumour cell invasion of the 

surrounding tissues and metastasis to distant organs.63,66  Thus it would be anticipated 

that β-glucuronidase and heparanase, enzymes that degrade heparan sulphate, an 

important constituent of the ECM and basement membranes, may play a significant role 

in tumour metastasis.  In fact, it has been reported that β-glucuronidase activity is 

significantly higher in many tumours, including stomach, pancreas, breast, bladder and 
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colon carcinomas and leptomeningeal metastases.31,54,85-88  The metastatic potential of 

tumour cells is also related to heparanase levels, and elevated levels are found in many 

human tumours including breast, colon, lung, prostate, ovary, and pancreas carcinomas, 

lymphoma, fibrosarcoma and melanoma.62-66  T-lymphoma cells can actually be 

converted from non-metastatic to metastatic cells following stable transfection and 

over-expression of the heparanase gene.64  Furthermore, enhanced heparanase 

expression correlates with reduced post-operative survival of cancer patients, and the in 

vivo administration of heparanase inhibitors has resulted in dramatic reductions 

(> 90 %) in the incidence of tumour metastases.63,66   

 

In addition to playing a crucial role in cell invasion, the degradation of heparan sulphate 

glycosaminoglycan chains can also liberate bound growth factors such as basic 

fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF), which 

promote angiogenesis.63,64,66  Many growth factors are localised, protected from 

proteolysis and regulated through interactions with the ECM and in fact, the binding of 

bFGF with heparan sulphate facilitates fibroblast growth factor receptor dimerisation 

and signalling.1,63-65  The degradation of heparan sulphate by heparanase not only 

releases bFGFs and VEGFs from the ECM, and produces heparan sulphate fragments 

for promoting receptor dimerisation, but also aids in the degradation of the 

subendothelial capillary basement membrane.63-65  By degrading the polysaccharide 

scaffold of the basement membrane, heparanase may facilitate endothelial cell invasion 

and migration, an important step in the angiogenic cascade.63-65 

 

1.4.2 Carcinogenesis 

The role of β-glucuronidase in the enterohepatic circulation has been well 

established.25-27,36  A wide variety of chemicals are conjugated with D-glucuronic acid 

within the liver, in order to render them less toxic and to facilitate excretion.2  However, 

within the small intestine, these conjugates can be hydrolysed by β-glucuronidase, 

converting, for example, benzopyrene glucuronides into carcinogenic products and 

allowing toxic xenobiotics to be absorbed through the wall of the small intestine and 

sent back to the liver.27,36 

 

Estrogens have been increasingly implicated in the etiology of human cancers and are 

known to induce tumours in various organs.89  Catechol estrogens are among the major 
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metabolites of estrogens E1 (estrone) and E2 (estradiol), and if these metabolites are 

oxidised to the electrophilic catechol estrogen-3,4-quinones, they may react with DNA 

to form depurinating adducts that may lead to oncogenic mutations.90  Furthermore, 

single-strand DNA breaks are induced by hydroxy radicals that are generated by this 

process.90  The catechol estrogens are inactivated by conjugating reactions in the liver 

such as glucuronidation, sulphation and also by O-methylation in the extrahepatic 

tissues.90  Therefore, deconjugation of catechol glucuronides, in addition to primary 

estrogen glucuronides, by β-glucuronidase may facilitate the development of 

estrogen-induced tumours. 

 

β-Glucuronidase may also be a predisposing factor in the genesis of bladder 

carcinoma.85  In Egypt, the association between vesical schistosomiasis and bladder 

cancer is generally accepted, though the exact nature of this association is not clear.85  

Elevated urinary levels of β-glucuronidase have been reported in patients with 

Schistosoma haematobium infestations, as well as in bladder cancer patients and 

abnormal amounts of the carcinogenic tryptophan metabolites have also been reported.85  

It has been suggested that carcinogenic compounds are released in the bladder from 

their conjugated glucuronides through the action of β-glucuronidase.85 

 

1.4.3 Inflammatory Disease 

The continual extravasation of leukocytes through the blood vessel wall and their 

subsequent entry and accumulation in inflammatory sites is characteristic of chronic 

inflammation.63  As with tumour cell metastasis, the degradation of the polysaccharide 

scaffold of the sub-endothelial basement membrane is essential for the extravasation of 

leukocytes.  The expression of heparanase in neutrophils, macrophages and 

lymphocytes can be dramatically enhanced by pro-inflammatory cytokines,63  thus the 

release of lysosomal enzymes, such as β-glucuronidase and heparanase, may be crucial 

in the pathogenesis of tissue injury and inflammation.91 

 

The degradation of articular cartilage proteoglycans by lysosomal enzymes is involved 

in the development of rheumatoid arthritis, and significantly increased β-glucuronidase 

activity has been reported in the serum and synovial fluid of rheumatoid arthritis 

patients.2,92-96  Immune complexes and complement split products induce leukocytes to 

release their lysosomal enzymes, including β-glucuronidase, which degrade the cartilage 
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proteoglycans and the synovial fluid hyaluronan.2,51,93,97  Hyaluronan is the main GAG 

of the synovial fluid, which is a viscous fluid that lubricates the joints and can also 

absorb sudden physical shocks.2  However, if either the concentration of hyaluronan is 

too low, or if present in a partly depolymerised form, the lubrication properties of the 

synovial fluid are greatly impaired.2 

 

1.5 Enzyme Inhibition 

In addition to a number of important normal functions of β-glucuronidase, this enzyme 

has also been implicated in various pathological processes (Section 1.4); thus, there is a 

pharmacologic interest in the development of specific inhibitors of β-glucuronidase and 

heparanase.   

 

Enzyme inhibitors can be classified as either reversible or irreversible inhibitors.98  The 

most common reversible inhibitors of glycosidases are either substrate analogues, or are 

so-called transition state analogues.98  The substrate analogues have a strong molecular 

similarity with the natural substrate, allowing for tight binding, however they are 

resistant to hydrolysis.99  The transition state analogues of compounds resemble the 

structure of the substrate at a postulated transition state of the enzyme-catalysed 

reaction, which is thought to have the highest degree of enzymatic stabilization.98,100  

This stabilization is so large, that for glycosidases, the transition state is believed to be 

bound with a dissociation constant of up to 10-20M, however no inhibitor has yet been 

discovered that even comes close to this value.100  While transition state inhibitors 

typically bind more tightly than substrate analogues, it is difficult to design analogues 

that mimic an unstable and unusual chemical structure in the transition state.11 

 

The structure of the transition state for glycosidase catalysed reactions, as discussed in 

Section 1.3.1, is believed to be an oxycarbenium ion-like intermediate similar to 3 

(Figure 1-15).100,101  The design of transition state inhibitors of glycosidases has mainly 

focused on mimicking the assumed geometry of the transition state or its assumed 

charge.100  In terms of the geometry of the transition state, inhibitors have been designed 

that assume the half-chair conformation that 3 adopts due to the sp2 character at the 

anomeric carbon.100  Designs focused on charge have mimicked charge build-up in a 

number of different areas, including inhibitors that mimic protonation of the glycosidic 
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oxygen, inhibitors that mimic charge build-up at the endocyclic oxygen and inhibitors 

that mimic charge build-up at the anomeric position.100 

 

 
            3a         3b 

Figure 1-15  Resonance stabilised structures of the postulated oxycarbenium ion-like transition 
state of glycosidases.100,101 

 

Irreversible inhibitors can be classed into two groups.98  The first include covalent 

inactivators, which have a structural similarity to a substrate, but also contain a reactive 

functional group.98  The second class are referred to as mechanism-based enzyme 

inhibitors, which are unreactive compounds that resemble the structure of a substrate or 

product for the target enzyme.98 

 

The following sections describe a number of inhibitors that have been identified for 

β-glucuronidase and heparanase.  The majority of known inhibitors of β-glucuronidase 

are transition state analogues, thought to mimic the oxycarbenium ion-like transition 

state.  These will be discussed in some detail to describe the progress made in 

mimicking such an unstable chemical structure in relation to β-glucuronidase. 

 

1.5.1 β-Glucuronidase Inhibitors 

1.5.1.1 Inhibitors that Mimic the Geometrical Structure of the Transition 

State 

Glyconolactones such as 4a, have been known to be relatively strong inhibitors of 

β-glycosidases since the 1940’s.14  This is thought to be mainly due to the 

stereochemical and conformational similarities between the lactone and the transition 

state, though it has also been suggested that the polar oxy group of the tautomer 4b also 

partially mimics the positive charge of the oxycarbenium ion intermediate 3a.14  

However, a disadvantage of the glycono-1,5-lactones is their interconversion to the 

1,4-lactone under mildly acidic conditions and their tendency to undergo hydrolytic ring 

opening under mildly basic conditions.14  Despite this however, 
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D-glucurono-1,4-lactone (5) inhibits bovine β-glucuronidase with an inhibition constant 

(Ki) of 460 nM.102  D-Glucurono-1,5-lactam (6) is also a very potent inhibitor of bovine 

β-glucuronidase, with a Ki value of 39 nM.102-104 

 

 
     4a           4b 
 

 
         5                          6 
 

1.5.1.2 Inhibitors that Mimic a Positively Charged Glycosidic Oxygen 

The first step of substrate hydrolysis by β-glucuronidase involves protonation of the 

glycosidic oxygen, producing a positive charge.  Compounds that contain an amine in 

place of the glycosidic oxygen may be regarded as transition state analogues, since 

protonation of these amine groups would mimic the charge build up that occurs at this 

position.100  The phenylcarbamate 7 of D-glucarhydroximo-1,5-lactone is an inhibitor 

(Ki = 8 μM) of E. coli β-glucuronidase and a strong inhibitor (IC50 = 0.2 μM) of bovine 

liver β-glucuronidase.105  In addition to incorporating an exocyclic nitrogen, 7 also 

mimics the geometric structure of the oxycarbenium ion-like transition state, due to the 

presence of a double bond between the anomeric carbon and the exocyclic nitrogen, 

which creates flattening of the pyranose ring. 

 

 
7 
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1.5.1.3 Inhibitors That Mimic a Positively Charged Endocyclic Oxygen 

2(S)-Carboxy-3(R),4(R),5(S)-trihydroxypiperidine (8), isolated from seeds of Baphia 

racemosa, is an inhibitor (Ki = 80 μM) of human liver β-glucuronidase.102   The 

azasugar 8, is the glucuronic acid analogue of 1-deoxynojirimycin (9), a derivative of 

the bacterial (Streptomyces) piperidine nojirimycin (10).  Both 9 and 10 are inhibitors of 

α-glucosidase I.100,102  Protonation of the endocyclic nitrogen of 8 would mimic the 

charge development of a transition state resembling 3a, however 8 is not a perfect 

transition state analogue as it adopts a chair conformation, in contrast to the expected 

half-chair conformation of the oxycarbenium ion-like transition state.100  The 

naturally-occurring amino acid, 3(R),4(R)-dihydroxy-L-proline 11, found in toxic 

peptides of Amanita virosa mushrooms, is also an inhibitor (Ki = 90 μM) of bovine 

β-glucuronidase, comparable with the inhibitory activity of 8.106 

 

 
      8       9     10          11 
 

1.5.1.4 Inhibitors that Mimic a Positively Charged Anomeric Carbon 

Alternatively to mimicking the charge on the endocyclic oxygen, inhibitors can be 

designed to mimic the build-up of charge at the anomeric carbon, resembling the 

transition state form 3b.100  One method for achieving this is to incorporate a nitrogen 

atom in place of C-1. The first synthetic azasugar of this class, called isofagomine (12), 

was prepared in 1994 and is a potent inhibitor of β-glucosidase.100  In 1996, Igarashi et 

al.104 prepared 13, the glucuronic acid analogue of 12, which is a potent inhibitor 

(Ki = 79 nM) of bovine liver β-glucuronidase. 

 

 
     12            13 
 

It is believed that the C-2 hydroxyl group of 1-deoxynojirimycin (9) greatly contributes 

to enzyme binding, since its removal results in a significant decrease of inhibitory 

activity.100  Though desirable, it was speculated that direct introduction of a C2 
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hydroxyl group into 12 or 13 would result in a highly unstable hemiaminal.100  This was 

confirmed in 2000, when the isofagomine-like hemiaminal called noeuromycin (14) was 

synthesised.100  Compound 14 seemed to be fairly stable in acidic solution, allowing it 

to be assayed and in fact, inhibitory activity was demonstrated in the nanomolar range 

against α-glucosidase, isomaltase, and β-glucosidase.100  However, at neutral pH, 14 

underwent an Amadori rearrangement.100 

 

 
14 

 

Close relatives of 13 are siastatin B (15) and its derivatives, which were isolated from 

Streptomyces verticillus, and were found to inhibit sialidases, β-glucuronidase, and 

N-acetyl-β-D-glucosaminidase.100  In fact 15 inhibits bovine liver β-glucuronidase with 

an IC50 value of 71 μM.100  In contrast, 1-N-alkylated derivatives 16-22, had practically 

no activity against β-glucuronidase.100 

 

 
15 

 

 
     16  R = propyl                      19  R = H 
     17  R = isobutyl        20  R = CH3 
     18  R = neopentyl        21  R = F 
            22  R = CF3 
  

In 2000, Nishimura et al.107 reported the synthesis of trifluoroacetamide derivatives of 

siastatin. gem-diamine 1-N-iminosugars (23, 24 and 25), which are potent inhibitors of 

β-glucuronidase.  Compounds 23, 24 and 25 were all shown to inhibit bovine liver 

β-glucuronidase with IC50 values of 65 nM and to affect human heparanase with IC50 

values of 1.55 μM, 28.99 μM and 1.02 μM respectively.107 
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     23    24        25 
 

1.5.1.5 Inhibitors That Mimic Charge in Several Places 

So far, the discussion of β-glucuronidase inhibitors that mimic the charge of the 

transition states 3a and 3b have focused on compounds that represent one state or the 

other.  However, it is important to note that the transition state is a resonance-stabilised 

form and therefore the actual structure is more likely to have a charge component of 

both 3a and 3b.  Thus 1-azafagomine (26), a compound that is able to mimic both 

resonance structures, appears to be an ideal mimic of the charge in the transition state.108  

In fact, 26 inhibits bovine liver β-glucuronidase with a Ki value of only 1 μM108 

compared to 13, which has a Ki of 79 nM.104 

 

                              
         26                                                               13 

 

1.5.1.6 Conformational Requirements of β-Glucuronidase Inhibitors 

It is interesting that the D-mannuronic acid-type gem-diamine 1-N-iminosugar 24, 

strongly inhibits β-glucuronidase, however 1H NMR analysis indicates that 24 is in a 

boat conformation that mimics the flattened oxycarbenium ion (3).107  Furthermore, 

β-glucuronidase does not discriminate against substrates in the galacto-configuration, as 

seen by the potent inhibition by the galacturonic acid-type gem-diamine 1-N-iminosugar 

25 and siastatin B (15), as well as by 27 and 28, which have IC50 values of 4.7 μM and 

4.1 μM respectively against bovine liver β-glucuronidase.100 

 

 
       27              28 
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It is important to note that the trifluoroacetamide and trichloroacetamide analogues of 

siastatin B, 25 and 27 respectively, are stable for several weeks in hydrochloric acid 

(pH < 1), however they are unstable under biological conditions, and rearrange to a 

ketone hydrate or lactone through an Amadori rearrangement.100 

 

The role of the C-4 hydroxyl has been investigated with the synthesis of 4-deoxy 

analogues, 29 and 30, which showed similar activity to siastatin B (15) against 

β-glucuronidase from bovine liver.100  IC50 values of 60 μM and 115 μM for 29 and 30 

respectively, indicates that the presence of the C-4 hydroxyl group may not contribute 

significantly to the binding interaction with β-glucuronidase.100 

 

 
                29              30 
 

The introduction of a C-5 hydroxyl group into 15 and 25, giving compounds 31 and 32 

resulted in only a slight decrease in the inhibition of bovine liver β-glucuronidase 

compared with the parent compounds.100  This suggests that the C-5 hydroxyl group 

plays only a minor role in the inhibition of β-glucuronidase.100  However, the C-6 

carboxylic acid is an essential functional group for the inhibition of β-glucuronidase 

from bovine liver.100  Compounds 33-41, in which the carboxylic acid is replaced by 

another functional group, diminished the inhibition to IC50 > 100 μg/mL.100 

 

 
          31                  32 
 

 
33  R = CH2NO2               35  R = CH2NO2              37  R = CH2OH 
34  R = CH2NH2               36  R = CH2NH2               38  R = CH2N3 

                    39  R = CH2NH2 
                    40  R = CH2SCH3 
                    41  R = CH2S(O)CH3 
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1.5.1.7 Non-Carbohydrate Inhibitors of β-Glucuronidase 

During the random screening of synthetic compounds, a new class of β-glucuronidase 

inhibitors was discovered.109  The β-N-substituted cyanoethyl derivatives of acyl 

hydrazides 42 and 43, have comparable inhibitory activity to other inhibitors of bovine 

liver β-glucuronidase, with Ki values of 5.0 μM and 3.25 μM, respectively.109  These 

compounds exhibited a purely non-competitive inhibition..109 

 

 
   42      43 
 

1.5.1.8 Irreversible inhibitors of β-glucuronidase 

2-Deoxy-2-fluoro-β-D-glucuronyl fluoride (44) is a mechanism-based inhibitor of 

β-glucuronidase that was synthesised by Wong et al.57 to identify the catalytic 

nucleophile of human β-glucuronidase.  Recall that the mechanism of β-glucuronidase 

catalysed hydrolysis (Section 1.3.1) proceeds through a covalent glycosyl-enzyme 

intermediate, which is formed by the nucleophilic attack, at the anomeric position of 

D-glucuronic acid by an acidic amino acid residue, following the protonation of the 

glycosidic oxygen.57,100,101  β-Glucuronidase is effectively inactivated by 44, as a result 

of the accumulation of a stable covalent 2-deoxy-2-fluoro-α-D-glucuronyl-enzyme 

intermediate.57  The C-2 fluorine of 44 inductively destabilises the oxycarbenium 

ion-like transition states for both the formation and the hydrolysis of the 

glucuronyl-enzyme intermediate, therefore effectively slowing the rate of both 

steps.57,110  However, the presence of the anomeric fluorine, which is a good leaving 

group, accelerates the first step, permitting the accumulation of a 

stable 2-deoxy-2-fluoro-α-D-glucuronyl-enzyme intermediate.57,110  A similar 

inactivation of β-glucuronidase was observed with 5-fluoro-β-D-glucopyranosiduronic 

acid fluoride (45), which was synthesised by Wong et at.110 in 2001 to elucidate the 

catalytic nucleophile of E. coli β-glucuronidase. 
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               44             45 
 

Cyclophellitol [1(S),2(R),3(S),4(R),5(R),6(R)-5-hydroxymethyl-7-oxabicyclo[4.1.0] 

heptane-2,3,4-triol] (46) was isolated from culture filtrates of the Phellinus sp. 

mushroom, and is a highly specific and effective irreversible inactivator of 

β-glucosidases.111  Cyclophellitol analogues 47, 48 and 49, in which the hydroxymethyl 

group of 46 has been replaced with a carboxylic acid functional group are potent 

specific inhibitors of bovine liver β-glucuronidase, with IC50 values of 1.25 μg/mL, 

0.33 μg/mL and 2.8 μg/mL respectively.111  Cyclophellitol and its derivatives are 

transition state analogues due to their half-chair conformation, and the aziridine 

analogues 48 and 49 are even more so, as they also mimic a positively charged 

glycosidic oxygen.100,110 

 

 
46 

 

 
        47               48                                           49  
 

1.5.2 Heparanase Inhibitors 

Inhibitors of heparanase has been the subject of a number of recent reviews.72,112-115  A 

notable potent inhibitor of heparanase is phosphomannopentaose (PI-88) (50), isolated 

from the yeast Pichia pastoris.115,116  This inhibitor is a mixture of highly sulfonated 

mannan oligosaccharides consisting of predominantly penta- and tetra-sized species, 

and was found to have a IC50 of 2 μg/mL against heparanase.  PI-88 was shown to 

inhibit the primary tumour growth of the highly invasive rat mammary adenocarcinoma 

13762 MAT by 50 %.116  PI-88 (50) was also shown to inhibit metastasis to the draining 
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popliteal lymph node by 40 %, reduce the vascularity of tumours by 30 % and was a 

potent (> 90 %) inhibitor of blood-borne metastasis.116  Currently, PI-88 is being 

evaluated in multiple phase II clinical trials as a monotherapy or in combination with 

standard chemotherapy for metastatic melanoma, non-small cell lung cancer, prostate 

cancer, post-resection hepatocellular carcinoma and multiple myeloma.115 

 

 
50 

 

Suramin (51), a polysulfonated napthylurea, is another notable inhibitor that was found 

to inhibit heparanase noncompetitively with an IC50 of 46 μM, and had a remarkable 

inhibitory activity against B16 melanoma cell invasion through reconstituted basement 

membranes (IC50 < 10 μM).117  However, suramin is not a selective heparanase inhibitor 

as it inhibits a large number of enzymes, including urease, hexokinase, acid 

phosphatase, serine proteases in the complement system, DNA polymerases, and 

kinases involved in phosphoinositide metabolism. 

 

 
51 
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1.6 Scope of Thesis 

Due to the roles that β-glucuronidase and heparanase play in cancer metastasis and 

angiogenesis, there is a considerable interest in the characterisation of these enzymes for 

the development of novel enzyme inhibitors.  The work described in this thesis is aimed 

toward that goal and is divided into two parts.  The first part describes the cloning, 

expression and characterisation of a novel heparanase from the pathogenic bacterial 

species Burkholderia pseudomallei.  This is the first report of a bacterial enzyme that is 

capable of cleaving heparan sulfate via a hydrolase mechanism, and presents an 

opportunity to further study the endo-β-glucuronidase. 

 

The second part describes the design, synthesis and biological evaluation of novel 

glucuronide-based inhibitors of human β-glucuronidase.  Many of the known 

β-glucuronidase inhibitors are basic analogues of natural products.  To date, no 

structure-based ligand design strategies have been employed in the development of 

β-glucuronidase inhibitors, despite the crystal structure of human β-glucuronidase being 

published 1996 by Jain et al.31  The specific objectives of this research project were as 

follows: 

 

1. To clone the putative heparanase from B. pseudomallei into an E. coli cell line in 

order to express soluble protein (Chapter 2). 

2. To purify and characterise the novel heparanase from B. pseudomallei by a 

series of biochemical assays designed to assess optimal assay conditions, 

specificity, and enzyme mechanism (Chapter 2). 

3. To design novel glucuronide-based inhibitors of β-glucuronidase using a 

structure-based ligand design strategy (Chapter 3). 

4. To develop a synthetic strategy that would enable the efficient preparation of the 

designed glucuronide-based inhibitors of β-glucuronidase (Chapter 4). 

5. To evaluate the inhibitory activity of the novel glucuronide-based inhibitors 

against commercial preparations of bovine β-glucuronidase as well as against 

the novel heparanase from Burkholderia pseudomallei (Chapter 4). 
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2 Cloning, Expression and Characterisation of a Novel 

Heparanase from Burkholderia pseudomallei  

2.1 Introduction 

2.1.1 Bacterial Heparanases 

Heparanase is an endo-β-glucuronidase belonging to the glycosidase family 79 of the 

clan A hydrolases.  This enzyme degrades heparan sulfate via a hydrolysis mechanism 

(Section 1.3.1), cleaving the β1,4-glycosidic linkage between GlcUA and GlcNAc 

residues.  Heparanase has been purified or cloned from a number of animal sources 

including, human platelets, human placenta, rat liver, rat intestine, mouse mast cells, 

and mouse melanoma cells.10  The Carbohydrate-Active Enzymes (CAZY) database118 

(http://www.cazy.org) also classifies a number of bacterial proteins as family 79 

heparanases based on amino acid sequence similarity (Table 2-1).118  This classification 

is very interesting, since typically, bacterial enzymes that degrade GAGs belong to the 

polysaccharide lyase family.10  The lyase family of enzymes has no sequence similarity 

to the glycosidase family and they cleave the glycosidic bonds of GAGs via an 

eliminative mechanism (Section 1.3.2).  The best-studied bacterial heparin and heparan 

sulfate degrading enzymes, heparin lyase I, II and III, are from the soil isolate 

Flavobacterium heparinum, which is capable of utilising either heparin or heparan 

sulfate as its sole carbon and nitrogen source.83  It is therefore interesting that a number 

of bacteria, including B. pseudomallei a soil-dwelling saprophyte, may contain an 

enzyme that can degrade heparan sulfate via a hydrolase mechanism rather than by an 

eliminative mechanism. 
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Table 2-1  Bacterial proteins classified as family 79 glycosidases.118 

Protein Organism GenPept File 

blr6802 Bradyrhizobium japonicum USDA110 NP_773442.1 

BMA10299_A0523 Burkholderia mallei NCTC 10229 ABN03255.1 

BMA10247_0632 Burkholderia mallei NCTC 10247 ABO04032.1 

BMASAVP1_A1351 Burkholderia mallei SAVP1 ABM52247.1 

BURPS1106A_1579 Burkholderia pseudomallei 1106a AB91084.1 

BURPS1710b_1742 Burkholderia pseudomallei 1710b ABA47936.1 

BURPS668_1554 Burkholderia pseudomallei 668 ABN81774.1 

BPSL2070 Burkholderia pseudomallei K96243 CAH36071.1 

Mmwyl1_1639 Marinomonas sp. MWYL1 ABR70566.1 

Saro_3674 Novosphingobium aromaticivorans DSM 12444 ABP64533.1 

Sde_3124 Saccharophagus degradans 2-40 ABD82381.1 

Acid_5025 Solibacter usitatus Ellin6076 ABJ85981.1 

Acid_3120 Solibacter usitatus Ellin6076 ABJ84098.1 

 

2.1.2 Burkholderia pseudomallei and Melioidosis 

Burkholderia pseudomallei is an aerobic Gram-negative soil dwelling saprophyte, 

which is the causative agent of melioidosis, a disease prevalent in southeast Asia and 

northern Australia.119,120  Infected patients can present with an array of clinical signs and 

symptoms, and the disease is frequently associated with pneumonia and septicaemic 

illness, with bacterial dissemination to distant sites.120  Asymptomatic infections can 

also occur, which may progress to melioidosis, depending on the condition of the 

host.121  There is a report of melioidosis developing 26 years after geographical 

exposure to the organism.121  Due to its aerosol infectivity and worldwide availability, 

B. pseudomallei is a recognised biothreat agent and is classified as a category B agent 

by the US Centres for Disease Control and Prevention.  B. pseudomallei is also a very 

resilient organism that is capable of surviving many hostile conditions, including 

prolonged nutrient deficiency, antiseptic and detergent solutions, acidic environments, a 

wide temperature range and dehydration.122  The work in this chapter describes the 

cloning, expression and characterisation of a novel heparanase from Burkholderia 

pseudomallei K96243. 
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2.2 Cloning and Expression of a Heparanase from 

Burkholderia pseudomallei 

2.2.1 Identification and Analysis of the Heparanase Sequence in 

B. pseudomallei 

The Carbohydrate-Active Enzymes (CAZY) database118 (http://www.cazy.org) 

classifies the hypothetical protein BPSL2070 from Burkholderia pseudomallei K96243, 

into the glycosidase family 79, the family that includes human heparanase.  This 

putative B. pseudomallei heparanase sequence (GenPept CAH36071.1) from the NCBI 

database (http://www.ncbi.nlm.nih.gov/) contains a conserved hydrolase domain that is 

common to all members of the hydrolase family, and has a 24 % sequence identity with 

human heparanase.  The putative B. pseudomallei heparanase is characterised by the 

NCBI database as possessing the N-terminal sequence “MLAA”.  However, manual 

translation of the DNA sequence of B. pseudomallei K96243 chromosome 1 resulted in 

the amino acid sequence “LLAA”.  Therefore, the protein sequence stated in the NCBI 

database may not in fact be the true full-length protein.  Further analysis of chromosome 

1 of B. pseudomallei identified a possible initiation codon preceded by a 

respectable Shine-Dalgarno sequence.  EasyGene 1.0 server also predicted a gene with 

this same initiation codon, and the SignalP 3.0 server predicted that the resulting gene 

product contains a signal peptide with a probability of 0.989.  This suggests that the 

full-length amino acid sequence of BPSL2070 consists of 489 amino acids and 

possesses a signal peptide with a start Met 26 residues up stream of that stated in the 

NCBI database (Figure 2-1). 
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Figure 2-1  DNA and Amino acid sequence alignment of the B. pseudomallei heparanase.  
Highlighted amino acids represent the predicted signal peptide.  Underlined amino acids 
represent the starting position designated by the NCBI database. 

 

Secondary structure predictions suggest that the putative B. pseudomallei heparanase is 

likely to contain an (α/β)8 TIM-barrel fold, which is characteristic of clan A 

glycosidases123, of which human heparanase is a member (Figure 2-2).  Furthermore, 

Figure 2-2 shows that the putative B. pseudomallei heparanase conserves the active site 

residues Glu225 and Glu343, identified by Hulett et al.,75 to be important for human 

heparanase activity.  Both residues are located at similar positions, compared to human 

heparanase, in loops between the predicted β-strands and α-helices, which is typical of 
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TIM-barrel hydrolases.75  In addition, the His(296)HisTyr sequence from human 

heparanase is also conserved in B. pseudomallei heparanase.  This sequence contains a 

histidine that is highly conserved among a number of glycosidase families, and is 

proposed to form part of the active site.75 

 

 

Figure 2-2  Secondary structure prediction of human heparanase and putative B. pseudomallei 
heparanase. Conserved Glu residues are boxed. Bars and arrows represent predicted α-helices 
and β-sheets, respectively. 

 

BLAST searches of other available bacterial genomes identified a number of additional 

bacterial species with significant identities not only to the putative B. pseudomallei 

heparanase but also to other eukaryotic heparanases.  Figure 2-3 shows an amino acid 

sequence alignment of putative heparanases from B. pseudomallei, Burkholderia mallei, 

Burkholderia cenocepacia, Brevibacterium linens and Marinomonas sp. and known 

heparanase from chicken (G. gallus), mouse (M. musculus) and human (H. sapiens). 

The alignment shows that the active site Glu residues (shaded grey) required for human 

heparanase activity and the H(296)HY sequence are completely conserved in all 

sequences.  Interestingly, the motif E(221)LGNE (closed box) of the human heparanase 

that contains Glu225 proposed to be the proton donor site, is highly conserved in all 

sequences; however, the motif K(437)KVWLGE (broken box) that contains Glu343 

proposed to be the nucleophilic site, is poorly conserved. In fact, K(437)KVWLGE is 

only conserved in the eukaryotic heparanases. Similarly, the motifs found to be 

involved in heparin and heparan sulfate binding [K(158)KFKN, double-underlined; and 

Q(270)PRRKTAKMLK, bold-underlined] and that required to mediate the interaction 
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of the 50 kDa and 8 kDa subunits (K411-K432, single-underlined) in the human 

heparanase are also only conserved in the eukaryotic heparanases.124 

 

 

Figure 2-3  Multiple sequence alignment of putative heparanases from B. pseudomallei, 
Burkholderia mallei, Burkholderia cenocepacia, Brevibacterium linens, Marinomonas sp. and 
known heparanase from chicken (G. gallus), mouse (M. musculus) and human (H. sapiens). Glu 
residues (shaded grey), HHY and ELGNE motifs (closed box) are highly conserved; however, 
the motif KKVWLGE (broken box) that contains Glu343 proposed to be the nucleophilic site, is 
poorly conserved. Similarly, the motifs involved in heparin and heparan sulfate binding 
(double-underlined) and that required to mediate the interaction of the 50 kDa and 8 kDa 
subunits (single-underlined) in the human heparanase are only conserved in the eukaryotic 
heparanases.124  The peptide fragments removed following processing of the human heparanase 
(struck-through), and the signal sequence predicted for the putative B. pseudomallei, B. mallei 
heparanase (bold) are indicated. 
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2.2.2 Cloning the Heparanase from B. pseudomallei 

2.2.2.1 PCR Amplification of the Heparanase from B. pseudomallei 

The putative B. pseudomallei heparanase gene was amplified by PCR from 

B. pseudomallei K96243 genomic DNA using the primers GT1, GT3 and GT4 

(Section 5.1.1) as outlined in Section 5.1.3.  Two different PCR products were 

amplified, Con1 and Con2, in order to prepare two E. coli expression plasmids that 

would introduce N- and C-terminal His-tags to the recombinant proteins, respectively.  

Due to the high GC content of B. pseudomallei genomic DNA125, the presence of 10 % 

DMSO and an initial 3 min denaturation step, was necessary to the obtain the 

appropriate ~1.4 kb DNA fragments.  Figure 2-4 shows the agarose gel of the amplified 

PCR products following electrophoresis. 

  

        1    2    3 

Figure 2-4  Gel electrophoresis of PCR amplified heparanase genes.  Lane 1, 1 kb DNA ladder; 
Lane2, BpHep1; Lane 3, BpHep2. 

 

2.2.2.2 Cloning of the Heparanase Gene into pCR-Blunt 

Gel-purified BpHep1 and BpHep2 were then cloned into pCR-Blunt to give 

pCR-BpHep1 and pCR-BpHep2, respectively.  This was confirmed by double digestion 

with the restriction enzymes NdeI and BamHI for pCR-BpHep1, and with NdeI and 

HindIII for pCR-BpHep2.  Figure 2-5 shows the agarose gel of the restriction digest 

reactions for both plasmids following electrophoresis.  The nucleotide sequences of 

BpHep1 and BpHep2 were confirmed by DNA sequencing. 
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         1     2    3 

Figure 2-5  Gel electrophoresis of the restriction digest reactions of pCR-BpHep1 (lane 2) with 
NdeI and BamHI, and pCr-BpHep2 (lane 3) with NdeI and HindIII.  Lane 1, 1 kb DNA ladder. 

 

2.2.2.3 Cloning of the Heparanase into the pET Expression Vectors 

Gel-purified BpHep1 and BpHep2 were then cloned into the expression vectors pET19b 

and pET22b, to give pET-BpHep1 and pET-BpHep2, respectively.  The presence of the 

inserts was confirmed by double digestion with the restriction enzymes NdeI and 

BamHI for pET-BpHep1, and with NdeI and HindIII for pET-BpHep2.  Figure 2-6 

shows the agarose gel of the restriction digest reactions for both plasmids following 

electrophoresis.   

 

 

         1     2    3 

Figure 2-6  Gel electrophoresis of the restriction digest reactions of pET-BpHep1 (lane 2) with 
NdeI and BamHI, and pET-BpHep2 (lane 3) with NdeI and HindIII.  Lane 1, 1 kb DNA ladder. 
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2.2.3 Expression of Recombinant Heparanase in E. coli 

Two expression plasmids pET-BpHep1 and pET-BpHep2 were prepared, as outlined in 

Section 5.1.3, that introduced a His-tag at the N- and C-terminals, respectively.  The 

expression of the N-terminal His-tagged heparanase (BpHepNHT) resulted in the 

generation of a small amount of soluble protein; however, this was not the case for the 

expression of the C-terminal His-tagged heparanase (BpHepCHT).  Both expressions 

produced large amounts of insoluble recombinant protein.  In many cases, expressed 

protein accumulates in inclusion bodies due to the high level of expression of 

recombinant proteins, and the solubility of the expressed protein can be improved 

simply by reducing the rate of protein synthesis.126  To improve the solubility of the 

expressed BpHepNHT, a number of alternative expression conditions were investigated, 

including different growth temperatures ranging from 15 to 37 °C, and different IPTG 

concentrations ranging from 0.1 to 1 mM.  The optimised conditions for the expression 

of soluble N-terminal His-tagged B. pseudomallei heparanase was found to be 25 °C, 

with induction initiated with 0.5 mM IPTG (Figure 2-7B, lane 4).  No soluble 

C-terminal His-tagged heparanase could be generated despite various attempts 

(Figure 2-7D, lane 4). 

 

           1          2          3          4          1          2          3          4                    1          2          3          4          1          2          3          4 

Figure 2-7  Expression of the novel heparanase in E. coli (BL21).  SDS-PAGE gel (a) and 
Western blot (b) of the expression of the N-terminal His-tagged heparanase using anti-His 
primary antibody.  SDS-PAGE gel (c) and Western blot (d) of the expression of the C-terminal 
His-tagged heparanase.  Lanes 1 – 4, consist of M.W. markers, uninduced total cell protein, 
induced cell insoluble protein and induced cell soluble protein respectively. 
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2.2.4 Purification of Soluble Recombinant Heparanase 

The purification of soluble N-terminal His-tagged heparanase was performed by 

immobilised metal affinity chromatography on a HisTrap FF column under the control 

of an AKTA FPLC system (GE Healthcare).  Bound protein was eluted with a linear 

imidazole gradient to 500 mM, and analysed by SDS-PAGE (Figure 2-8A, lane 2).  The 

majority of contaminating E. coli proteins were removed and a distinct protein band 

corresponding to the recombinant N-terminal His-tagged heparanase (BpHepNHT), 

with a molecular weight of 52 kDa, was observed.  However, a smaller molecular 

weight (< 50 kDa) protein (BpHepPP) co-eluted with the His-tagged heparanase.  

Interestingly, overnight dialysis against a 20 mM phosphate buffer (pH 8) (Figure 2-8B, 

lane 2), resulted in a significant enrichment in the smaller molecular weight product.  

This smaller protein product did not react with anti-His primary antibody as shown by 

the Western blot of the dialysed protein sample in Figure 2-8c, lane 2. 

 

 

 
    1      2       1      2        1      2 

Figure 2-8  SDS-PAGE analysis of a protein fraction obtained following immobilised metal 
affinity chromatography, before (a) and after (b) overnight dialysis; (c) Western blot of the 
protein fraction after overnight dialysis. 

 

This suggests that specific proteolytic processing of the N-terminus of BpHepNHT was 

occurring.  The recombinant heparanase was processed entirely into a smaller protein 

fragment that did not react with anti-His antibody, and there is a significant lack of 

smaller protease digestion fragments.  Analysis of the B. pseudomallei heparanase 

amino acid sequence by PeptideCutter indicated that only one known protease, 

Caspase 1, had a single N-terminal cleavage site that would produce a protein of the 

appropriate size.  Cleavage at this site would produce a ~43 kDa protein that would not 

contain a N-terminal His-tag; however, E. coli has not been reported to express this 
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particular protease.127  All of the other proteases included in the analysis had multiple 

possible cleavage sites and would therefore produce smaller digestion fragments.  

Another possibility for the processing of the recombinant heparanase is that the signal 

peptide has been cleaved by a signal peptidase.  As mentioned in Section 2.2.1, the 

program SignalP 3.0 predicted that the heparanase from B. pseudomallei contained a 

signal peptide.  Cleavage of the N-terminus by SPase I, which processes the majority of 

Gram-negative outer membrane and periplasmic proteins128, would produce a ~48 kDa 

protein product with no N-terminal His-tag. 

 

It is also possible that B. pseudomallei heparanase undergoes similar posttranslational 

processing as human heparanase.  Human heparanase is initially synthesised as a 

65 kDa precursor, pre-proheparanase.70,71  Following cleavage of an N-terminal signal 

peptide yielding proheparanase, an unknown protease cleaves an internal linker from the 

N-terminus, producing 8 and 50 kDa polypeptides, which reassociate to form the active 

heterodimer, heparanase (Figure 1-10, Section 1.3.1.2.2).70,71  However, this is perhaps 

unlikely to be the case for B. pseudomallei heparanase since there is no significant 

amino acid sequence similarity with the 8 kDa subunit of human heparanase. 

 

In order to analyse BpHepPP by N-terminal sequencing, the heparanase was purified to 

homogeneity by anion exchange and size exclusion chromatography using an AKTA 

FLPC system (Figure 2-9). 

 

 
 1    2    3    4    5 

Figure 2-9  SDS-PAGE of the purification of soluble recombinant heparanase.  Lane 1, 
molecular weight standards; lane 2, total soluble protein; lane 3, HisTrap purified protein; lane 
4, DEAE ion exchange purified protein; lane 5, size exclusion purified protein. 
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2.2.5 Examination of Recombinant Heparanase Proteolytic Cleavage by 

N-Terminal Sequencing 

Protein localisation to the outer membrane and periplasm of Gram-negative bacteria, as 

well as to the extracellular milieu via Type II secretion, requires recognition of a 

cleavable N-terminal signal peptide.128,129  Bacterial signal peptides are comprised of 

three domains.  A positively charged N-terminal domain (n-region), a central 

hydrophobic domain (h-region), and a C-terminal neutral hydrophilic domain (c-region) 

that specifies the cleavage site.128,129   Following translocation across the membrane, the 

signal peptide is cleaved by a family of proteases called signal peptidases 

(SPases).128,129  In Gram-negative bacteria, the signal peptide of the majority of outer 

membrane and periplasmic proteins are cleaved by SPase I, which recognises an 

Ala-X-Ala motif adjacent to the cleavage site.128,129 

 

In order to determine the location where N-terminal processing was occurring for the 

putative B. pseudomallei heparanase, a sample of the processed heparanase (BpHepPP) 

was sent to the Australian Proteome Analysis Facility for 5 cycles of Edman N-terminal 

sequencing.  The results of this are outlined in Table 2-2, and they suggest cleavage at 

more than one site within a narrow stretch of amino acids.  Comparing these results to 

the amino acid sequence of the full-length His-tagged heparanase (BpHepNHT), four 

possible sequences AAAAA, AAAAP, QPPPA, and QQPPP match.  These were all 

found very close to the region that was predicted by SignalP 3.0 (Section 2.2.1) to be 

the cleavage point of a signal peptide.  In fact, the N-terminal sequence after cleavage of 

the predicted signal peptide is AAAAP.  The appearance of glutamine at the N-terminal 

end is unusual, since it can cyclise to form pyroglutamic acid, which blocks the protein 

from undergoing Edman degradation sequencing.130  Nevertheless, this provides strong 

evidence suggesting that the full length recombinant heparanase was being 

proteolytically processed at or near the predicted cleavage site of the signal peptide.  

The presence of more than one N-terminal sequence is not surprising, given the amino 

acid sequence of the predicted N-terminal signal peptide of B. pseudomallei heparanase 

(Figure 2-10).  As mentioned previously, SPase I preferentially cleaves the signal 

peptide adjacent to an Ala-X-Ala motif within the c-region, though other small 

uncharged amino acids are tolerated in place of alanine.128  The signal peptide of the 

B. pseudomallei heparanase has four possible matches to the Ala-X-Ala motif, and 

therefore possibly contains multiple cleavage sites. 
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It is not clear how this signal peptide processing occurred following purification.  

E. coli SPases may have been co-purified with the recombinant heparanase either 

through affinity with the HisTrap column, or via interaction with the signal peptide. 

 

Table 2-2  N-terminal sequencing results for the processed recombinant heparanase.  Residues 
in brackets represent tentative assignments. 

Cycle # Major Signal 

1 A, Q 

2 P, (Q), (A) 

3 P, A 

4 A, (P) 

5 A, P 

 

 

Figure 2-10  Predicted N-terminal signal peptide of B. pseudomallei heparanase, displaying the 
n-, h- and c-regions.  Possible cleavage sites by SPase I are represented by the red arrows. 

 

2.2.6 Recovery of Full-length Recombinant Heparanase from E. coli 

Inclusion Bodies 

The insoluble N-terminal His-tagged recombinant heparanase that was produced during 

expression was resolubilised with 8 M urea and applied to a HisTrap FF column for 

purification.  While bound, the heparanase was renatured by decreasing the urea 

concentration over a slow linear gradient.  This is a simple method for protein 

renaturation, although it does have its limitations.  The addition of certain additives that 

are known to prevent aggregation and therefore facilitate refolding, such as DTT and 

L-arginine, are limited to small concentrations due to their ability to interfere with 

protein binding to the column.  However, it is thought that when bound to the column 

the protein molecules are isolated from each other, and therefore the intermolecular 

interactions that lead to aggregation are minimised.131 
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Bound renatured heparanase was eluted with an increasing linear gradient of imidazole, 

and further purification was achieved by anion exchange and size exclusion 

chromatography (Figure 2-11). 

 

 
                1     2     3     4     5    
Figure 2-11  SDS-PAGE of the purification of insoluble recombinant heparanase.  Lane 1, 
molecular weight standards; lane 2, total insoluble protein; lane 3, HisTrap purified protein; lane 
4, DEAE ion exchange purified protein; lane 5, size exclusion purified protein. 

 

2.2.7 Analysis of Full-length and Processed Recombinant Heparanase 

using Polyclonal Antibodies Raised against Both Forms 

Rabbit polyclonal antibodies raised against the processed soluble recombinant 

heparanase (BpHepPP) and the full-length N-terminal His-tagged heparanase 

(BpHepNHT) recovered from inclusion bodies, were used to analyse if BpHepPP 

resulted from proteolytic cleavage of BpHepNHT.  The polyclonal antibodies generated 

against BpHepPP, not only reacted with BpHepPP (Figure 2-12A, lane 1), but were also 

seen to cross react with BpHepNHT (Figure 2-12A, lane 2).  Furthermore, the 

antibodies generated against BpHepNHT, although less specific, reacted with both 

BpHepNHT (Figure 2-12B, lane 2) and BpHepPP (Figure 2-12B, lane 1).  Taken 

together with the N-terminal sequencing of BpHepPP (Section 2.2.5), this evidence 

suggests that BpHepPP is indeed the result of proteolytic cleavage of the full-length 

His-tagged heparanase, with cleavage of the signal peptide presumably by SPase I. 
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                      1      2      1      2 

Figure 2-12  (a) Western blot using rabbit polyclonal antibodies raised against BpHepPP; (b) 
Western blot using rabbit polyclonal antibodies raised against BpHepNHT.  Lanes 1 and 2 
contain partially purified BpHepPP and partially purified BpHepNHT, indicated by * and +, 
respectively. 

 

2.3 Analysis of B. pseudomallei Heparanase Activity 

2.3.1 Establishment of Heparanase Activity Assays 

Heparanase activity of purified BpHepPP and BpHepNHT against heparan sulfate, was 

performed by a modification of the method described by Huang et al.132  Figure 2-13 

illustrates the basis of the heparanase assay, briefly, fluorescently labelled (FITC) 

heparan sulfate, which also contains a biotin  molecule at its reducing end, is bound to 

streptavidin coated microplates.  This acts as a substrate for the heparanase activity, 

which results in the release of fluorescently labelled heparan sulfate fragments into the 

assay solution.  This solution is then transferred to another microplate for fluorescence 

measurement in a microplate reader.  This represents a quick and sensitive method that 

can be easily applied to high-throughput screening for heparanase inhibitors. 

 

Figure 2-13  Diagram illustrating the heparanase assay used to test for activity of recombinant 
B. pseudomallei  heparanase against fluorescently labelled heparan sulfate (HS). 
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The heparan sulfate from bovine kidney was labelled with biotin and FITC as described 

in Section 5.1.10.  The reducing end of heparan sulfate reacts with the biotin hydrazide 

to form a hydrazone linkage.  To improve the stability of this linkage, which undergoes 

hydrolysis under acidic pH conditions, it was reduced to a hydrazide linkage with 

sodium cyanoborohydride.  Fluorescent labelling of heparan sulfate with FITC occurs 

via free amino groups on the N-acetylglucosamine resides, and the extent of FITC 

labelling was calculated by measuring the absorbance at 494 nm (ε = 72000 cm-1M-1).  

The molar ratio of FITC to heparan sulfate was 0.6, which was acceptable and 

consistent with reported values.132  Toyoshima et al.133  reported that a molar ratio 

greater than 1, became less susceptible to heparanase cleavage and even inhibited 

enzyme activity.   

 

The binding of FITC/Biotin labelled heparan sulfate to various concentrations of 

streptavidin coated on the wells of a 96-well microplate was first investigated.  Optimal 

streptavidin coating of high binding 96-well microplates was achieved when incubated 

with a streptavidin concentration of 5 μg/ml (Figure 2-14).  Increasing the concentration 

of streptavidin beyond this did not increase the amount of bound FITC/Biotin labeled 

heparan sulfate, with the binding of FITC/Biotin labeled heparan sulfate reaching a 

plateau at 7.5 μg/ml streptavidin (Figure 2-15). 
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Figure 2-14  Graph representing the saturation of streptavidin binding to microplate wells. 
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Figure 2-15  Graph representing the saturation of FITC/biotin labelled heparan sulfate binding 
to streptavidin coated microplates. 

 

2.3.2 B. pseudomallei Heparanase Activity Assays 

Initial heparanase assays to test the activity of BpHepPP were performed in 20 mM 

phosphate buffer (pH 5), at 37 °C for 30 min at various concentrations of purified 

BpHepPP.  Figure 2-16 clearly shows a concentration dependent increase in 

fluorescence.  However, no activity was observed for BpHepNHT, which suggests that 

incorrect folding had occurred during the renaturation process, or perhaps that 

proteolytic cleavage of the signal peptide is necessary for enzyme activity.  Human 

heparanase activity is dependant on posttranslational proteolytic processing.71  The 

mature form of human heparanase is a heterodimer of 8 and 50 kDa polypeptides, 

produced by proteolytic cleavage of a 65 kDa precursor (Figure 1-10, 

Section 1.3.1.2.2).70,71 

   



 52

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500
Heparanase (ng)

FU
/m

in

 

Figure 2-16  Concentration dependent activity of B. pseudomallei heparanase against 
FITC/biotin labelled heparan sulfate. 

 

The optimal pH for activity of recombinant processed heparanase against FITC/Biotin 

labelled heparan sulfate was 4.5 (Figure 2-17).  This is consistent with published values 

for human heparanase, which has an optimal pH range of 4.2-5.1.132-134  This acidic 

optimum pH is also consistent with a hydrolase mechanism.  Generally, polysaccharide 

lyases have a pH optima above pH 6.80  Lohse et al.84 reported that heparin lyases I, II 

and III from Flavobacterium heparinum have optimum activity at neutral to slightly 

basic pH values of 7.15, 6.9 and 7.6, respectively.   
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Figure 2-17  The dependence on pH of B. pseudomallei heparanase activity against 
FITC/Biotin labelled heparan sulfate. 
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The optimal temperature for activity of recombinant heparanase was 40 °C; however, 

Figure 2-18 shows a significant level of activity over a broad temperature range, 20 °C 

to 50 °C, which is not the typical bell-shaped curve that is usually observed.  This is 

may relate to the resilient nature of B. pseudomallei, which is capable of surviving 

many hostile environmental conditions, including a wide temperature range (25 °C to 

42 °C).122,135  Given the saprophytic nature of B. pseudomallei a wide temperature range 

for heparan sulfate degradation would perhaps allow the organism to maintain 

heparanase activity not only in a live animal host, but also in dead decaying animal 

matter. 
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Figure 2-18  The dependence on temperature of B. pseudomallei heparanase activity against 
FITC/Biotin labelled heparan sulfate. 

 

To characterise the enzymatic activity of B. pseudomallei heparanase (BpHepPP) 

further, products generated following incubation with FITC labelled heparan sulfate, 

were analysed by size exclusion HPLC.  Figure 2-19 clearly shows after a 1 h digestion, 

the fluorescently labelled heparan sulfate had an increased retention time.  This 

indicates that smaller molecular weight fragments of FITC labelled heparan sulfate were 

being produced, and these smaller fragments were degraded further as time increased.  

BpHepPP is clearly capable of degrading heparan sulfate to produce small molecular 

weight fragments. 
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Figure 2-19  Size exclusion HPLC analysis of the degradation of FITC/Biotin labelled heparan 
sulfate for various incubation times.  The control was undigested labelled heparan sulphate. 

 

2.3.3 Substrate Specificity Studies with BpHepPP 

It was established in Section 2.3.2, that BpHepPP is capable of cleaving heparan sulfate 

into smaller molecular weight fragments (Figure 2-19).  In order to investigate this 

enzyme’s substrate specificity, other GAGs such as chondroitin sulfate A, B and C, 

heparin and hyaluronan, were investigated for their ability to act as B. pseudomallei 

heparanase substrates.  All GAGs were labelled with biotin and FITC by the same 

method as for heparan sulfate (Section 5.1.10), and were used as substrates in the 

heparanase assay described in Section 5.1.12.  The concentration of each GAG was 

calculated by the carbazole assay and the extent of FITC labelling was determined by 

measuring absorbance at 494 nm (Table 2-3).  Not all of the GAGs could be labelled 

with FITC to the same extent as heparan sulfate.  The labelling of heparin was 

considerably less than the other GAGs, and could not be improved even after a repeated 

FITC labelling reaction.  This perhaps reflects the fact that heparin is highly N-sulfated, 

which may interfere with the formation of the thiourea linkage between FITC and the 

glucosamine residue. 

 

Table 2-3  The extent of FITC labelling for each of the GAGs. 

Glycosaminoglycan Assumed M.W. Molar Ratio (FITC/GAG) 

Chondroitin sulfate A 50 000 0.6 

Chondroitin sulfate B 41 400 0.2 

Chondroitin sulfate C 50 000 0.8 

Heparin 30 000 0.1 

Hyaluronan 824 000 0.6 
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Each of the FITC/biotin labelled GAGs were bound to streptavidin coated microplates 

at concentrations that saturated binding sites.  Figure 2-20 shows that no activity was 

observed for any of the GAGs investigated, except heparan sulfate, which clearly 

appears to be the preferred substrate. 
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Figure 2-20  The activity of B. pseudomallei heparanase against various FITC/Biotin labelled 
GAGs. 

 

The reaction of BpHepPP against the fluorescently labelled GAGs was also analysed by 

size exclusion HPLC.  Figure 2-21 shows that B. pseudomallei heparanase was able to 

utilise chondroitin sulfate as a substrate (Panels B, C and D), and to a less extent 

heparin (Panel E).  Of the chondroitin sulfates, chondroitin sulfate A (Panel B) seems to 

be the most cleaved, followed by chondroitin sulfate C (Panel D).  This is an interesting 

activity, since it demonstrates that BpHepPP does not have a strict specificity for a β1,4 

linkage, assuming that hydrolysis is occurring at the GlcUA glycoside bond.  It appears 

BpHepPP is capable of cleaving a β1,3 linkage, and can also bind a GalNAc into its 

active site, instead of GlcNAc as for heparan sulfate.  Chondroitin sulfate B is cleaved 

to a lesser extent than chondroitin sulfates A and C, perhaps due to the high 

concentration of iduronic acid that is present in this GAG.6   

 

Heparin did not act as a good substrate (Panel E) when incubated with BpHepPP.  This 

is perhaps due to the nature of commercial heparin (5 – 20 kDa), which has been 

reported to be resistant to human heparanase cleavage.7  Commercial heparin recovered 

from animal tissues was found to be similar in size to heparanase produced fragments of 

macromolecular heparin (60 − 100 kDa), part of the unique proteoglycan serglycin.7  
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These fragments may contain or lack the antithrombin binding sequence (Figure 1-3, 

Section 1.1), which contains a potential cleavage site that escapes attack by human 

heparanase during the processing of macromolecular heparin.7  Therefore, the small 

amount of cleavage that was observed for heparin (Panel E) may have been due to 

processed macromolecular fragments that contained the antithrombin binding sequence. 

 

There was no activity observed for hyaluronan.  Since BpHepPP was able to cleave the 

β1,3 linkage of chondroitin sulfates, this lack of activity is perhaps due to the lack of 

sulfation.  It has been shown that specific sulfation patterns, especially O-sulfation, of 

heparan sulfate are essential for substrate recognition by human heparanase.73,74 
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Figure 2-21  Size exclusion HPLC analysis of the activity of B. pseudomallei heparanase 
against various FITC/Biotin labelled GAGs: (a) Heparan sulfate; (b) Chondroitin sulfate A; 
(c) Chondroitin sulfate B; (d) Chondroitin sulfate C; (e) Heparin; (f) Hyaluronan.  The 
appropriate undigested labelled GAGs were used as controls and are coloured blue. 

 

2.3.4 Does B. pseudomallei Heparanase Utilise a Hydrolase or Lyase 

Mechanism? 

The glycoside bond cleaving enzymes are broadly classified as either glycoside 

hydrolases, or glycoside lyases.10  Amino acid sequence similarity suggests that the 

cleavage of heparan sulfate, catalysed by B. pseudomallei heparanase may occur via a 

mechanism of action similar to that described for glycoside hydrolases.  This is 

significant, since the only known bacterial enzymes capable of degrading heparan 

sulfate are lyases.10  As mentioned in Section 2.2.1, B. pseudomallei heparanase has a 

24 % sequence identity with human heparanase, and contains no significant similarity to 

known heparan sulfate lyases.  Furthermore, the prediction of secondary structure for 
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B. pseudomallei heparanase indicated that this protein would contain a (α/β)8 

TIM-barrel fold, which is characteristic of clan A glycosidases.123  Multiple alignments 

with human, mouse and rat heparanases also show that the active site residues, as well 

as residues thought to be part of the active site are conserved in B. pseudomallei 

heparanase.  BpHepPP was also found to have an acidic optimum pH of 4.5, which is 

consistent with a hydrolase mechanism.  Generally, polysaccharide lyases have pH 

optima above pH 6.80 

 

The mechanism of heparan sulfate degradation by BpHepPP was investigated by 

monitoring the reaction at 232 nm.  As mentioned in Section 1.3.2, lyases degrade with 

an eliminative mechanism producing an α,β-unsaturated product, which can be detected 

by its absorbance at 232 nm.  The assay is based on the method of Lohse et al.84, and 

under the assay conditions employed, no increase in absorbance at 232 nm was 

observed.  This indicates that there was no formation of a α,β-unsaturated degradation 

product, and therefore further evidence that B. pseudomallei heparanase is a not a lyase. 

 

2.3.5 Is B. pseudomallei Heparanase an Endo- or Exo-Glycosidase? 

Generally there are two types of glycosidases, the exo- and the endo-glycosidases, 

though some glycosidases are capable as functioning as both.11  The exo-glycosidases 

hydrolyse only mono-glycosides, or the non-reducing terminal monosaccharide from 

oligosaccharides, and the endo-glycosidases hydrolase internal glycosidic bonds of 

oligosaccharides.11 

 

BpHepPP clearly degrades heparan sulfate into smaller fragments, which suggests that 

BpHepPP is an endo-glycosidase.  If it were only able to hydrolase terminal GlcUA 

residues like an exo-glycosidase, degradation of the heparan sulfate chain would halt 

due to the appearance of the new GlcNAc terminal sugar.  Smaller molecular weight 

fragments of heparan sulfate would only be generated, for instance, if the recombinant 

heparanase also exhibited N-acetylglucosaminidase activity.  However, this is unlikely 

as many glycosidases display a strict specificity toward the sugar moiety that is 

hydrolysed.11   

 

In order to characterise BpHepPP activity further, the enzyme was assayed against 

4-methylumbelliferyl β-D-glucopyranosiduronic acid (MUG) (52), a commonly used 
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substrate for exo-glucuronidases.136  When hydrolysed, the released 

4-methylumbelliferone (MU) fluoresces strongly at pH 9 – 10, while intact MUG 

displays very little fluorescence.136  Figure 2-22 shows that MUG was being hydrolysed 

by BpHepPP, releasing MU in a manner dependant on enzyme concentration.  This 

concentration dependent activity indicates that BpHepPP has exo-glycosidase activity.  

One report of human heparanase acting in an exo-lytic fashion is by Gong et al.7 who 

demonstrated cleavage of a non-reducing terminal GlcUA residue from an 

octasaccharide containing internal IdoUA residues.  However, in 2000, Sasaki et al.76  

cloned a β-glucuronidase from the plant species Scutellaria baicalensis with amino acid 

sequence similarity to endo-β-glucuronidases.  This enzyme possesses 25 % identity 

with human heparanase, and 23 % identity with B. pseudomallei heparanase, but has no 

homology to family 2 exo-β-glucuronidases.  This enzyme was reported to use baicalein 

7-O-β-D-glucuronide (53) and luteolin 3’-O-β-D-glucuronide (54) as substrates.76  

Although, S. baicalensis endo-β-glucuronidase was not assayed for activity against 

heparan sulfate, it is possible that the β-glucuronidase activity that has been reported for 

a number of plant species,137 including tobacco (Nicotiana tabacum L.), sugar beet 

(Beta vulgaris L.), oilseed rape (Brassica napus L.), pea (Pisum sativum L.), wheat 

(Triticum sativum L.) and rhubarb (Rheum rhaponticum L.) may in fact be due to a 

novel class of heparanase enzyme that has both endo- and exo-glycosidase activity. 
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Figure 2-22  Concentration dependent activity of B. pseudomallei heparanase against MUG 
(52). 

 

Interestingly pH and temperature optimums for MUG (52) hydrolysis by BpHepPP, was 

found to be pH 2.5 (Figure 2-23) and 40 °C (Figure 2-24), respectively.  Such a low pH 

optimum is not unprecedented among glycosidases.  The BRENDA enzyme database138 

lists 20 glycosidases with pH optima below pH 3, which includes a β-glucuronidase 

from the fungal species Kobayasia nipponica.139  B. pseudomallei is also very resilient 

to acidic environments and can survive for 70 days at pH 4.5.122 
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Figure 2-23  The dependence on pH of B. pseudomallei heparanase activity against MUG (52). 
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Figure 2-24  The dependence on temperature of B. pseudomallei heparanase activity against 
MUG (52). 

 

The kinetic constants for the hydrolysis of MUG (52) by BpHepPP were determined 

under optimal reaction conditions.  Using these same conditions, kinetic constants were 

also determined for the hydrolysis of a disaccharide substrate, 4-methylumbelliferyl 

4-O-(2-deoxy-2-sulfonatamido-α-D-glucopyranosyl)-β-D-glucopyranosiduronic acid 

(55).  Table 2-4 shows that 52 appears to be utilised as a substrate by BpHepPP more 

efficiently than 55.  The kcat or turnover number gives a direct measure of the number of 

substrate molecules converted into product by an enzyme fully saturated with 

substrate.140  BpHepPP’s kcat for the hydrolysis of 52 is over 3 fold greater than that for 

55, indicating that BpHepPP, under optimal conditions, can form and release the 
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hydrolysis products of 52 faster than for 55.  However, most enzymes are not saturated 

with substrate under physiological conditions; therefore, a more pertinent parameter is 

Vmax/KM.  The Vmax/KM ratio is a measure of enzyme specificity.141  BpHepPP’s 

Vmax/KM ratio for the hydrolysis of 52 is over 10 fold greater than for 55, which suggests 

that BpHepPP is able to form enzyme-substrate complexes much more readily with 52 

than with 55.  It is possible that the N-sulfation of 55 could be unfavourable for binding 

to the active site of BpHepPP, though, Okada et al.74 reported that a 2-N-sulfate group 

on the non-reducing glucosamine residue appeared to promote hydrolysis by human 

heparanase-1.  However, this activity was found using various tetra and hexasaccharides 

as substrates. 

 

 
52 

 
55 

 

Table 2-4  Kinetic constants for the hydrolysis of 52 and 55 by B. pseudomallei heparanase and 
for the hydrolysis of 52 by bovine β-glucuronidase. 

 BpHepPP 
Bovine 

β-glucuronidase 

Kinetic Constants 52 55 52 

kcat (s-1) 0.18 0.05 NA 

Specific Activity 

(nmol/s/mg) 
3.67 1.00 4.17 

Vmax (nmol/mL/s) 1.50 × 10-3 0.40 × 10-3 1.66 × 10-4 

KM (μM) 130.6 421.9 497.8 

Vmax/KM (s-1) 1.14 × 10-5 1.00 × 10-6 3.33 × 10-7 
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The activity of BpHepPP against MUG even rivals that of commercially available 

bovine β-glucuronidase, an exo-β-glucuronidase.  Recombinant B. pseudomallei 

heparanase had a 100 fold greater Vmax/KM ratio than bovine β-glucuronidase for the 

hydrolysis of MUG.  These data indicates that BpHepPP is much more efficient in the 

binding of MUG than bovine β-glucuronidase.  However, with a slightly higher specific 

activity, bovine β-glucuronidase is capable of hydrolysing MUG faster than BpHepPP.  

The specific activity for bovine β-glucuronidase is actually underestimated since the 

commercially available protein sample contains quite a lot of impurities (Figure 2-25, 

lane 2).  Nevertheless, it does appear that B. pseudomallei heparanase exhibits both 

significant endo- and exo-glycosidase activity.  This interesting finding has not been 

widely reported for human heparanase.  No unified picture of human heparanase 

substrate recognition has yet been provided, and some of the evidence is contradictory.  

Gong et al.7 reported that human heparanase might act in an exo-lytic fashion; however, 

Okada et al.74 reported that a GlcN(6S) residue on the non-reducing side of the cleavage 

site was important for substrate recognition.   

 

 
     1      2 

Figure 2-25  SDS-PAGE gel of commercially available bovine β-glucuronidase (lane 2) with 
MW markers (lane 1). 

 

2.3.6 Investigations into the Heparanase Hydrolysis Site 

In heparan sulfate and heparin, the disaccharide repeating unit consists of GlcUA β1,4 

linked to a GlcNAc residue, which is α1,4-linked to GlcUA in the next repeating unit 

(Figure 2-26A).  It has been shown that BpHepPP can hydrolyse the GlcUA β-linkage 

in 52 and 55 (Section 2.3.5).  In order to investigate whether cleavage can occur at the 
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α-linkage of the N-acetylglucosamine residue, commercially available 

4-methylumbelliferyl α-D-glucopyranoside (56) and p-nitrophenyl 2-acetamido-2-

deoxy-α-D-glucopyranoside (57) were used as substrates.  These substrates were 

assayed over the pH range of 1 to 8 for 30 min at 37 °C with BpHepPP, however, the 

hydrolysis of neither of these two compounds was observed (Table 2-5).  This suggests 

that hydrolysis of heparan sulfate occurs solely at the β-linkage between a GlcUA 

residue and a GlcNAc residue, and is therefore a β-glucuronidase. 

 

 
Figure 2-26  Typical repeating disaccharide units of (a) heparan sulfate and heparin 
(b) chondroitin sulfates and (c) hyaluronan. 

 

Alternative cleavage sites in other GAGs were also investigated.  In chondroitin 

sulfates, the alternative carbohydrate in the repeating disaccharide unit is a GalNAc 

residue that is β1,4-linked to GlcUA (Figure 2-26B), so 4-methylumbelliferyl 

β-D-galactopyranoside (58)      and 4-methylumbelliferyl 2-acetamido-2-deoxy-β-D-

galactopyranoside (59) were tested as substrates.  In hyaluronan, the alternative 

carbohydrate in the repeating disaccharide unit is a GlcNAc residue that is β1,4-linked 

to GlcUA (Figure 2-26C), so 4-methylumbelliferyl β-D-glucopyranoside  (60) and 

4-methylumbelliferyl 2-acetamido-2-deoxy-β-D-glucopyranoside (61) were also tested 

as substrates.  These compounds were not hydrolysed by BpHepPP as no fluorescence 

was detected when incubated with the enzyme over the pH range of 1 to 8 (Table 2-5). 
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Table 2-5  An investigation into the cleavage of the non-glucuronide linkage in various GAGs 
by recombinant B. pseudomallei heparanase.  

Compound Structure GAG Investigated 
Cleavage by 

BpHepPP 

56 

 

Heparin/Heparan 

Sulfate 
No 

57 

 

Heparin/Heparan 

sulfate 
No 

58 

 

Chondroitin 

sulfates 
No 

59 

 

Chondroitin 

sulfates 
No 

60 Hyaluronan No 

61 Hyaluronan No 
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2.3.7 Inhibition Studies with GAGS and Known Heparanase Inhibitors 

The inhibition of FITC/Biotin labelled heparan sulfate hydrolysis, catalysed by 

BpHepPP, was investigated using various GAGs and the known human heparanase 

inhibitors, phosphomannopentaose (PI-88) (50) and suramin (51).  Figure 2-27 

illustrates that various GAGs do not act as inhibitors of B. pseudomallei hydrolysis of 

heparan sulfate, except for chondroitin sulfate A and C, which show some inhibitory 

activity.  This supports the earlier finding (Figure 2-21) that chondroitin A and C can 

act as substrates for BpHepPP.  Surprisingly the known human heparanase inhibitor 

PI-88 (50), that has been reported to have an IC50 of 2 μg/ml116, performs very poorly as 

an inhibitor of BpHepPP.  Suramin (51) was the only compound showing any 

significant inhibition of FITC/biotin labelled heparan sulfate hydrolysis, with an IC50 of 

0.5 μg/ml.  Parish et al.116 reported an IC50 of 8 μg/ml for suramin; however, it was 

found to inhibit human heparanase non-competitively.  An interesting observation was 

made with some of the inhibitors.  At certain concentrations of PI-88 (50), heparin and 

chondroitin sulfate B, an increase in activity, ranging from 120 – 140 % occurred.   

 

 
50 

 

 
51 
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Figure 2-27  The inhibition of FITC/Biotin labelled heparan sulfate hydrolysis by 
B. pseudomallei heparanase. 

 

As mentioned in Section 2.3.5, BpHepPP is capable of hydrolysing MUG (52).  The 

inhibition of this reaction was also investigated through various GAGs including 

heparan sulfate and known heparanase inhibitors.  Heparin seems to be the best GAG 

inhibitor with an IC50 value of about 0.5 μg/ml.  Surprisingly, heparan sulfate is not a 

good inhibitor of MUG (52) hydrolysis by B. pseudomallei heparanase. 
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Figure 2-28  The inhibition of MUG (52) hydrolysis by B. pseudomallei heparanase. 
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2.4 Biological Significance of a B. pseudomallei Heparanase 

It has been established that B. pseudomallei encodes a heparanase enzyme capable of 

hydrolysing heparan sulfate as well as MUG; however, what is its physiological role?   

 

B. pseudomallei heparanase may be involved in the turnover of endogenously produced 

oligosaccharides.  Bacteria do not synthesise either heparin or heparan sulfate, though 

strains of E. coli produce a small number of exopolysaccharides (EPS) with structural 

features in common with these oligosaccharide polymers.79  However, the two main 

B. pseudomallei exopolysaccharides do not contain GlcUA.142  One EPS consists of 

mainly α1,4 linked glucan, with some branching at C-3 or C-6 positions, and the other 

EPS consisted of a polymer with a repeating tetrasaccharide unit composed of three Gal 

residues, one bearing a 2-O-acetyl group, and a Kdo (3-deoxy-D-manno-2-octulosonic 

acid) residue.142,143  A third exopolysaccharide, which is produced when 

B. pseudomallei are grown with medium containing 5 % glycerol142 is similar in 

composition to cepacian, an exopolysaccharide produced by Burkholderia cepacia.144  

Figure 2-29 shows the unique repeating unit of this polysaccharide.  This 

exopolysaccharide contains GlcUA, however it is present with α-linkages and is thus 

unlikely to be a substrate for B. pseudomallei heparanase.  B. pseudomallei also 

produces two lipopolysaccharides, PS-I and PS-II that differ in their O-polysaccharide 

structures (Figure 2-30), though both do not contain GlcUA.145,146  This evidence 

indicates that B. pseudomallei heparanase is not likely to be involved in the turnover of 

the major endogenously produced oligosaccharides. 

 

 

Figure 2-29  Primary structure of the repeating unit of cepacian.144 
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Figure 2-30  Primary structure of the repeating units for the O-polysaccharides (PS-I and PS-II) 
from the two lipopolysaccharides produced by B. pseudomallei (6dmanHepp refers to 
6-deoxy-D-manno-heptose).145   

 

B. pseudomallei heparanase may be involved in the preparation of a suitable carbon 

source that the bacteria is capable of assimilating.  The soil isolate Flavobacterium 

heparinum, which expresses heparin lyase I, II and III, is capable of utilising either 

heparin or heparan sulfate as its sole carbon and nitrogen source.83  The fact that 

B. pseudomallei heparanase is capable of acting on terminal β-D-glucuronic acid 

residues may suggest that B. pseudomallei is capable of assimilating β-D-glucuronic 

acid. 

 

Pathogens however are more likely to produce GAG degrading enzymes to assist their 

invasion of plant and animal tissues.80  B. pseudomallei is a serious human pathogen 

causing disease frequently associated with a septicaemic illness, with bacterial 

dissemination to distant sites.120  The expression of a heparanase enzyme would greatly 

assist this dissemination, degrading heparan sulfate in the ECM and basement 

membranes, a process which has been implicated in the metastatic spread of many 

tumours over-expressing heparanase activity.72   

 

The presence of putative heparanase enzymes in a number of plants, and non-

pathogenic bacteria indicates that other roles for this enzyme may exist.  The plant 

β-glucuronidase from Scutellaria baicalensis, with 25 % amino acid sequence identity 

with human heparanase, was found to be involved in a novel H2O2 detoxification.76 
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2.5 Conclusion 

A novel heparanase from B. pseudomallei has been cloned, expressed and characterised.  

To date this is the first report of a bacterial enzyme that is capable of cleaving heparan 

sulfate via a hydrolase mechanism.  The B. pseudomallei heparanase consists of 

489 amino acids and contains an N-terminal signal sequence, which was found to be 

cleaved when expressed in E. coli.  In addition to the enzyme activity against heparan 

sulfate the B. pseudomallei heparanase was also found to have significant 

exo-β-glucuronidase activity, as it was capable of cleaving MUG, which is interesting 

since exo-β-glucuronidase activity has not been widely reported for human heparanase. 

 

The biological significance of B. pseudomallei heparanase is not clear at this time.  

B. pseudomallei may be capable a utilising heparan sulfate as a carbon and nitrogen 

source, though given the pathogenic nature of B. pseudomallei, it is likely that 

heparanase is used as a tool to degrade the heparan sulfate in the ECM and basement 

membranes of an animal host, facilitating dissemination.  It is also possible that 

B. pseudomallei has a novel use for its heparanase, as a related β-glucuronidase from 

Scutellaria baicalensis was found to be involved in a novel H2O2 detoxification.76 
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3 Computational Analysis of Human β-Glucuronidase 

3.1 Introduction 

3.1.1 Structure-Based Ligand Design 

The high cost and competitiveness of drug discovery and development necessitates a 

fast, effective method for the identification of lead molecules that have an appreciable 

affinity for a macromolecular receptor, for example a protein of interest.    Structure-

based ligand design aims to identify lead molecules by rational design through direct 

observation of ligand-protein interaction.  The affinity between a small molecule ligand 

and a macromolecular receptor relies on their geometrical and chemical 

complementarity, therefore knowledge of the three dimensional structure of the target 

receptor’s binding site allows the modelling of ligands that have a better fit.147  

Structure-based ligand design reduces the time and cost of drug development, and has 

contributed to the discovery of a number of drugs and late-stage clinical candidates.148  

The following sections introduce and describe some of the computational methods that 

were employed in the structure-based design of potential ligands for human 

β-glucuronidase. 

 

3.1.2 Analysis of Structural Information 

The first step in the design process is to obtain structural information for a target 

receptor that plays a role in a disease of interest.  While many methods are employed to 

obtain structural information, such as NMR spectroscopy, electron microscopy and 

homology modelling, the primary source of structural information is X-ray 

crystallography. 

 

Building and refining a protein structure based on crystallographic data is a subjective 

process, governed by experience, prejudices, expectations and local practices.149,150  

Thus, a X-ray protein structure is subject to many sources of error.  It is important 

therefore, to employ methods to assess the structure's overall “quality” and to identify 

regions that may need careful investigation.  The computer programs Procheck150 and 

WhatCheck151, compare stereochemical properties of the protein, such as bond lengths 

and angles, chirality, planarity of certain side-groups and torsion angles, with 
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information derived from structure databases, in order to classify the protein structure 

according to its relative reliability.150,151 

 

Furthermore, correct assignments of the NH2 versus the O branches of asparagine (Asn) 

and glutamine (Gln) side-chain amide groups by direct observation in the electron-

density map is not possible except at extremely high resolution.152  Histidine residues 

also have a similar assignment problem, since a 180ο flip of the imidazole exchanges 

nitrogen and carbon atoms at the δ and ε positions.152  This assignment is very important 

when analysing ligand binding interactions within the active site of a protein, therefore 

it is necessary to investigate these assignments using programs such as WhatCheck151 

and Reduce152.  These programs analyse the local environment of each residue and 

determine whether their side chains would form more favourable interactions, such as 

hydrogen bonding or van der Waals interactions, if they were “flipped” 180°. 

 

3.1.3 Ligand Design Tools 

A number of important computational tools have been developed for the structure-based 

ligand design process.  These programs range from their ability to analyse the complex 

electrostatic environment or key interaction sites of the active/binding site of a 

macromolecular receptor, to the screening of large databases of molecules in order to 

identify novel ligands.  The following sections describe a number of these programs that 

are invaluable tools for structure-based ligand design.   

 

3.1.3.1 Protein Electrostatic Potential and pKa Calculations 

Electrostatic forces are primarily responsible for long-range interactions between 

molecules such as hydrogen bonds, salt bridges, dipole-dipole interactions and 

interactions with ions.  Thus, there is significant interest in analysing electrostatic 

effects in molecular recognition processes.  Electrostatic potential calculations are used 

routinely for these purposes and pKa calculations have been used to explain complex 

electrostatic phenomena in proteins. 

 

Electrostatic potential calculations assume that the electrostatic potential at a point r, 

φ(r), is described by the linear Poisson-Boltzmann equation (1)153: 
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∇•[ε(r)∇φ(r)] − κ(r)2φ(r) = − 4πρ(r)  (1) 

 

Where ε(r) is the spatial dielectric function, κ(r) is a modified Debye-Huckel parameter 

and ρ(r) is the charge distribution function.153  Analytical solutions to the Poisson-

Boltzmann equation are only possible for objects with a regular geometry, and as 

protein structures are highly irregular, a numerical solution must be used.153  The 

program DelPhi154 uses the Finite-Difference approach, which involves mapping the 

protein onto a 3D cubicle grid.  The Poisson-Boltzmann equation is applied iteratively 

for every single grid cube until a self-consistent solution for the electrostatic energy of 

the system is found.  The electrostatic potential can then be visualised by colouring a 

Connolly surface (also commonly referred to as a solvent accessible surface) of the 

target molecule with respect to charge.  This allows regions of positive and negative 

potential on the protein to be identified, which may play a role in ligand binding. 

 

The protonation states of ionisable amino acids within the active/binding site of a 

protein play an important role in protein function, and are therefore important 

considerations for structure-based ligand design.  Often the pKa’s need to be 

significantly different from those of isolated amino acids in solution in order to facilitate 

ligand binding or enzymatic activity.  For example, the two active site catalytic residues 

of retaining glycosidases are Glu and/or Asp, with the carboxylic acids of each residue 

in different protonation states (Refer to Section 1.3.1).  One carboxylic acid is 

unprotonated and functions as a catalytic nucleophile.  The other carboxylic acid is first 

protonated to function as a general acid catalyst in the formation of the covalent enzyme 

intermediate, then while unprotonated it functions as a general base catalyst in the 

water-assisted hydrolysis of this intermediate.13-15  Understanding the complex 

interactions that are responsible for influencing the pKa’s of ionisable amino acids is an 

important goal of computational chemistry.  MEAD (Macroscopic Electrostatics with 

Atomic Detail)155 is a program suite used for calculating the pKa’s of titratable amino 

acids within a protein.  The pKa of a titratable group is a measure of the free energy 

difference between the neutral and charged state of the group.155  This energy difference 

for titratable amino acids within a protein is thought to be comprised of three 

components: 

a) The desolvation energy or Born energy, which is associated with moving the 

amino acid from water to its position in the protein;155 
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b) The background interaction energy of the charged and neutral forms of the 

amino acid residue with the permanent dipoles of the protein;155 and 

c) The pair wise interaction energy between the titratable residues in the 

protein.155 

The first two components are determined by the MEAD program “multiflex”, which 

uses a continuum dielectric model and a finite difference technique to calculate the 

pKa
intrinsicvalues for each of the titratable amino acids in a protein.  The pKa

intrinsicvalue is 

the pKa the residue would have if the charges of all other titrating sites were set to 

zero.155  The next step is to calculate the pair wise interaction energy; however, a 

protein with N titratable sites, has 2N possible protonation states.  Therefore, 

calculations involving all protonation states may be impractical, even with current 

computers.  MEAD approximates this calculation with the program xmcti, which uses 

Monte Carlo sampling of the pair wise interaction energies to generate titration curves 

for each of the titratable amino acid residues. 

 

3.1.3.2 GRID 

GRID156 is a useful program that determines locations within an active/binding site that 

may be significant in terms for ligand binding. This program predicts the interaction 

energy between a protein, and a small chemical group or probe using the Lenard-Jones 

potential (attractive/repulsive non-bonded forces), as well as electrostatic and hydrogen 

bond effects.  A number of probes are available, ranging from single atoms, such as 

oxygen, to multiple atom probes, such as a carboxylate group.  The interaction of a 

probe group at various grid points throughout and around the target molecule is 

calculated using an empirical energy function, resulting in an array of energy values, 

which can be visualised by contours at specific energy levels.157  Therefore, GRID 

reveals the locations where it might be favourable to position a particular functional 

group, an important aspect in the ligand design process. 

 

3.1.3.3 De Novo Ligand Design 

De novo design programs are powerful computational tools, due to their ability to 

produce new and novel templates.45,157  One such suite of programs, LigBuilder,158 

sequentially builds up structures by the addition of organic fragments to a seed template 

within the active site of the protein.  Initially, the program Pocket analyses the active 
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site by a similar method to GRID, by placing certain probe groups at various grid points 

in the active site.  These probes designate areas of favourable interaction for hydrogen 

bond donor, hydrogen bond acceptor and hydrophobic groups.  The program Grow then 

uses this information to add a particular fragment molecule to designated positions on a 

seed template within the active site.  The fragment is rotated and modified in order to 

optimise interactions with the active site, and then the new structure serves as a seed for 

the next growing cycle.  Due to the combinatorial nature of the construction process, a 

large number of novel structures are generated.  These structures are then ranked 

according to their fitness by the program Process, which applies certain criteria based on 

Lipinski’s rules159 in order to account for drug bioavailability.  However, despite the 

ability of de novo design programs to create new and novel templates, the molecules 

produced may not be even chemically sound,  or even synthetically feasible.45,157 

 

3.1.3.4 Molecular Docking 

Molecular docking programs such as AutoGroup (part of the GRID package of 

software), DOCK160 and AutoDock161, are integral to the ligand design process as they 

investigate the possible binding geometries of a small molecule ligand with a 

macromolecular receptor.  These programs implement search algorithms that sample the 

six degrees of freedom of the ligand (3 translational and 3 rotational) within the 

macromolecule system, and the resulting orientations are evaluated by a scoring 

algorithm, which determines the energetics of binding.157  These three programs differ 

in the methods that they use to generate reasonable ligand orientations within the active 

sites of a target protein.  AutoGroup and DOCK utilise matching algorithms.  They 

create a model of the active site, in which favourable sites for hydrogen bonding, 

electrostatic and hydrophobic interactions are identified, and then the ligand is matched 

to the geometry of these sites.  The matching algorithm is reasonably fast, which 

enables its use to screen large databases of molecules.  This technique, known 

commonly as virtual or in silico screening, is a quick and easy method for the 

identification of novel lead molecules. 

 

A different search algorithm is employed by the molecular docking program AutoDock.  

This program employs a genetic algorithm to explore ligand translations, orientations 

and conformations until an ideal binding site is found.  Although the AutoDock method 
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is typically slower than the matching methods of AutoGroup and DOCK, ligand 

docking is modelled in greater detail.   

 

The molecular docking programs DOCK and AutoDock are capable of exploring 

limited flexibility of the ligand molecule during the docking process, which is an 

important factor to consider in molecular docking.  The programs explore different 

conformations of rotatable bonds, however ring systems, such as those of carbohydrates 

are held rigid.  Therefore, complex conformational changes of the carbohydrate ring are 

currently unable to be modelled.  AutoGroup on the other hand cannot model ligand 

flexibility and as such represents the entire ligand as a rigid molecule. 

 

All three molecular docking programs also assume a rigid receptor upon ligand binding, 

in other words they assume the lock and key method for ligand binding.   Although it is 

common for only a small number of residue side chains to change conformation in the 

active site162, this assumption is not always valid and a number of examples of induced 

fit and protein flexibility have been reported.163  While it is unfeasible to implement full 

receptor flexibility into a search algorithm, a number of approaches have attempted to 

address this problem, however as yet they can handle only limited flexibility.162 

 

3.1.3.4.1 Scoring Bound Ligand Orientations 

The success of structure-based ligand design depends on the ability to predict ligand 

affinity based on spatial orientation within the binding site.  However, currently this is 

achieved with only limited success.  The different types of functions used to score the 

binding affinity of a ligand can be loosely grouped into four main categories: 

• Free energy perturbation approaches147 − Rigorous thermodynamic calculations 

that consider the Helmholtz free energy of a system.  These methods explicitly 

consider solvent molecules and flexibility of both the receptor and the ligand, 

however, require long simulation runs and thus are not suitable for screening 

large numbers of compounds. 

• Force field-based methods147 − These methods approximate the enthalpy change 

in ligand-protein binding by partitioning the free enthalpy into a sum of 

individual contributions (∆G = ∆GH-bond + ∆Gsolvation + ∆Gconformation + ...).  The 

individual terms are defined on physiochemical grounds, whilst avoiding any 

cross correlations between them. 
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• Regression-based approaches (Empirical scoring functions)147 − As for the force 

field-based methods, regression-based approaches assume a sum of individual 

terms to the total free enthalpy.  However, the separate terms are weighted by 

coefficients, which are determined by multiple linear regressions using a training 

set of X-ray crystal structures of ligand receptor complexes. 

• Knowledge-based approaches147 − These methods analyse a large sample of 

experimentally derived structures and derive frequency distributions for the 

typical interactions between ligand and receptor.  An interaction that is close to 

the frequency maxima is considered favourable.  

 

Currently, no general-purpose method is available that adequately considers all relevant 

contributions to ligand-receptor binding.  Consensus-scoring is a useful strategy to 

enhance the reliability of predicted binding affinities.164 It involves scoring binding 

modes with several scoring functions, typically two to three, and taking the 

intersection of the top scorers.164 This results in a dramatic reduction in the number of 

false positives and is a valuable method for screening a diverse array of compounds. 

 

3.2 Structure-Based Ligand Design with Human 

β-Glucuronidase 

The design process used for the development of potential ligands for human 

β-glucuronidase is shown in Figure 3-1.  This process initially involved the analysis of 

the human β-glucuronidase X-ray crystal structure reported by Jain et al.,31 in order to 

identify any errors that may have impeded the structure-based ligand design process.  

The electrostatic potential surrounding the active site of human β-glucuronidase and the 

pKa’s of ionisable amino acids were investigated with the programs Delphi and MEAD, 

respectively.  Key interaction sites within the active site were identified with the 

program GRID and Novel ligands were generated with the de novo design program 

LigBuilder.  The information obtained by molecular docking, scoring and visualising 

these ligands in the active site of human β-glucuronidase, combined with the 

information obtained from the electrostatic and GRID calculations, lead to a new series 

of designed molecules.  This process was repeated a number of times, creating a type of 

design feedback loop, until a number of potential high affinity ligands had been 

identified. 
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Figure 3-1  Flow chart of the design process used to design potential inhibitors of human 
β-glucuronidase. 

 

3.2.1 Structure Validation of Human β-Glucuronidase (1BHG) 

The 3-dimensional X-ray crystal structure of human β-glucuronidase was solved at a 

resolution of 2.6 Å, in 1996 by Jain et al.31  Human β-glucuronidase is a homotetramer 

(Figure 1-9, Section 1.3.1.1.5) with each monomer containing 651 amino acids.  The 

pdb file of human β-glucuronidase (1BHG) was obtained from the Protein Data 

Bank165, and contained the coordinates for two monomer chains, A and B, of the 

asymmetric unit, with each chain containing amino acid residues 22 – 632.  Amino acid 

residues 1 – 21 encode a signal peptide that is cleaved in the endoplasmic reticulum, 

and amino acids 634 – 651 are susceptible to proteolytic cleavage.  The pdb file 

included coordinates for nine carbohydrate residues of a high mannose type N-glycan 

linked to Asn173.  The active site of a β-glucuronidase monomer is found within a 

(α/β)8 TIM-barrel, seen in Figure 3-2.  Mutagenesis and glycosyl-fluoride labelling 

studies have identified two active site glutamate residues within human 

β-glucuronidase, which participate in the hydrolysis mechanism.22,57,110 The catalytic 

nucleophile of human β-glucuronidase is Glu540, and the general acid/base residue is 

Glu451.  Prior to molecular modelling studies, both of the chains of human 
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β-glucuronidase were separately analysed with the structure validation programs 

Procheck150 and WhatCheck151.  Furthermore, the two A and B chains of human 

β-glucuronidase were inspected visually with the molecular visualisation software 

InsightII.  

 

Figure 3-2  The active site of a human β-glucuronidase monomer, showing the two catalytic 
glutamic acid residues.  The general acid/base catalyst, Glu451, is shown on the right, and the 
catalytic nucleophile, Glu540, is shown on the left. 

 

3.2.1.1 Procheck Analysis of Human β-Glucuronidase (1BHG) 

It is evident from the results of Procheck (Table 3-1), that the two, A and B, chains of 

the human β-glucuronidase crystal structure (1BHG) are not identical.  While both 

chains are less than ideal, with less than 90 % of residues in favoured regions on the 

Ramachandran plot, only a small percentage lie in disfavoured regions.  The 

Ramachandran plot shows the phi-psi torsion angles for all amino acid residues in the 

structures, and from an analysis of high-resolution crystal structures it was found that 

these angles should conform to certain regions on the Ramachandran plot.166  These 

results are not necessarily an indication of errors within the crystal structures as 

sometimes residues have strange backbone conformations, for example in active site 

loops.149  Generally, however, the lower the percentage of residues in disfavoured 

regions the better.  Sources for concern were the bad contacts in both chains.  The 

Procheck results indicated that chain B contained nearly double the number of bad 

contacts that chain A possessed.  These results suggest that the chain A coordinates are 

of a better overall “quality” than the chain B coordinates. 
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Table 3-1  Procheck results for both A and B chains of the human β-glucuronidase X-ray 
crystal structure (1BHG). 

 Chain A Chain B 

Ramachandran Plot: 

Favoured 

Allowed 

Generously Allowed 

Disfavoured 

 

71.4 % 

23.0 % 

  3.7 % 

  1.9 % 

 

66.5 % 

24.9 % 

  5.0 % 

  3.6 % 

Main-chain bond 

Main-chain angles 

Planar atoms 

99.7 % 

94.8 % 

87.5 % 

99.6 % 

94.2 % 

91.0 % 

Bad Contacts 26 40 

 

3.2.1.2 WhatCheck Analysis of Human β-Glucuronidase (1BHG) 

The results from WhatCheck for both chains, A and B, of human β-glucuronidase 

(1BHG) were similar to those from Procheck (Section 3.2.1.1).  They indicated poor 

second generation packing quality as well as a bad Ramachandran plot appearance.  

Other errors included connections to aromatic rings out of plane, abnormally short 

interatomic distances and buried unsatisfied hydrogen bond donors and acceptors.  The 

WhatCheck results also indicated that several histidine, asparagine and glutamine 

residues could form more favourable hydrogen bond interactions if their side-chains 

were flipped 180ο.  These residues are summarised in Table 3-2.  Of these, two residues 

of chain A, His509 and Asn604, were found close to the active site of human 

β-glucuronidase.  These same residues are found in similar orientations in chain B, but 

WhatCheck did not recommend that they would make interactions that are more 

favourable if their side-chains were flipped.  Therefore, it is necessary to monitor 

interactions with these residues during the inhibitor design process. 
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Table 3-2  Residues that would potentially form more favourable hydrogen-bond interactions if 
their side-chains were flipped 180°. 

 

Chain A 

Chain B 

His142 

His351 

His509 

His570 

Asn155 

Asn173 

Asn439 

Asn604 

Gln202 

Gln215 

Gln279 

Gln335 

His94 

His142 

His294 

His351 

His425 

His550 

His570 

Asn203 

Asn267 

Asn439 

Asn631 

Gln239 

Gln306 

Gln394 

Gln428 

Gln612 

 

The results of the two structure validation programs indicated that there were 

differences in the coordinates of the two chains of human β-glucuronidase (1BHG).  

While both chains contained errors, chain A was of a slightly better “quality” than 

chain B.  With the initial evaluation of the crystal structure of human β-glucuronidase 

completed, the next step was to examine the active site. 

 

3.2.1.3 Visualisation of the Two Chains of Human β-Glucuronidase 

The results of Procheck and WhatCheck (Section 3.2.1) indicated that the two chains of 

the human β-glucuronidase crystal structure (1BHG) were not identical.  To investigate 

whether or not these differences extended to the active sites, Connolly surfaces were 

applied to both chains in the area surrounding the catalytic residues Glu540 and Glu451.  

These can be seen in Figure 3-3a and Figure 3-3b, for chains A and B respectively.  

These figures show that there are some slight differences within the active sites of the 

two chains.  The β-D-glucuronic acid sugar binding pocket (GB1 pocket) is located on 

the left of the figures, next to the coloured catalytic resides, and this extends to the right 
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in a shallow channel to another pocket (GB2 pocket).  Interestingly, chain B has a much 

deeper pocket in the upper region of the GB1 pocket, which can be seen in more detail 

in Figure 3-4b.  By superimposing the atoms of chain A onto the atoms of chain B, it is 

possible to see why this is so.  As seen in Figure 3-5, chain A (carbon atoms coloured 

green) appears to have the side-chain of Lys606 pointing towards the active site, while 

in chain B the Lys606 side-chain (carbon atoms coloured orange) is directed away from 

the active site.  This positioning of Lys606 creates a deeper pocket for chain B of 

human β-glucuronidase, which would potentially allow more space for ligand binding.  

Upon analysis of the pdb coordinates of the A and B chains, it was apparent that the 

temperature factors for the side-chain of Lys606 were larger for chain A than they were 

for chain B.  The temperature factors model the effects of static and dynamic disorder in 

the crystal structure, and are a useful relative indication of reliability.148  Lysine residues 

are one of the most poorly defined residues in electron density maps due to the 

flexibility of the side chain.148  As a result the final conformation of the residue is less 

likely to be the product of experimentally observed electron density.148  This indicates 

that there is some uncertainty in the position of the side-chain of Lys606, which is 

unfortunate given its location within the active site. 

 

   

Figure 3-3  a) [Left] A Connolly surface over the active site of chain A; b) [Right] A Connolly 
surface over the active site of chain B.  The surface of the catalytic nucleophile, Glu540, is 
coloured orange, while the surface of the general acid/base, Glu451, is coloured red. The GB1 
pocket, the shallow channel and the GB2 pocket are indicated by the labels A, B and C, 
respectively. 

 

 

 

      B 

A 

             C 

      B 

A 

             C 
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Figure 3-4  a) [Left] A Connolly surface over the GB1 pocket of chain A of human 
β-glucuronidase; b) [Right] A Connolly surface over the GB1 pocket of chain B of human 
β-glucuronidase.  The surfaces have been cut away to show the general acid/base, Glu451, and 
the catalytic nucleophile, Glu540. 

 

Figure 3-5 also shows that the orientation of Asn450 is flipped 180° between chains A 

and B.  During the protein structure-determination process, it is considered difficult to 

assign the NH2 versus the O branches of asparagine side-chain amide groups.152  

However, WhatCheck indicated that Asn450 would form more favourable hydrogen 

bond interactions if it were flipped 180ο for either chain, therefore there appears to be 

some uncertainty in the correct orientation for the Asn450 residue. 

 

   

Figure 3-5  Superposition of the active site amino acid resides for chains A and B of human 
β-glucuronidase (1BHG).  Carbon atoms are coloured green for chain A, and coloured orange 
for chain B.  Oxygen atoms are coloured red and nitrogen atoms are coloured blue. 
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3.2.2 Active Site Electrostatic Calculations for Human β-Glucuronidase 

Electrostatic forces are an important consideration in the ligand design process.  They 

are primarily responsible for long-range interactions between molecules such as 

hydrogen bonds, salt bridges, dipole-dipole interactions and interactions with ions.  

Therefore, it is essential to analyse the electrostatic potential of the active/binding site of 

a protein in order to design high affinity ligands.  The protonation states of ionisable 

amino acids within the active/binding site of a protein play an important role in protein 

function, and are therefore, also important considerations for structure-based ligand 

design.   

 

The following sections describe the use of a number of programs to examine 

electrostatic forces surrounding the active site of human β-glucuronidase.  The program 

DelPhi154 was used to examine electrostatic potentials surrounding human 

β-glucuronidase and the program MEAD155was used to estimate the pKa values of the 

ionisable amino acids for human β-glucuronidase, particularly the catalytic residues 

Glu540 (catalytic nucleophile) and Glu451 (general acid/base). 

 

3.2.2.1 Electrostatic Potential Calculations with DelPhi 

The electrostatic potential of both chains of human β-glucuronidase was evaluated with 

the DelPhi module within the molecular modelling program Insight II, and was used to 

colour Connolly surfaces of the active sites, as seen in Figure 3-6.  The catalytic 

residues of chain A and B are surrounded by a negative potential (shown in red) which 

would be expected since the catalytic nucleophile Glu540 would be unprotonated and 

hence negatively charged.  This negative potential also extends to the bottom of the 

GB1 pocket and into the shallow channel.  Deep within the GB1 pocket is an area of 

positive potential (shown in blue).  The basic amino acids Arg600 and Lys606 line this 

area and they would more than likely form favourable interactions with the carboxylate 

group of the β-D-glucuronic acid residue upon substrate binding.  There are some slight 

differences between the electrostatic potentials of the two chains.  Chain A appears to 

have an area of positive potential in the GB2 pocket, whereas chain B has a negative 

potential in this region.  Chain B also has a relatively strong positive potential in the top 

right corner of the active site, which is only a neutral region in chain A.  Given that 

electrostatic forces play an important role in ligand binding, the differences between the 



 85

two chains in this area need to be considered in the ligand design process.  However, the 

distance from the GB1 pocket is quite large and it therefore may not prove to be an 

issue for small molecule ligands. 

 

   

Figure 3-6  Connolly surfaces of the active sites of chain A [Left], and chain B [Right] of 
human β-glucuronidase, coloured by electrostatic potential.  The blue areas refer to a positive 
potential and red areas refer to a negative potential. 

 

3.2.2.2 pKa Calculations with MEAD 

The accuracy of macromolecular electrostatic calculations is limited by the accuracy of 

the structural data155 and is also sensitive to the positioning of hydrogen atoms.167  

However, information on hydrogen atom positions is missing for the majority of X-ray 

structures of proteins.  This is further complicated by the fact that the electron density 

often does not allow crystallographers to distinguish between carbon, nitrogen and 

oxygen atoms, which makes it difficult to determine orientations for histidine, 

asparagine and glutamine side-chains.152,167  Several methods exist for generating 

hydrogen positions, however those methods that consider the local hydrogen bonding 

environment have been shown to significantly improve the accuracy of calculated pKa 

values.167,168  The program Reduce152 and the online server PDB2PQR169 

(http://pdb2pqr.sourceforge.net/) are examples of programs that employ these methods, 

while the program InsightII is not so rigorous in determining hydrogen atom positions. 

 

In this investigation, MEAD (described in Section 3.1.3.1) was implemented to estimate 

the pKa values for the proposed22,57,110 catalytic residues Glu540 (catalytic nucleophile) 

and Glu451 (general acid/base), as well as other ionisable amino acids in the active site 

of human β-glucuronidase. 
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3.2.2.2.1 Validation of MEAD with Xylanase from Bacillus circulans 

Prior to the pKa calculations of the titratable residues of human β-glucuronidase, it was 

necessary to validate the program MEAD in order to test its computational methods and 

the underlying approximation of continuum electrostatics.  Thus pKa calculations were 

performed on the X-ray crystal structure of xylanase from Bacillus circulans.170  

Xylanase is an inverting glycosidase that degrades xylan, a β-1,4-linked polymer of 

xylose, via a two-step mechanism involving a covalent glycosyl-enzyme 

intermediate.170  The pKa values for its catalytic residues have been determined 

experimentally using 13C-NMR.170  Glu78 functions as the catalytic nucleophile and 

Glu172 functions as the general acid/base, and in the absence of substrate they have pKa 

values of 4.6 and 6.7, respectively.170  Remarkably, upon formation of the covalent 

glycosyl-enzyme intermediate, the pKa of the general/acid base (Glu172) decreases to 

4.2, enabling the water assisted hydrolysis of the bound xylose residue.170 

 

For MEAD calculations of B. circulans xylanase, in the absence of substrate, three 

different methods for generating hydrogen atom positions were employed 

(Section 5.2.4.2), and separate pKa calculations were performed for interior dielectric 

constants (ε) of 4, 8, 12, 16 and 20.  The first method for generating hydrogen atom 

positions involved using the program Reduce.  The second method used the online 

server PDB2PQR to add the majority of hydrogen atoms.  Coordinates for hydrogens 

that were not added by the server were copied from the Reduce method.  The third 

method was similar to the second method; however, hydrogens that were not added by 

PDB2PQR were added by InsightII. 

 

As can be seen in Table 3-3, the pKa values calculated using the Reduce and the 

PDB2PQR-Reduce methods for adding hydrogens do not correlate with the 

experimental values170 for Glu78 and Glu172 in the absence of substrate of 4.6 and 6.7, 

respectively.  For these methods, the pKa values for Glu78 are higher than Glu172, 

which is inconsistent with the role that Glu78 plays as the catalytic nucleophile in the 

hydrolysis of xylan.  However, the pKa values predicted by the PDB2PQR-InsightII 

method do appear to correlate better with experimental values.  The calculations that 

were performed with an interior protein dielectric constant (ε) of 8, predict pKa values 

that are relatively close to the experimental data. 
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Table 3-3  MEAD calculated pKa values for the catalytic residues of xylanase from Bacillus 
circulans for each of the three methods of adding hydrogens to the protein.  Experimentally 
measured pKa values: Glu78 (catalytic nucleophile) = 4.6; Glu172 (general acid/base) = 6.7.170 

Interior Dielectric 

Constant and 

Catalytic Residue 

Reduce Method for 

Adding Hydrogens 

PDB2PQR-Reduce 

Method for Adding 

Hydrogens 

PDB2PQR-InsightII 

Method for Adding 

Hydrogens 

ε = 4             Glu78 

                   Glu172 

9.0 

5.9 

7.8 

4.1 

7.0 

7.5 

ε = 8             Glu78 

                   Glu172 

6.9 

4.2 

6.1 

3.8 

5.1 

6.0 

ε = 12           Glu78 

                   Glu172 

6.0 

4.1 

5.2 

3.8 

4.5 

5.2 

ε = 16           Glu78 

                   Glu172 

5.5 

4.2 

5.0 

3.9 

4.1 

5.0 

ε = 20           Glu78 

                   Glu172 

5.0 

4.1 

4.8 

3.9 

4.0 

4.9 

 

3.2.2.2.2 MEAD pKa Calculations with Human β-Glucuronidase 

Hydrogen atoms were added to both chains of human β-glucuronidase using the 

PDB2PQR-InsightII method and the MEAD calculations were performed at protein 

dielectric constants (ε) of 4, 8, 12, 16 and 20.  MEAD calculations for chain A of human 

β-glucuronidase, at all ε values, produced complex titration curves with odd shapes and 

are therefore unreliable calculations.  The titration curves for chain B of human 

β-glucuronidase appeared to be much more acceptable, and the most appropriate pKa 

values for the catalytic residues of human β-glucuronidase were obtained with an 

interior protein dielectric constant of ε = 4.  The titration curves that were calculated by 

the MEAD program xmcti for the catalytic residues of chain B of human 

β-glucuronidase, with an interior protein dielectric constant ε = 4, are displayed in 

Figure 3-7. 
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Figure 3-7  a) [Left] Predicted titration curve for Glu451 (general acid/base) at ε = 4; b) [Right] 
Predicted titration curve for Glu540 (catalytic nucleophile) at ε = 4. 

 

From these curves, it can be seen that the predicted pKa of Glu451 is approximately 4.9 

and the predicted pKa of Glu540 is -2.8.  Although pH tends to be in the range between 

1 and 14 for most chemicals and substances, negative pH values are possible.  In fact, 

commercial concentrated HCl (37 % by weight) has a pH of approximately -1.1; 

however, it is very unlikely that these negative pH values could be sustained in 

mammalian biological systems.  The negative pKa value predicted for Glu540 indicates 

that in the absence of substrate this residue is most likely to be in its charged, 

un-protonated form for all biological pH values, which is consistent with its role as the 

catalytic nucleophile.  It is expected that the pKa value of the general acid/base, Glu451, 

be higher than that of the catalytic nucleophile, Glu540, since it needs to be protonated 

in order to be able to transfer this proton to the glycosidic oxygen.  However, with an 

optimal pH range for human β-glucuronidase of 4 - 5.519,21,22,54,55, the predicted pKa 

value for Glu451 of 4.92, appears to be slightly lower than expected. 

 

The MEAD results provide further evidence that the catalytic residues of human 

β-glucuronidase are Glu451 and Glu540, and that they function as the general acid/base, 

and the catalytic nucleophile respectively.  However, it can be seen from the MEAD 

studies with xylanase from Bacillus circulans (Section 3.2.2.2.1), that pKa calculations 

are greatly dependent on the structural data, and slight differences in the positions of the 

hydrogen atoms can lead to erroneous results.  Another consideration is that a protein in 

solution is in a constant state of motion, which would greatly influence the pKa’s of 

titratable amino acids within the protein.  Therefore, a more accurate approach would be 
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to perform molecular dynamics on the protein of interest first, and then to perform the 

MEAD calculations for a number of generated protein structures.  However, such a 

labour and computationally intensive procedure is outside the scope of this project.  

Some additional MEAD predicted pKa values for other active site residues are shown in 

Table 3-4. 

 

Table 3-4  Predicted pKa values for the titratable amino acids within the active site area of 
chain B of human β-glucuronidase. 

Residue MEAD predicted pKa 

Lys606 8.24 

Arg382 a 

Arg600 a 

His509 6.14 

His351 a 

His385 14.00 

Asp207 -7.6 

Glu406 b 

a Residues calculated by MEAD to be fully 
protonated over the entire calculated pH range. 
b Residues calculated by MEAD to be un-protonated 
over the entire calculated pH range. 

 

3.2.3 GRID Analysis of the Active Site of Human β-Glucuronidase 

GRID156 is a useful program in the ligand design process as it is capable of determining 

locations within an active/binding site that may be significant in terms of ligand 

binding. This program predicts the interaction energy between a protein, and a small 

chemical group or probe at various grid points throughout and around the target 

molecule, resulting in an array of energy values, which can be visualised by contours at 

specific energy levels.157  Therefore, GRID reveals the locations where it might be 

favourable to position a particular functional group, an important aspect in the ligand 

design process. 

 

In order to investigate the main areas of interaction for potential ligands, GRID 

calculations were performed for both A and B chains of human β-glucuronidase.  The 

carboxylate oxygen probe was used to identify the most likely binding site for the 
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carboxylate group of the β-D-glucuronic acid residue within the GB1 pocket.  Hydrogen 

bond donor and acceptor sites were investigated with the water, hydroxyl, sp3 nitrogen 

and NH3 cation probes, and hydrophobic interaction areas were explored with the dry 

and methyl probes. 

 

Interactions of the carboxylate oxygen probe with the active sites of chains A and B of 

human β-glucuronidase are shown in Figure 3-8.  As can be seen, there are two main 

areas of interaction in the GB1 pocket.  The interaction area at the top of the pocket 

contains the most favourable interaction site.    The other region is at the bottom of the 

GB1 pocket.  Due to the locations of the active site catalytic residues, Glu540 and 

Glu451, within the GB1 pocket, it is likely that the interaction area at the top of the 

pocket is the carboxylate binding area.  These results are consistent with the DelPhi 

electrostatic calculations (Section 3.2.2.1, Figure 3-6), which suggested that this area 

contained a positive potential.  This area for chain B is quite deep within the active site, 

which is significantly different to chain A due to the conformations of the Lys606 side 

chains.  Another region of favourable interaction for the carboxylate oxygen probe was 

found to the far right of the active site, just above the GB2 pocket. 

 

   

Figure 3-8  Areas of interaction within the active site of human β-glucuronidase with the 
carboxylate oxygen probe.  a) [Left] Chain A, contoured at -6 kcal/mol; b) [Right] Chain B, 
contoured at -7.5 kcal/mol. 

 

Significant active site interactions with the water probe for chain A and chain B of 

human β-glucuronidase are displayed in Figure 3-9.  Binding is seen within the GB1 

pocket, as well as in the GB2 pocket.  The main interactions in the GB1 pocket 

surround the general acid/base catalyst, Glu451.  There are also some interactions with 

the carboxylate binding area, and chain B has some small interaction areas within the 

shallow channel between the two pockets. 
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Figure 3-9  Areas of interaction within the active site of human β-glucuronidase with the water 
probe.  a) [Left] Chain A, contoured at -9 kcal/mol; b) [Right] Chain B, contoured at 
-10 kcal/mol. 

 

The hydroxyl probe interactions (Figure 3-10) are very similar to the water probe.  The 

main sites of interaction are found in the GB1 pocket, near Glu451 and within the 

carboxylate binding area.  There are also similar interaction areas within the GB2 

pocket and chain B shows some interaction in the shallow channel between the two 

pockets. 

 

   

Figure 3-10  Areas of interaction with the hydroxyl probe within the active site of human 
β-glucuronidase.  a) [Left] Chain A, contoured at -7.5 kcal/mol; b) [Right] Chain B, contoured at 
-8.5 kcal/mol. 

 

Favourable interaction areas for the sp3 nitrogen probe can be seen in Figure 3-11.  The 

interaction areas in the GB1 pocket appear to be near Glu451 and in the carboxylate 

binding area, as well as in regions at the bottom of this pocket.  There are also 

favourable interaction areas in the shallow channel that are similar to those found for the 

water and the hydroxyl probes, suggesting that this area is an important region for 

ligand interactions.  Chain B has also a small interaction area within the GB2 pocket. 
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Figure 3-11  Areas of interaction with the sp3 nitrogen probe within the active site of human 
β-glucuronidase.  a) [Left] Chain A, contoured at -6 kcal/mol; b) [Right] Chain B, contoured at 
-6.5 kcal/mol. 

 

Active site interactions with the NH3 cation probe can be seen in Figure 3-12.  Human 

β-glucuronidase has an optimal pH of 4 – 5.519,21,22,54,55, so it is possible that an amino 

group would be protonated.  The main interactions within the GB1 pocket are near the 

catalytic nucleophile Glu540, but a small favourable interaction area is also present 

within the shallow channel.  The interaction of this probe with the active site is 

calculated by GRID to be very favourable; the interaction areas in Figure 3-12 are 

contoured at -19 kcal/mol. 

 

   

Figure 3-12  Areas of interaction with the NH3 cation probe within the active site of human 
β-glucuronidase.  a) [Left] Chain A, contoured at -19 kcal/mol; b) [Right] Chain B, contoured at 
-19 kcal/mol. 

 

Hydrophobic interactions within the active site of human β-glucuronidase were 

investigated with the DRY probe, as seen in Figure 3-13.  GRID predicted favourable 

interaction sites for both chain A and chain B just outside the GB1 pocket.  

β-Glucuronidase is capable of hydrolysing a number of hydrophobic glucuronides, such 

as 4-methylumbelliferyl β-D-glucopyranosiduronic acid (MUG) (52).136   It seems likely 

that the hydrophobic aglycons would make favourable interactions with this region, 
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which is occupied by Tyr508, stacked on top of Tyr504.  These residues are highly 

conserved between human, mouse, rat and E. coli β-glucuronidase sequences, and 

mutagenesis studies of human β-glucuronidase have revealed that Tyr504 is important 

for catalysis, however the role of these residues is unclear.22  Their position just outside 

the GB1 pocket could be an indication that they may be involved in providing a 

platform for aglycon binding.  This could be a potential area to target in the ligand 

design process. 

 

 
52 

 

   

Figure 3-13  Areas of interaction with the active site of human β-glucuronidase with the DRY, 
hydrophobic probe a) [Left] Chain A, contoured at -1.5 kcal/mol; b) [Right] Chain B, contoured 
at -2 kcal/mol. 

 

Additional hydrophobic interaction areas were revealed with the methyl probe as seen in 

Figure 3-14.  A number of favourable interactions were found in the GB1 pocket and in 

the shallow channel of chain A.  Chain B also revealed a possible interaction area within 

the GB2 pocket. 
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Figure 3-14  Areas of interaction with the methyl probe with the active site of a) [Left] Chain A, 
contoured at -3.2 kcal/mol; b) [Right] Chain B, contoured at -3.2 kcal/mol, of human 
β-glucuronidase. 

 

GRID analysis of the active site of human β-glucuronidase has revealed a number of 

important interaction areas.  The likely carboxylate binding area was identified at the 

top of the GB1 pocket, which appears to be significantly different for the two chains 

due to the conformation of Lys606.  The area is much deeper in the active site for chain 

B, which would perhaps give more space for the ligand to bind.  The shallow channel 

just outside the GB1 pocket contains a number of areas favourable to the water, OH and 

sp3 nitrogen probes.  In addition, a very strong interaction was found for the NH3 cation 

probe in this region.  The GB2 pocket contained favourable interaction areas for the 

water and hydroxyl probes, as well as for the methyl probe.  Furthermore, hydrophobic 

regions were discovered just outside the GB1 pocket and in the shallow channel, which 

may prove to be important for ligand binding given the hydrophobic nature of some 

aglycon moieties of human β-glucuronidase substrates. 

 

3.2.4 Molecular Docking Investigations with Human β-Glucuronidase 

Molecular docking programs such as AutoGroup (part of the GRID package of 

software), DOCK160 and AutoDock161, investigate the possible binding geometries of a 

small molecule ligand with a macromolecule.   They are invaluable tools in the ligand 

design process due to their ability to rank designed inhibitors based on their ability to 

bind or dock to the protein’s active site.    The success of this depends on their ability to 

predict ligand affinity based on spatial orientation within the binding site.  However, 

currently the scoring functions used, discussed in Section 3.1.3.4.1, achieve this with 

limited success.  A useful strategy to enhance the reliability of predicted binding 

affinities is consensus-scoring.164 It involves scoring binding modes with several 

scoring functions, typically two to three, and taking the intersection of the top 
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scorers.164 This results in a dramatic reduction in the number of false positives and is a 

valuable method for screening a diverse array of compounds.164 

 

The following sections describe the establishment of docking and scoring procedures 

for human β-glucuronidase to be used for the ligand design process.  The initial step 

was the validation of the molecular docking programs in order to determine whether 

predicted orientations from the molecular docking programs would be accurate.  The 

docking of β-D-glucuronic acid and β-D-glucuronic acid containing disaccharides within 

the active site of human β-glucuronidase was then investigated to determine important 

interaction sites and locations where ligand modification might improve binding.  The 

final Section describes the validation of the scoring programs with respect to 

experimentally measured inhibition data, in order to be confident that the scoring 

programs are accurately representing the binding energy. 

 

3.2.4.1 Validation of the Molecular Docking Programs 

Since the crystal structure of human β-glucuronidase does not contain a bound ligand, it 

is not possible to determine whether the predicted orientations from the molecular 

docking programs would be accurate.  Therefore, the molecular docking programs 

AutoGroup, DOCK and AutoDock, needed to be validated in order to determine their 

reliability.  This was done with the crystal structure of α-glucuronidase from 

Pseudomonas cellulosa with bound β-D-glucuronic acid (62), published by Nurizzo et 

al.101  As can be seen in Figure 3-15, all of the molecular docking programs were able to 

reasonably reproduce the crystal structure orientation for β-D-glucuronic acid within the 

active site.  While AutoDock (Figure 3-15c) produced the best orientation for 

β-D-glucuronic acid in the active site of α-glucuronidase, closely matching the crystal 

structure orientation, AutoGroup (Figure 3-15a) and DOCK (Figure 3-15b) also 

produced reasonable results.  They were able to position the carboxylate group of 

β-D-glucuronic acid in the correct pocket, and the positions for the anomeric carbon 

atoms are well placed compared to the crystal structure orientations.  With the 

molecular docking programs validated, the next step was to investigate the binding 

mode of β-D-glucuronic acid within the active site of human β-glucuronidase. 
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         a)     b) 

   
        c) 

  

Figure 3-15  AutoGroup (a), DOCK (b), and AutoDock (c) predicted conformations for 
β-D-glucuronic acid (62) (coloured by atom type) within the active site of α-glucuronidase from 
Pseudomonas cellulosa.  The crystal structure orientations for β-D-glucuronic acid within the 
active site of α-glucuronidase are coloured blue. 

 

3.2.4.2 Molecular Docking of β-D-Glucuronic Acid into the Active Site of 

Human β-Glucuronidase 

Knowledge of the native orientation of substrate within the active site of a protein is 

important for the ligand design process.  It allows identification of important active site 

residues that are important for binding interactions as well as areas of the ligand that 

could be modified to facilitate improved binding interactions. 

 

The three molecular docking programs AutoGroup, DOCK and AutoDock were used to 

investigate binding of β-D-glucuronic acid to both A and B chains of human 

β-glucuronidase.  A number of criteria were used to determine whether the produced 
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orientations were reasonable representations of the most probable binding mode for 

β-D-glucuronic acid.  Firstly, the anomeric hydroxyl group would need to be within a 

few angstroms of the general acid/base catalyst, Glu451.  Likewise, the anomeric 

carbon would need to be within a few angstroms of the catalytic nucleophile, Glu540.  

Lastly, the carboxylate group of β-D-glucuronic acid should be in a region of positive 

electrostatic potential making favourable interactions with basic amino acids.  The 

DelPhi and GRID studies of the active site (Sections 3.2.2.1 and 3.2.3, respectively) 

predicted that this area would be at the top of the BG1 pocket. 

 

3.2.4.2.1 AutoGroup 

β-D-Glucuronic acid was docked into the active site of human β-glucuronidase with the 

program AutoGroup; the best conformations for each chain are displayed in 

Figure 3-16.  The estimated binding energy for the chain A orientation was 

-4.39 kcal/mol.  However, this orientation is not likely to represent the actual binding 

mode for β-D-glucuronic acid.  While the anomeric hydroxyl group is close to the 

general acid/base catalyst, Glu451 (1.84 Å), in this position, the C-1 anomeric carbon 

cannot be attacked by the catalytic nucleophile, Glu540, to produce the α-linked 

covalent intermediate.  Furthermore, the carboxylate group of the β-D-glucuronic acid 

molecule is not interacting with the proposed binding area at the top of the BG1 pocket.  

The orientation of β-D-glucuronic acid within chain B is less favourable than that for 

chain A, with an estimated binding energy of -3.15 kcal/mol.  The carboxylate group of 

the β-D-glucuronic acid is placed within the deep pocket at the upper region of the BG1 

pocket, making favourable hydrogen bonding interactions with Asp207, Tyr504 and 

Arg600.  However, the distances between the anomeric carbon and Glu540, as well as 

between the anomeric hydroxyl group and Glu451, are quite large, with distances of 

5.44 Å and 5.68 Å, respectively.  Thus, it is unlikely that this orientation represents a 

reasonable binding mode for β-D-glucuronic acid.  It is important to note though, that 

AutoGroup is limited by the fact that it does not consider alternate conformations of the 

ligand to be docked.  That is, the ligand is assumed rigid. 

 

 
62 
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Figure 3-16  AutoGroup predicted conformations of β-D-glucuronic acid within the active sites 
of chain A [left] and chain B [right] of human β-glucuronidase. The surface of the general 
acid/base catalyst, Glu451, is coloured orange and the surface of the catalytic nucleophile, 
Glu540, is coloured red. 

 

3.2.4.2.2 DOCK 

The molecular docking program DOCK was used to dock β-D-glucuronic acid into a 

10Å subset surrounding the catalytic nucleophile, Glu540, for both chains of human 

β-glucuronidase.  The most reasonable conformations, which have binding energies of 

-23.80 kcal/mol and -22.73 kcal/mol for chains A and B, respectively, are shown in 

Figure 3-17.  Both orientations are quite similar, the carboxylate groups of the 

carbohydrate is placed near the upper region of the GB1 pocket, however the distances 

from Glu540 to the anomeric carbon, is 6.11Å for chain A and 5.72 Å for chain B.  This 

suggests that these orientations are not suitable representations of the binding mode for 

β-D-glucuronic acid. 

 

 
62 
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Figure 3-17  DOCK predicted conformations of β-D-glucuronic acid within the active sites of 
chain A [left] and chain B [right] of human β-glucuronidase. The surface of the general 
acid/base catalyst, Glu451, is coloured orange and the surface of the catalytic nucleophile, 
Glu540, is coloured red. 

 

3.2.4.2.3 AutoDock 

AutoDock was used to dock β-D-glucuronic acid within the active site of chains A and 

B of human β-glucuronidase.  Unfortunately, AutoDock was unable to produce a 

reasonable orientation of β-D-glucuronic acid within the active site of chain A.  

However, a promising orientation for β-D-glucuronic acid within the active site of chain 

B, with a calculated binding energy of -8.23 kcal/mol and a theoretical inhibition 

constant, Ki, of 2.05 x 10-6 M was identified, as shown in Figure 3-18.  For this 

orientation, the carboxylate group is very deep within the upper region of the GB1 

pocket, but more importantly, the distance between the anomeric carbon of 

β-D-glucuronic acid and the catalytic nucleophile, Glu540 is 2.64 Å.  This seems to be a 

very acceptable distance if nucleophilic attack was to occur at the anomeric carbon.  

Furthermore, the distance to Glu451 from the anomeric hydroxyl group is 2.37 Å, 

which is also an acceptable distance that would facilitate protonation.  Therefore, this 

orientation of β-D-glucuronic acid within the active site of chain B may be a reasonable 

representation of the binding mode for β-D-glucuronic acid. 

 

 
62 
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Figure 3-18  AutoDock predicted orientation for β-D-glucuronic acid within the active site of 
chain B of human β-glucuronidase.  The surface of the general acid/base catalyst, Glu451, is 
coloured orange and the surface of the catalytic nucleophile, Glu540, is coloured red. 

 

The inability the molecular docking programs to generate a reasonable orientation of 

β-D-glucuronic acid within the active site of chain A of human β-glucuronidase, 

suggests that this crystal structure is not a suitable model for the structure-based ligand 

design process.  The positioning of the Lys606 side chain limits the size of the 

carboxylate binding pocket (Section 3.2.1.3), which restricts the orientations of the 

carbohydrate with respect to the active site residues.  Therefore, chain B of human 

β-glucuronidase was used exclusively in the design process from this point.  The results 

also suggest that AutoDock would be a more reasonable molecular docking program to 

use in the ligand design process, as it was the only program to predict a reasonable 

orientation of β-D-glucuronic acid within the active site of human β-glucuronidase.   

 

3.2.4.2.4 Mapping the Human β-Glucuronidase Active Site Interactions with 

β-D-Glucuronic acid 

The orientation of β-D-glucuronic acid (62) within the active site of chain B of human 

β-glucuronidase, identified by AutoDock (Section 3.2.4.2.3, Figure 3-18), was further 

evaluated with the program Ligplot.  The program Ligplot creates a 2D schematic 

diagram of protein-ligand interactions, by using another program called HBPLUS to 

calculate the hydrogen bonds and non-bonded contacts between them.  The output from 

Ligplot for the protein-ligand complex of Figure 3-18 is shown in Figure 3-19.  The 

carboxylate group of β-D-glucuronic acid makes three hydrogen bonds, one with 

Trp587 and the other two with the basic amino acids Arg600 and Lys606.  The Tyr508 

residue makes favourable interactions with the β-D-glucuronic acid ligand by hydrogen 

bonding with the endocyclic oxygen atom.  This hydrogen bonding interaction with the 
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endocyclic oxygen may serve to stabilise the transition state or to perhaps destabilise the 

ground state.12  The acid/base catalyst Glu451 is in close proximity to the oxygen atom 

of the anomeric carbon, which should allow for protonation, while Glu540 is seen to 

make a hydrogen bond with the C-2 hydroxyl group.  Hydrogen bonding interactions of 

the catalytic nucleophile of glycosidases with C-2 hydroxyl groups have been shown to 

contribute up to 10 kcal/mol to transition state stabilisation13, therefore this further 

indicates that this orientation may represent the interactions made by the β-D-glucuronic 

acid immediately prior to the formation of the covalent glycosyl-enzyme intermediate.  

It should be noted, however, that the β-D-glucuronic acid residue was docked in its 

ground state 4C1 conformation.  This is the conformation that is usually observed for the 

covalent glycosyl-enzyme intermediate in X-ray crystal structures of glycosidases, 

although boat conformations have also been observed.12  There is also evidence from 

crystal structures of glycosidases that prior to formation of the covalent glycosyl-

enzyme intermediate, distortion to 4E, 1S3or 1,4B conformations occurs within the active 

site.15  However, these complex conformational changes of carbohydrates are not able to 

be modelled by current docking programs. 

 

 
62 
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Figure 3-19  Ligplot representation of the hydrogen bond interactions formed by 
β-D-glucuronic acid (62) (bond lines coloured purple) with the active site residues of chain B of 
human β-glucuronidase for the orientation shown in Figure 3-18. 

 

3.2.4.3 Molecular Docking of β-D-Glucuronic Acid Disaccharides into the 

Active Site of Human β-Glucuronidase 

The binding orientation of β-D-glucuronic acid within the active site of chain B of 

human β-glucuronidase was further investigated using disaccharide units of the 

glycosaminoglycans chondroitin sulfate (63) and heparan sulfate (64).  AutoDock 

predicted orientations for 63 and 64, with binding energies of -11.68 and 

-11.62 kcal/mol, respectively, are shown in Figure 3-20.  The β-D-glucuronic acid 

residue of both disaccharides is positioned in a similar orientation to that predicted for 

the monosaccharide (Section 3.2.4.2.3), with the carboxylic acid placed deep within the 
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GB1 pocket interacting with the basic amino acid residues Arg600 and Lys606.  The 

“aglycon” moieties of these disaccharides (the reducing GalNAc or GlcNAc) are 

positioned in the shallow channel just outside the GB1 pocket, with the carbohydrate 

rings close to the Tyr508 residue.  It could be envisaged that distortion of the scissile 

C-1/O bond to a pseudo axial position, as in the formation of the oxycarbenium 

cation-like transition state (Section 1.3.1), would position the aglycon unit even closer 

to the Tyr508 residue.  This appears to be an indication that Tyr508 may be involved in 

providing a hydrophobic platform for aglycon binding and therefore, could be a 

potential area to target in the ligand design process.  A hydrophobic chain or aromatic 

ring system at the C-1 position of β-D-glucuronic acid may provide more favourable 

interactions in this area than a carbohydrate residue. 

 

Another area of interest appears to be within the shallow channel between the GB1 and 

GB2 pockets, near residues Asn484 and Asn502, where hydrogen-bonding interactions 

were made with the NHAc group of 63 and the C-6 hydroxyl of 64.  Important 

hydrogen bonding interactions appear possible in this region, and indeed GRID 

identified that this region would make favourable interactions with the water, hydroxyl, 

sp3 nitrogen and NH3 cation probes (Section 3.2.3). 

 

 
          63            64 

 

   

Figure 3-20  Predicted orientations for disaccharide units of chondroitin sulfate (63) [left] and 
heparan sulfate (64) [right]. The surfaces of Tyr508 are coloured orange. 
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The orientations of the 63 and 64 within the active site of chain B of human 

β-glucuronidase that were predicted by AutoDock, highlight a number of potential areas 

for ligand modification to enhance binding interactions.  Firstly, the C-1 position is 

directed into the shallow channel outside the BG1 pocket.  GRID predicted a number of 

areas within this channel that were possible hydrogen bonding sites (Section 3.2.3).  

Furthermore, a large hydrophobic area caused by Tyr508 is located just outside the GB1 

pocket, which may play an important role in ligand binding.  Another potential area for 

ligand modification is the area near the C-2 and C-3 positions.  This area is quite large 

and GRID predicted a number of probes, including the water, sp3 nitrogen NH3 cation 

and methyl probes to have favourable interactions in this area (Section 3.2.3). 

 

3.2.4.4 Prediction of Known Inhibitor Binding Energies to Human 

β-Glucuronidase 

Structure-based ligand design is dependent on the ability to predict the binding energy 

of a ligand docked into the active site of a target receptor accurately.  In order to be 

confident that the scoring programs are accurately representing the binding energy, they 

need to be validated with respect to experimentally measured data.  The predicted 

binding energy of molecular docking programs is normally a reference to the standard 

Gibb’s free energy of binding (ΔG°), and this quantity can be related to an 

experimentally measured inhibition constant (Ki) by the equation (2):171 

 

ΔG° = RT ln Ki      (2) 

 

Where R is the universal gas constant and T is the temperature.171  Therefore, it would 

be expected that a trend would exist between the two variables of predicted binding 

energy and measured Ki, with the binding energy increasing with increasing Ki.  The 

consensus-scoring program XScore predicts a form of the dissociation constant (pKd) 

for bound ligands and therefore, it would be expected, since in principle Kd equals Ki,171 

that decreasing pKd would correlate with increasing Ki. 

 

The most appropriate method for the validation of the docking and scoring programs 

with human β-glucuronidase would be to use known inhibitors.  However, most 

inhibition studies have been performed with bovine β-glucuronidase due to its 

commercial availability.  This enzyme will be used for the biological evaluation of the 
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potential inhibitors designed and synthesised in this work (Chapter 4), and a number of 

potent transition state inhibitors, 6, 13, 5, 26 and 11 (Figure 3-21), have been identified 

that have been experimentally tested against bovine β-glucuronidase (Section 1.5.1).  It 

was anticipated that these inhibitors would inhibit both the bovine and human enzymes 

due to their relationship to the transition state of the common enzyme mechanism. 

 

The three molecular docking programs AutoGroup, DOCK and AutoDock, were used to 

dock the five known β-glucuronidase inhibitors (Figure 3-21) with experimentally 

measured Ki values into the active site of chain B of human β-glucuronidase.  This was 

necessary in order to validate the scoring functions of the molecular docking programs, 

as well as the consensus-scoring program XScore.  Chain A of human β-glucuronidase 

was not used in this investigation as it was established that it is not a suitable crystal 

structure to be used for molecular docking, as a reasonable orientation of 

β-D-glucuronic acid within its active site could not be found by the molecular docking 

programs employed (Section 3.2.4.2). 

 

 

 

 

         6              13    5 
              Ki = 39 nM102-104                  Ki = 79 nM104          Ki = 460 nM102 
 

 
 
         26          11 

            Ki = 1 μM108              Ki = 90 μM106 

Figure 3-21  Known inhibitors of bovine β-glucuronidase, used for the validation of the scoring 
functions used by the molecular docking programs, AutoGroup, DOCK and AutoDock, as well 
the consensus-scoring program XScore. 

 

The AutoGroup predicted binding energy to human β-glucuronidase versus the 

experimentally measured Ki, as well as the XScores versus the measured Ki values, for 

the inhibitors in Figure 3-21, is shown in Figure 3-22.  There is no obvious correlation 

between either the predicted binding energies or the XScores of the known inhibitors 

and their measured Ki values.  If it is assumed that there would be a similar inhibition of 

both the bovine and human enzymes by the inhibitors, then this lack of correlation is 

perhaps due to the inability of AutoGroup to dock flexible ligands into the active site. 
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Figure 3-22  [Top] AutoGroup predicted binding energy to human β-glucuronidase for five 
known carbohydrate-based inhibitors of bovine β-glucuronidase plotted against their 
experimentally measured Ki values; [Bottom] XScores of the carbohydrate-based inhibitors 
plotted against their measured Ki values.   

 

The DOCK predicted binding energy to human β-glucuronidase versus the 

experimentally measured Ki, as well as the XScores versus the measured Ki values, for 

the inhibitors in Figure 3-21, is shown in Figure 3-23.  There was a general increasing 

trend between predicted binding energy and measured Ki; however, there were large 

deviations from the regression line for a number of the inhibitors.  The correlation 

between the XScore and measured Ki of the known inhibitors had a better fit, however 

the slope of this line was close to horizontal, with XScores falling in the range from 

4.72 to 4.91 with human β-glucuronidase.  This is quite a small range given that the 

known inhibitors have Ki values ranging from 90 μM to 39 nM with bovine 

β-glucuronidase, three orders of magnitude. 
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Figure 3-23  [Top] DOCK predicted binding energy to human β-glucuronidase of five known 
carbohydrate-based inhibitors of bovine β-glucuronidase plotted against their experimentally 
measured Ki values; [Bottom] XScores of the carbohydrate-based inhibitors plotted against their 
measured Ki values.   

 

The AutoDock predicted binding energy to human β-glucuronidase versus the 

experimentally measured Ki, as well as the XScores versus the measured Ki values, for 

the inhibitors in Figure 3-21, is shown in Figure 3-24.  The correlation between the 

predicted binding energy and the measured Ki is similar to that which was obtained for 

DOCK (Figure 3-23).  An increasing trend can be seen, however, a number of inhibitors 

have large deviations from the regression line.  An improved correlation was seen 

between the XScore and measured Ki values.  The XScores have a better fit to the 

regression line, which also has the desired negative slope (decreasing pKd with 

increasing Ki).   
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Figure 3-24  [Top] AutoDock predicted docking energy to human β-glucuronidase of five 
known carbohydrate-based inhibitors of bovine β-glucuronidase plotted against their measured 
Ki values; [Bottom] XScores of the carbohydrate-based inhibitors plotted against their measured 
Ki values. 

 

It appears the results of these molecular docking investigations indicate that AutoDock 

is the more reliable molecular docking program.  It more accurately reproduced the 

crystal structure orientation of β-D-glucuronic acid within the active site of 

α-glucuronidase from P. cellulosa (Figure 3-15c, Section 3.2.4.1), and it was the only 

molecular docking program that produced a reasonable orientation of β-D-glucuronic 

acid within the active site of human β-glucuronidase (Figure 3-18, Section 3.2.4.2.3).  

Furthermore, there were better correlations with the predicted binding energy and 

XScores (Figure 3-24), versus the experimentally measured Ki values of known bovine 

β-glucuronidase inhibitors. 
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3.2.5 The Design of Potential Ligands for Human β-Glucuronidase 

The structure-based ligand design process is largely dependant on the ability of 

molecular docking programs to predict the orientations of a ligand within the 

active/binding site of a macromolecular receptor accurately, as well as the ability to 

predict ligand affinity based on this spatial orientation.  Of the three molecular docking 

programs investigated in Section 3.2.4, AutoDock seems to be the more reliable 

docking program with reference to human β-glucuronidase.  Therefore, this molecular 

docking program was used in the design of potential ligands for human 

β-glucuronidase. 

 

The first method employed for the design of potential ligands of human β-glucuronidase 

was de novo ligand design with the program LigBuilder.  The novel compounds that 

were generated were docked and scored with AutoDock, and then used in subsequent 

rounds of intuitive design, in which information from electrostatic (Section 3.2.2), 

GRID (Section 3.2.3) and molecular docking (Section 3.2.4) investigations were 

included to design ligands with a higher affinity. 

 

Another strategy employed to identify novel ligands of human β-glucuronidase was the 

in silico screening of a large database of commercially available molecules.  AutoDock 

is currently unable to screen large databases of molecules; therefore, the molecular 

docking program DOCK was first used to cull a large database of commercially 

available molecules to a much smaller library of potential ligands for human 

β-glucuronidase.  AutoDock was then employed to screen the much smaller library of 

molecules to identify potential high affinity ligands for human β-glucuronidase. 

 

3.2.5.1 De novo Ligand Design with LigBuilder 

LigBuilder158 is a multiple-purpose structure-based ligand design program, which can 

automatically build novel ligand molecules within the active site of a target protein.  

Initially, the program Pocket analyses the active site to designate areas of favourable 

interaction for hydrogen bond donor, hydrogen bond acceptor and hydrophobic groups.  

This information is then used by the program Grow to add a particular fragment 

molecule to designated positions on a seed template that has been docked within the 

active site. 
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The molecular docking studies of β-D-glucuronic acid with human β-glucuronidase 

(Section 3.2.4) highlighted a number of positions of the carbohydrate that could be 

modified to enhance binding.  Firstly, the C-1 position of β-D-glucuronic acid was 

directed into the shallow channel outside the BG1 pocket where a number of hydrogen 

bonding sites and a large hydrophobic area are located.  The C-2 and C-3 positions 

could also be modified to take advantage of interactions at the large area at the bottom 

of the GB1 pocket.  However, the C-2 position of β-D-glucuronic acid is directed 

toward the active site surface, therefore the C-3 position would perhaps be a better site 

from which to grow large fragments.  Therefore, LigBuilder was used in order to build a 

library of novel C-1 and C-3 modified analogues of the seed templates, 65 and 66, 

respectively, shown in Figure 3-25.  These seed templates were docked into the active 

site of chain B of human β-glucuronidase by the molecular docking program AutoDock, 

and the coordinates of the hydrogen atom coloured red were used by Grow as the 

starting point for adding fragments directly to the C-1 and C-3 positions.  The C-1 

modified analogues were based on β-D-glucuronic acid, as it was envisaged that a 

library of O- or S-linked glycosides of β-D-glucuronic acid could be synthesised quite 

readily.  The C-3 modified analogues on the other hand were modelled on the most 

potent known β-glucuronidase inhibitor, D-glucurono-1,5-lactam (6), to identify 

modifications that would perhaps improve its inhibitory activity.  

 

 
                                                  65                    66 

Figure 3-25  Seed templates that were used by LigBuilder to generate novel C-1 and C-3 
modified analogues.  The red hydrogen atoms represent the growing sites used by Grow to add 
fragments. 

 

 
6 
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3.2.5.1.1 Pocket  

LigBuilder158 uses a program called Pocket to calculate key site interactions (such as 

hydrogen bond donor, hydrogen bond acceptor and hydrophobic sites) within the active 

site of a protein.  These key sites are used by Pocket to suggest a pharmacophore model 

of the active site of the protein, which is then used by the program Grow to build 

fragments from the seed templates.  Key interaction sites for chain B of human 

β-glucuronidase are shown in Figure 3-26.  This Figure shows that the sites surrounding 

the two catalytic glutamic acid residues, coloured blue, were calculated to be favourable 

for hydrogen bond donors.  It is interesting that the Pocket calculations also indicate that 

the position near the endocyclic oxygen atom of β-D-glucuronic acid, a hydrogen bond 

acceptor, would be favourable for a hydrogen bond donor.  This suggests that replacing 

the endocyclic oxygen of a carbohydrate ligand with a NH group would be favourable 

for ligand binding.  Sites for hydrogen bond acceptors, coloured red, were found within 

the deep proposed carboxylate-binding pocket, as well as near the C-3 hydroxyl of 

β-D-glucuronic acid at the bottom left region of the GB1 pocket.  A site favourable for a 

hydrophobic interaction, coloured green, was calculated by Pocket to be in the same 

region above Tyr508 that the program GRID predicted (Figure 3-13, Section 3.2.3).  

Another region was predicted within the shallow channel outside of the GB1 pocket.   

 

 

Figure 3-26  Pocket predicted key sites of interaction within the active site of chain B of human 
β-glucuronidase.  H-bond acceptor sites are shown in red, H-bond donor sites are shown in blue 
and hydrophobic interaction sites are shown in green.  The AutoDock predicted orientation of 
β-D-glucuronic acid is also shown. 

 

3.2.5.1.2 Grow 

The LigBuilder158 program Grow was used to "grow" fragments from the C-1 and C-3 

positions of the seed templates 65 and 66, respectively (Figure 3-25).  The C-1 modified 

analogues of 65 that were produced contained large flexible, essentially hydrophobic, 



 112

chains.  These were trimmed down to more synthetically feasible molecules, and a 

number of these were then re-docked into the active site of chain B of human 

β-glucuronidase using AutoDock, and scored with XScore.  Five C-1 modified 

analogues with the best AutoDock binding energies and XScores are shown in 

Table 3-5.  The substituents extended from C-1 consisted mainly of various 

hydrophobic groups, which were modelled as O- and S-linked glycosides of 

β-D-glucuronic acid.  LigBuilder had positioned a nitrogen atom at the exocyclic 

oxygen position, however it was envisaged that O- or S-linked derivatives would be 

more easily synthesised.  The modelled compounds showed improved binding energy 

over β-D-glucuronic acid that had a predicted binding energy of -8.23 kcal/mol. 

 

Table 3-5  The five C-1 modified analogues with the best AutoDock binding energies and 
XScores that were designed using the LigBuilder results. 

 

Entry R X 
AutoDock 

Binding Energy 

(kcal/mol) 

XScore (pKd) 

1 

 

S 

O 

-11.81 

-11.88 

5.91 

5.99 

2 

 

S 

O 

-11.79 

-11.90 

5.76 

5.66 

3 
 

 

S 

O 

-11.30 

-11.42 

5.38 

5.53 

4 

 

S 

O 

-11.00 

-10.80 

5.51 

5.72 

5 
 

 

S 

O 

-10.83 

-10.33 

5.73 

5.54 
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LigBuilder extension from the C-3 position of 66 resulted in the addition of simple 

hydrophobic groups.  For a number of molecules, LigBuilder had grown a carbon chain 

directly from the C-3 position, however, this was envisaged to be difficult to synthesise, 

and therefore molecules were re-designed to contain an O- or S-linkage to the C-3 

position.  The information from LigBuilder, as well as from GRID (Section 3.2.3), was 

combined and a number of C-3 analogues were docked into the active site of chain B of 

human β-glucuronidase using AutoDock.  The orientations were rescored with XScore 

and five molecules with the best AutoDock binding energies and XScores are shown in 

Table 3-6.  These molecules showed a modest improvement in binding energy and 

XScore over D-glucurono-1,5-lactam (6), with a predicted binding energy and XScore 

of  -9.02 kcal/mol and 5.05, respectively.  Therefore, these molecules could represent 

simple modifications that could be made to improve on the already potent activity of 6. 

 

 
6 
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Table 3-6  The five C-3 modified analogues with the best AutoDock binding energies and 
XScores that were designed using the LigBuilder results. 

 

Entry R X 

AutoDock 

Binding Energy 

(kcal/mol) 

XScore (pKd) 

1 

 

S 

O 

-12.64 

-11.22 

6.12 

5.97 

2 

 

S 

O 

-12.54 

* 

6.13 

* 

3 

 

S 

O 

-12.35 

-12.14 

5.46 

5.53 

4 

 

S 

O 

-12.28 

* 

5.84 

* 

5 

 

S 

O 

-12.01 

* 

5.86 

* 

* AutoDock was unable to produce suitable orientations for these molecules. 

 

3.2.5.2 Intuitive Ligand Design 

The preceding sections have provided a considerable amount of information concerning 

important interactions within the active site of human β-glucuronidase.  The 

electrostatic potential and pKa calculations have identified regions where ionic 

interactions would be possible (Section 3.2.2).  Key interaction sites within the active 

site were identified with GRID (Section 3.2.3) and the molecular docking studies with 

β-D-glucuronic acid and β-D-glucuronic acid containing disaccharides identified 

positions where ligand modifications could be made to enhance ligand binding 

(Section 3.2.4).  Furthermore, novel ligands were generated by the de novo design 
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program LigBuilder that showed a modest improvement in binding energy over the 

basic templates (Section 3.2.5.1). 

 

This information was utilized in the design of potential high affinity ligands for human 

β-glucuronidase.  Designed compounds were docked into the active site with AutoDock 

and scored with XScore.  The orientation of these molecules within the active site was 

then visualised and a new series of molecules were designed that improved protein-

ligand interactions or made additional interactions.  This process was repeated, creating 

a sort of design feedback loop, which was continued until a number of potential high 

affinity ligands had been identified.  In this manner, a number of C-1 modified 

analogues were designed that would potentially bind to human β-glucuronidase with 

high affinity, and potential modifications of the carbohydrate C-2 and C-6 positions was 

also investigated. 

 

3.2.5.2.1 Selection of a Suitable Template 

Before the design feedback loop was employed to create a library of C-1 modified 

analogues, the form of the template structure for these analogues was investigated.  A 

number of templates were docked into the active site of human β-glucuronidase with 

AutoDock and scored with XScore and the results of this investigation are shown in 

Table 3-7.  A number of templates that mimicked the transition state, through the 

flattening of the carbon ring (Entries 1 to 4), showed a slight improvement in binding 

energy and a much more favourable XScore over β-D-glucuronic acid (Entry 5).  

However, it was envisaged that the synthesis of C-1 modified analogues of some of 

these templates could be problematic.  The small improvement in binding energy did 

not warrant these complications, therefore β-D-glucuronic acid was chosen as the 

template for further investigations.  A library of O- or S-linked glycosides of 

β-D-glucuronic acid could be synthesised reasonably rapidly, providing important 

biological inhibition data to validate the results of this structure-based ligand design 

investigation in a short time frame.  Furthermore, it would be possible to transform the 

β-D-glucuronic acid residue of these glycosides into the Entry 3 template (Table 3-7) by 

a simple β-elimination reaction. 
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Table 3-7  The AutoDock binding energies and XScores for a number of potential ligand 
templates. 

Entry Template 
AutoDock Binding 

Energy (kcal/mol) 
XScore (pKd) 

1 

 

-9.00 5.18 

2 

 

-8.67 5.29 

3 

 

-8.78 5.10 

4 

 

-8.53 5.12 

5 

 

-8.23 4.07 

 

3.2.5.2.2 C-1 Modified Analogues 

A number of C-1 modified analogues of glucuronic acid were designed in order to 

interact with various sites within the active site of human β-glucuronidase.  GRID 

(Section 3.2.3) identified a number of hydrogen bonding sites within the shallow 

channel, as well a number of hydrophobic regions.  In particular, the hydrophobic 

region outside the GB1 pocket above Tyr508 appears to be important for aglycon 

binding (Section 3.2.4.3).  During the structure-based ligand design process, it became 

apparent that there were two types of strategies for interacting favourably with these 

regions.  The first approach was to have two hydrophobic groups in a single chain 

structure separated via a linker molecule that provided hydrogen bonding interactions 

with amino acids in the shallow channel (Figure 3-27a).  The second approach was to 

have a branched structure, with two hydrophobic groups branching from a linker region 

attached to the β-D-glucuronic acid residue (Figure 3-27b). 
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a) 

 

 

 

b) 

 

 

 

 

Figure 3-27  The two strategies used for the design of C-1 modified analogues of 
β-D-glucuronic acid. 

 

The two strategies for C-1 modified analogues were applied to the design of a large 

library of molecules.  A summary of the docking scores for the molecules designed 

using the first strategy are shown in Table 3-8, and a summary of the docking scores for 

the molecules designed using the second strategy are shown in Table 3-9.  Table 3-10 

shows a summary of docking scores for a subset of molecules designed using the 

second strategy that were designed to contain a symmetrical aglycon.  It can be seen that 

the designed C-1 modified analogues of β-D-glucuronic acid show a significant 

improvement in AutoDock binding energies and XScores compared to β-D-glucuronic 

acid (62) (-8.23 kcal/mol and 4.07, respectively).  The AutoDock binding energies and 

XScores of these molecules are even significantly improved compared to the most 

potent known β-glucuronidase inhibitor, D-glucurono-1,5-lactam  (6) (-9.02 kcal/mol 

and 5.05, respectively). 

 

The single chain molecules (Table 3-8) appeared to favour a naphthalene ring structure 

attached directly to β-D-glucuronic acid, while many of the branched chain molecules 

(Table 3-9) contained only a single aromatic ring for their hydrophobic groups.  A 

number of the single chain molecules from Table 3-8 are actually analogous to some of 

the branched molecules in Table 3-9.  For example, the molecules 67 and 68 (Table 3-8 

Entry 10, and Table 3-9 Entry 3, respectively) are very similar in structure; however, 

their AutoDock binding energies were quite different, with AutoDock binding energies 

of -15.64 and -17.21 kcal/mol for 67 and 68, respectively.  The branched molecules 

generally displayed a more favourable AutoDock binding energy.  This was perhaps due 

to their extra flexibility, which enabled AutoDock to position the molecule in a more 
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favourable position.  However, upon binding the freezing of rotatable bonds results in 

an unfavourable loss of entropy; therefore, the branched molecules would incur a larger 

energy penalty for binding than the single chained molecules.  It is therefore perhaps 

premature to assert that the branched molecules (Table 3-9) would be better ligands for 

β-glucuronidase than the single chain molecules (Table 3-8). 

 

 

 

 

 
67 
 

 

 

 

 
68 

 

Table 3-8  Summary of the AutoDock binding energies and XScores for the C-1 modified 
analogues designed with the single chain strategy. 

 

Entry R X 
AutoDock Binding 

Energy (kcal/mol) 
XScore (pKd) 

1 

 

S 

O 

-16.30 

-17.18 

7.52 

7.67 

2 

 

S 

O 

-15.56 

* 

7.02 

* 

3 

 

S 

O 

-16.40 

-14.55 

6.93 

6.49 

4 
 

S 

O 

-14.43 

* 

7.04 

* 
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5 
S 

O 

-16.14 

-15.74 

7.09 

7.1 

6 
S 

O 

-16.00 

-12.98 

7.17 

6.73 

7 
S 

O 

-15.64 

* 

7.04 

* 

8 
S 

O 

-15.92 

-15.55 

7.34 

6.86 

9 
S 

O 

-15.15 

13.32 

7.08 

6.64 

10 
S 

O 

-15.64 

-15.31 

7.36 

7.15 

11 
S 

O 

-15.01 

-15.81 

7.00 

6.82 

13 
S 

O 

-14.68 

-14.53 

6.40 

6.40 

14 
 

S 

O 

-15.06 

-14.60 

6.92 

6.67 

15 
S 

O 

-14.78 

-14.13 

6.62 

6.57 
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Table 3-9  Summary of the AutoDock binding energies and XScores for the C-1 modified 
analogues designed with the branched chain strategy. 

 

Entry R X 
AutoDock Binding 

Energy (kcal/mol) 
XScore (pKd) 

1 

 

S 

O 

-16.6 

-16.73 

7.33 

7.23 

2 

 

S 

O 

-17.61 

-15.61 

7.26 

6.91 

3 

 

S 

O 

-17.21 

-16.40 

7.13 

7.11 

4 

 

S 

O 

-16.98 

-15.53 

6.98 

6.75 

5 

 

S 

O 

-17.00 

-16.99 

6.87 

6.85 

6 

 

S 

O 

-15.37 

-16.81 

6.60 

6.95 

7 

 

S 

O 

-16.03 

-16.84 

6.55 

6.81 

9 

 

S 

O 

-16.11 

-16.29 

6.64 

6.57 
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10 

 

S 

O 

-16.13 

-16.24 

6.61 

6.93 

11 

 

S 

O 

-16.15 

-16.23 

6.73 

6.66 

12 
 

S 

O 

-16.00 

-15.51 

6.68 

6.73 

13 
 

S 

O 

-15.76 

-15.70 

6.24 

6.72 

14 

 

S 

O 

-15.15 

-15.20 

6.32 

6.69 

15 
 

S 

O 

-16.59 

-14.65 

6.54 

6.03 

 

Table 3-10  Summary of the AutoDock binding energies and XScores for the C-1 modified 
analogues designed with the branched chain strategy that also contained symmetrical aglycons. 

 

Entry R X 
AutoDock Binding 

Energy (kcal/mol) 
XScore (pKd) 

1 

 

S 

O 

-15.06 

-13.69 

6.78 

6.41 

2 

 

S 

O 

-14.69 

-15.35 

7.02 

6.78 
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3.2.5.2.3 C-2 Modified Analogues 

The C-2 modified compounds were modelled as analogues of the known 

β-glucuronidase inhibitor, D-glucurono-1,5-lactam  (6).  Using the results from GRID 

(Section 3.2.3), nine compounds were constructed and docked within the active site of 

chain B of human β-glucuronidase.  A summary of the docking scores for the molecules 

that produced reasonable orientations within the active site are shown in Table 3-11.  

An amine functional group at the C-2 position (Entry 4) resulted in comparable 

AutoDock binding energy and XScores, to those of 6, which were -9.02 kcal/mol and 

5.05, respectively.  Therefore, this functional group modification would not seem to 

make much difference to ligand binding.  However, Protonation of this C-2 amine group 

(Entry 3), resulted in a slightly improved AutoDock binding energy and XScore.  This 

was in line with results from the program Ligplot that found that the C-2 hydroxyl 

group of β-D-glucuronic acid would hydrogen bond to the negatively charged 

carboxylate group of Glu540 (Figure 3-19).  Therefore, replacing the C-2 hydroxyl 

group with an amine functional group may prove to be a simple modification for 

improving ligand binding.  It is possible that under the acidic optimal conditions for 

β-glucuronidase activity, this amine group would become protonated, and therefore be 

involved in favourable ionic interactions with Glu540. 

 

 
 6 
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Table 3-11  Summary of the AutoDock binding energies and XScores for the C-2 modified 
analogues of 6. 

 

Entry −−R 
AutoDock Binding 

Energy (kcal/mol) 
XScore (pKd) 

1  -9.96 5.17 

2  -9.52 5.31 

3  -9.44 5.04 

4  -9.00 5.09 

5  -8.94 5.13 

 

It should be noted that only molecules with relatively small R groups produced 

suitable docked orientations within the active site of chain B of human β-glucuronidase.  

The known inhibitors of β-glucuronidase, 15, 29 and 30, contain NHAc functional 

groups at their C-2 positions.  However, when this group was modelled at the C-2 

position of 6, as for 69, it resulted in a flipped orientation of the molecule in order to 

accommodate the bulky C-2 substituent (Figure 3-28).  This orientation results in a 

slightly improved AutoDock binding energy of -9.52 kcal/mol over 6 (-9.02 kcal/mol); 

however, this positioning would prevent the introduction of a C-1 substituent, as C-1 is 

directed towards the surface of the active site GB1 pocket rather than into the shallow 

channel leading into the GB2 pocket.  This is consistent with the fact that the 

1-N-alkylated compounds 16 − 22, had practically no observed activity against 

β-glucuronidase (Section 1.5.1.4).100  Thus, there appears to be very strict size 

limitations for functional groups at the carbohydrate C-2 position.  This is perhaps not 

surprising, given that the C-2 position of β-D-glucuronic acid within the active site of 

human β-glucuronidase is directed toward the active site surface (Figure 3-18, 

Section 3.2.4.2.3). 

 
                                            15              29            30 
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R = propyl
R = isobutyl
R =neopentyl

R = H
R = CH3
R = F
R = CF3

 
        16          19 
        17          20 
        18          21 
            22 
 

 
               69 
 

 

Figure 3-28  AutoDock predicted orientation for 69, within the active site of chain B of human 
β-glucuronidase. 

 

3.2.5.2.4 C-6 Modified Analogues 

The results from GRID (Section 3.2.3) indicated that a number of functional groups 

other than a carboxylate oxygen, for example a sp3 nitrogen, would also interact 

favourably with the proposed carboxylate binding area in the GB1 pocket.  Therefore, 

the C-6 carboxylic acid group of two templates, β-D-glucuronic acid and the known 

β-glucuronidase inhibitor D-glucurono-1,5-lactam  (6), was replaced with functional 

groups that were predicted to have favourable binding interactions within the 

carboxylate binding area of chain B of human β-glucuronidase.  Twelve molecules were 

docked within the active site of human β-glucuronidase using AutoDock and the 

resulting orientations were rescored with XScore.  A summary of the docking scores for 

these modelled compounds can be seen in Table 3-12.  As it can be seen however, 
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replacing the carboxylate group of either β-D-glucuronic acid or 

D-glucurono-1,5-lactam  (6) with the functional groups shown did not improve on their 

predicted binding energies of -8.23 kcal/mol and -9.02 kcal/mol, respectively.  It is 

perhaps not surprising that the neutrally charged compounds (Entries 1 to 4, and 7 to 

10) did not show more favourable interaction energies.  Ligplot indicated that the 

carboxylate group of β-D-glucuronic acid would be in a position to hydrogen bond to 

the basic amino acids Arg600 and Lys606 (Section 3.2.4.2.4), which MEAD predicted 

would be protonated at the optimal pH for human β-glucuronidase of pH 4 - 5.5 

(Section 3.2.2.2.2).19,21,22,54,55  Thus, it appears that ionic interactions in this area appear 

to play an major contribution to ligand binding; however, replacing the carboxylate 

group of the two templates with a sulfate or phosphate functional group also failed to 

improve the predicted binding energy.  These functional groups are quite large 

compared with a carboxylic acid and they prevented the carbohydrate from forming its 

optimal orientation within the active site of human β-glucuronidase.  Therefore, it is 

unlikely that replacing the carboxylate group of either β-D-glucuronic acid or 

D-glucurono-1,5-lactam  (6) would be beneficial for ligand binding.  This is consistent 

with biological results for compounds 33-41.  Replacing the carboxylic acid with 

another functional group diminished the inhibition of bovine β-glucuronidase to 

IC50 > 100 μg/mL.100 

 

 
6 

 
33  R = CH2NO2              35  R = CH2NO2            37  R = CH2OH 
34  R = CH2NH2              36  R = CH2NH2             38  R = CH2N3 

                  39  R = CH2NH2 
                  40  R = CH2SCH3 
                  41  R = CH2S(O)CH3 
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Table 3-12  Summary of the AutoDock binding energies and XScores for the C-6 modified 
analogues of β-D-glucuronic acid (62) and D-glucurono-1,5-lactam (6). 

 

 
 

R Entry 

AutoDock 

Binding Energy 

(kcal/mol) 

XScore 

(pKd) 
Entry 

AutoDock 

Binding Energy 

(kcal/mol) 

XScore 

(pKd) 

 1 -7.95 4.92 7 -8.23 4.89 

 2 -7.76 4.87 8 -7.97 4.87 

 3 -7.58 4.85 9 * * 

 

4 -7.52 5.06 10 -8.52 5.12 

 5 -7.96 5.22 11 -8.16 5.14 

 6 -6.98 5.11 12 -7.06 5.25 

* AutoDock was unable to produce suitable orientations for these molecules. 

3.2.5.3 In silico screening 

In silico or virtual screening is a quick and easy method for the identification of novel 

lead molecules, which involves searching a database of molecules with a molecular 

docking program.  Depending on the database, this could result in potential high affinity 

ligands that can be purchased commercially, which could then serve as templates for 

further modifications to enhance binding, or it could result in information concerning 

modifications that could be more favourable for an existing template. 

 

While AutoDock was found to be a more reliable molecular docking program with 

reference to human β-glucuronidase, its genetic algorithm is too time consuming to be 

practically used to search large databases of molecules.  DOCK’s matching algorithm, 

on the other hand, is reasonably fast and can quite easily search through a large database 

of molecules.  Therefore, this molecular docking program was employed to screen a 

Sigma-Aldrich catalogue library, consisting of 43 635 commercially available 

molecules for potential high affinity ligands of human β-glucuronidase. The top 100 

scoring molecules identified by DOCK were rescored with XScore, limiting the 
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molecular weight of the molecules to less than 500, and the LogP to less than 5, 

according to Lipinski’s rules for ensuring drug permeability and solubility.159  The 

resulting molecules were then docked into the active site of human β-glucuronidase 

with AutoDock and rescored with XScore.  The top five molecules are shown in 

Table 3-13, and these molecules were purchased from Sigma-Aldrich for biological 

evaluation against bovine β-glucuronidase (Chapter 4).  The top five molecules 

consisted of two aromatic rings separated via various linkages.  Surprisingly, only two 

of the molecules contained a carboxylic acid functional group (Entries 3 and 5); 

however, the AutoDock binding energies and XScores of the molecules were slightly 

better than the known inhibitor D-glucurono-1,5-lactam  (6) with an AutoDock binding 

energy and XScore of -9.02 kcal/mol and 5.05, respectively. 

 

 
6 

 

Table 3-13  The top five potential ligands of β-glucuronidase that were identified through the 
in silico screening of an Sigma-Aldrich catalogue consisting of 43 635 commercially available 
molecules. 

Entry Structure 
AutoDock Binding 

Energy (kcal/mol) 
XScore (pKd) 

1 
 

-11.72 5.93 

2 

 

-10.80 6.17 

3 -10.45 6.1 

4 

 

-10.43 6.02 

5 

 

-9.76 6.18 
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3.3 Conclusion 

A number of computational programs have provided a considerable amount of 

information concerning the active site of human β-glucuronidase.  This has lead to the 

design of a number of carbohydrate ligand modifications that would potentially increase 

binding affinity to human β-glucuronidase. 

 

Electrostatic potentials of human β-glucuronidase were mapped with Delphi, 

highlighting a potential area in the GB1 pocket that would bind the carboxylate of a 

bound β-D-glucuronic acid residue.  Additionally, the MEAD results provided further 

evidence that Glu451 and Glu540 of human β-glucuronidase function as the general 

acid/base, and the catalytic nucleophile respectively, as well as predicting the 

protonation states for other active site amino acids.  Given that electrostatic forces are 

primarily responsible for long-range interactions between molecules such as hydrogen 

bonds, salt bridges, dipole-dipole interactions and interactions with ions, the 

characterisation of these forces within the active site was an important step in the 

structure-based ligand design process. 

 

GRID analysis of the active site of human β-glucuronidase revealed a number of 

important interaction areas for various functional groups.  Additional evidence for the 

carboxylate binding area within the GB1 pocket was provided, and a number of 

hydrogen bonding areas were predicted in the shallow channel of human 

β-glucuronidase’s active site.  Furthermore, hydrophobic regions outside the GB1 

pocket and in the shallow channel may prove to be important for ligand binding given 

the hydrophobic nature of some aglycon moieties of human β-glucuronidase substrates. 

 

 Molecular docking studies with β-D-glucuronic acid and β-D-glucuronic acid 

containing disaccharides identified several possible regions for carbohydrate 

modifications.  The C-1 position of β-D-glucuronic acid is directed into the shallow 

channel where a number of hydrogen bonding sites are located, as well as a 

hydrophobic region caused by Tyr508 that could play an important role in aglycon 

binding.  The C-2 and C-3 positions of β-D-glucuronic acid were also identified as 

potential modification sites. 
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All of this information was combined in the design a library of C-1, C-2 and C-3 

carbohydrate modifications that would potentially improve ligand binding.  Several 

rounds of intuitive design lead to a large library of C-1 modifications of β-D-glucuronic 

acid that significantly improved AutoDock binding energies and XScores.  Replacing 

the C-2 hydroxyl group with an amine functional group could lead to improved binding 

if it becomes protonated under biological conditions; however, larger functional groups 

at this position would prevent the modification of other positions, such as the C-1 

position.  A number of novel C-3 modified compounds were designed with the de novo 

design program LigBuilder that could possibly improve ligand binding.  However, 

replacing the C-6 carboxylate of β-D-glucuronic acid with another functional group was 

not found to be beneficial for ligand binding, even with functional group such as a 

sulfate or phosphate group.  The size of these functional groups impeded correct 

orientation of the carbohydrate within the active site of human β-glucuronidase. 

 

Finally, in the interest of identifying novel ligands for β-glucuronidase, in silico 

screening was performed in parallel with the intuitive design process.  The screening of 

a large database of compounds identified several commercially available non-

carbohydrate molecules that could be potential ligands for human β-glucuronidase. 

 

The next phase in this project was to synthesise a number of the designed compounds 

and to test inhibitory activity against β-glucuronidase with the aid of an in vitro assay; 

this is discussed in Chapter 4. 
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4 Synthesis and Biological Evaluation of Probes and 

Potential Inhibitors of β-Glucuronidase 

4.1 Introduction 

The results from the computational chemistry investigations (described in Chapter 3) 

led to the design of a large library of C-1, C-2 and C-3 carbohydrate ligand 

modifications, which would potentially improve ligand binding to human 

β-glucuronidase.    Many of these compounds, in particular the C-1 modified analogues, 

were predicted to have a significantly higher binding affinity than that predicted for the 

most potent known β-glucuronidase inhibitor D-glucurono-1,5-lactam  (6).  A number 

of the C-1 thioglycosides of β-D-glucuronic acid, 70, 71, 72 and 73, potential 

hydrolytically-stable substrate-based inhibitors, were chosen as synthetic targets.  This 

chapter describes the synthesis of compounds of this form and their subsequent 

biological evaluation in an in vitro enzyme assay system. 

 

 
6 

 
  70       71 
 

 

 

 

  72       73 

   

4.1.1 Thioglycosides as Hydrolysis-Resistant Substrate-Based Inhibitors 

Substrate-based inhibitors of glycosidases are purposely designed to conserve the global 

geometry of the natural substrate, but to contain a glycosidic linkage that is resistant to 

enzymatic cleavage.  Thioglycosides are generally kinetically more stable than the 
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corresponding oxygen glycosides with respect to both acid172 and enzyme173 catalysed 

hydrolysis.174  For instance, thiosialosides were found to be not hydrolysed by 

Vibrio cholerae sialidase175, p-nitrophenyl 1-thio-β-D-glucopyranoside is a 

non-hydrolysable inhibitor of maize β-glucosidase,176 and 

alkyl 1-thio-β-D-galactopyranosides are competitive inhibitors of β-galactosidase.177,178  

Thus there is a strong interest in the development of thioglycosides as substrate-based 

inhibitors of glycosidases.  Furthermore, the stability of the thioglycosidic linkage to 

enzymatic hydrolysis enables the potential use of thio-oligosaccharides as therapeutic 

agents in vivo; for example, glycosidase-resistant thioglycoside analogues of the 

melanoma-associated ganglioside GM2 are attractive candidates as components of 

improved cancer vaccines.179 

 

The physical characteristics of the thioglycosidic bond are slightly different to the 

O-glycosidic bond.  The C-S bond is longer than the C-O bond by about 0.4 Å, however 

the spatial distance between the interglycosidic carbon atoms is only 0.35 Å longer for 

thioglycosides.173  Importantly, sulfur is less basic than oxygen, and thus the protonation 

of thiols (and thiolates) is thermodynamically more difficult than protonation of the 

oxygen analogue.  In the few cases where glycosidases are known to hydrolyse 

thioglycosides, albeit more slowly than their oxygen counterparts, there is evidence to 

suggest that thioglycoside hydrolysis by glycosidases, does not involve general acid 

catalysis.174  The catalytic machinery of myrosinase, a glucosidase that hydrolyses a 

variety of plant 1-thio-β-D-glucosides known as the glucosinolates, is composed of only 

one catalytic residue.180  The general acid catalyst residue found in the corresponding 

O-glycosidases is missing.180 

 

Glucuronic acid thioglycosides are formed in vivo by UDP-glucuronyltransferase 

activity against foreign drugs, pesticides and industrial chemicals.181,182  Despite the 

general resistance of thioglycosides to hydrolysis by glycosidases, some 

β-thioglucuronides have actually been found to be hydrolysed by β-glucuronidase.  Rat 

preputial-gland β-glucuronidase hydrolysed thioglucuronides of o-aminothiophenol, 

diethyldithiocarbamic acid and p-nitrothiophenol,182 though p-nitrothiophenol was 

hydrolysed at a significantly slower rate compared with the O-glucuronide.183  

Additionally, bovine liver β-glucuronidase hydrolysed thioglucuronides of 

2-benzothiazole,184,183  and ammonium 7H-purin-6-yl 1-thio-β-D-
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glucopyranosiduronate.185  The activity of β-glucuronidase against certain 

thioglucuronides is not clear, though it has been suggested that aglycon inductive and 

resonance effects result in a shortening of the thioether bond with glucuronic acid.  

Regardless of this activity however, a number of thioglucuronides are known that are 

not hydrolysed by β-glucuronidase.  The thioglucuronide of thiophenol was found to be 

resistant to hydrolysis,182,186 and E. coli β-glucuronidase failed to hydrolyse 

1-thio-β-glucuronides of aliphatic thiols.186  p-Aminophenyl 1-thio-β-D-

glucopyranosiduronic acid has also been identified as a competitive inhibitor of 

β-glucuronidase.187   

 

4.1.2 Approaches to Uronic acid Thioglycosides 

There are two main synthetic approaches to uronic acid thioglycosides (74) as shown 

retrosynthetically in Scheme 4-1.  In one approach (Path A), protected thioglucuronide 

75 is derived via oxidation of the C-6 hydroxyl group on a suitably protected 

thioglycoside 76, which is in turn derived from glucose.  Alternatively (Path B), 75 

could be synthesised by S-glycosidation of the protected glucuronic acid 77, which is 

readily synthesised from D-glucurono-6,3-lactone (78). 
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75 
 

 

 

 

           76                                     77 
 

 

 

 

 

           79                                 78 

 

 

Scheme 4-1  Retrosynthetic pathways to β-thioglucuronides. 

 

There are numerous methods for the synthesis of glucose thioglycosides, as described 

by Driguez et al and Nicotra et al.99,188  While Path A (Scheme 4-1) would therefore 

seem to be an attractive approach, this synthetic pathway involves the oxidation of the 

C-6 hydroxyl group in the presence of sulfur, which is readily oxidised to give sulfones 

and sulfoxides.189  This reactivity would make one wary about proceeding with this 

approach.  Nevertheless, oxidation methods such as sonicated Jones oxidation,190 

pyridinium dichromate oxidation,191 or Swern oxidation followed by treatment with 

pyridinium dichromate,192 are compatible with thioglycosides and have been used to 

produce thioglucuronides in moderate to high yields with minimal formation of oxidised 

sulphur by products. 
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The alternative approach would be to form the thioglycoside from a protected 

glucuronic acid (Path B, Scheme 4-1).  This can be achieved by a number of methods as 

outlined in Scheme 4-2.  One method involves the Lewis acid mediated coupling of a 

thiol acceptor with a protected uronic acid bearing an anomeric acyl group.  One of the 

first examples of the Lewis acid mediated synthesis of thioglycosides was reported by 

Ferrier and Furneaux193 concerning the synthesis of thiophenylglucoside from 

per-O-acetylated glucose, using BF3
.OEt2 as a catalyst. 

 

 

 

 
     78 

 

 

 

 

         80                  81                   82 
 

 
 
 
 
 
 

    83 
 

 

 

 
 

    74 
 

Scheme 4-2  Approaches to thioglucuronides 74. 

Reagents and conditions: (a) (i) NaOMe, (ii) pyridine, acetic anhydride; (b) HBr; (c) KSAc; 
(d) Lewis acid, RSH; (e) RSH, or RS−M+; (f) Et2NH (or NaOMe, or H2NNH2.HOAc), RBr or RI. 
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One of the very first methods for the synthesis of uronic acid thioglycosides was 

reported in 1956 by Helferich et al.194  The report described the formation of 

thioglucuronides by the reaction of an α-glucuronyl bromide with potassium thiolate 

salts of various alkyl and aryl thiols.194  The reaction proceeds via a SN2 displacement, 

which results in inverted stereochemistry to form the β-anomer, and this method has 

since been used for the synthesis of various β-thioglycosides of glucuronic acid.185,195,196 

 

An alternative method involves selective de-S-acetylation of an anomeric thiolacetate 

group, and subsequent reaction with an activated acceptor molecule, for example an 

alkyl bromide.  This method takes advantage of the fact that sulfur is less basic but more 

nucleophilic than oxygen188, and has been widely applied to the synthesis of non-uronic 

acid thioglycosides.99,197,198  The reaction is usually stereoselective due to the high 

anomeric stability of the thiolate ion199, however anomeric mixtures have been reported 

during the synthesis of 2-acetamido-2-deoxy-1-thioglucuronides.200  A potential 

disadvantage of using this reaction during the synthesis of uronic acid thioglycosides is 

that β-elimination can occur.201   

 

4.2 Synthesis of the Designed Thioglucuronides 

4.2.1 Synthesis of Functionalised Benzyl Thioglucuronides 

In order to determine the most efficient method for the formation of the uronic acid 

thioglycosides required in this work, the synthesis of 3-nitrobenzyl thioglucuronide 84 

by the methods described in Section 4.1.2 was investigated.  The 3-nitrobenzyl aglycon 

was chosen, since the nitro group could be readily reduced to an amine 85, enabling 

further modifications at this position for the synthesis of the compounds 86 and 87 

(Scheme 4-3), as representatives of template 71 (Section 4.1). 

 

 
    84             85  R = H 

       86  R = Bz 
               87  R = Bn 

Scheme 4-3 
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4.2.1.1 Lewis Acid Mediated Synthesis of Uronic Acid Thioglycoside 

The starting material for the Lewis acid mediated synthesis of uronic acid 

thioglycosides, the per-O-acetylated methyl ester of glucuronic acid (80), can be readily 

synthesised from D-glucurono-6,3-lactone (78) by the method of Bollenback et al.202 

(Scheme 4-4).  The commercial availability of D-glucurono-6,3-lactone makes this 

compound an attractive starting material, and 80 was prepared in excellent yield over 

two steps, with an α/β-anomer ratio of 1:2. 

 

 
                           78                                                                              80 

Scheme 4-4 

Reagents and conditions: (a) NaOMe, MeOH, rt, 2.5 h; (b) Acetic anhydride, pyridine, 4 °C, 
21 h (94 % over two steps, α/β ratio 1:2). 

 

A thiol acceptor is necessary for the Lewis acid mediated synthesis of uronic acid 

thioglycosides.   3-Nitrobenzyl mercaptan (88) is commercially available; however, it is 

considerably more expensive than 3-nitrobenzyl bromide (89).  88 can be synthesised in 

good yield from the commercially available 3-nitrobenzyl bromide (89) via the 

3-nitrobenzyl thiolacetate (90) by the method shown in Scheme 4-5.  The bromide of 89 

is readily displaced by a thiolacetate ion to give 90 in quantitative yield, which is then 

de-S-acetylated with NaOMe to give 88 in good yield.  A problem with working with 

thiols however, is that they are oxidised under mild conditions (pH 7 - 9).203,204  

Consequently, despite the reactions being conducted under an inert atmosphere, 

disulphide 91 was also present within the reaction product in the ratio of 1:9 with the 

thiol 88.  The disulphide could be distinguished from the thiol in the 1H NMR of the 

product by the chemical shift and multiplicity for the signal of the methylene protons.  

In the disulfide, a singlet at δ 3.72 ppm corresponded to the CH2 groups.  Conversely, 

the 1H NMR spectrum of the thiol showed a doublet at δ 3.83 ppm for the CH2 group, 

presumably due to coupling with the thiol group. 
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                89                                                              90                                                              88 

Scheme 4-5 

Reagents and conditions: (a) KSAc, acetone, rt, 16 h, (quant.); (b) NaOMe, MeOH, rt, 1 h 
(77 %). 

 

 
                                                                                  91 
 

The Lewis acid mediated synthesis of the uronic acid thioglycoside 84 from methyl 

uronate 80 and the thiol/disulfide 88/91 mixture was accomplished by the modified 

method of Furneaux et al.193 outlined in Scheme 4-6.  The BF3
.OEt2 catalysed coupling 

gave the thioglycoside 84 in good yield.  However, 1H NMR analysis of the 

chromatographically purified product showed both α- and β-anomers were present in a 

1:2 inseparable mixture.  The appearance of a doublet (δ 5.59 ppm) for H-1, in the 
1H NMR spectrum, with a J1,2 coupling constant of 5.4 Hz, was consistent with the 

α-anomer, while the anomeric proton H-1 (δ 3.95 ppm) of the β-anomer showed a 

coupling of 9.7 Hz with H-2. 

 

 

 

 
   80 

 

               84 

 
   88 

Scheme 4-6 

Reagents and conditions: (a) BF3
.OEt2, dichloromethane, 4 °C, 20 h, (72 %, 1:2 α/β). 
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4.2.1.2 Attempted Thioglucuronide Formation via SN2 Displacement of an 

α-Glucuronyl Bromide 

An alternate method for the synthesis for uronic acid thioglycosides is the SN2 

displacement of an α-glucuronyl bromide with a thiolate or thiol.  

Methyl (2,3,4-tri-O-acetyl-α-D-glucopyranosid)uronate bromide (81) was readily 

synthesised in good yield from peracetate 80 by reaction with HBr (33 % w/w in 

AcOH) (Scheme 4-7).202  Reaction of glucuronyl bromide 81 with  p-aminophenyl 

thiolate has been previously reported by Iino et al..195  In that case, reaction of 81 with 

p-aminobenzene thiol in methanolic sodium methoxide gave the de-O-acetylated 

p-aminophenyl 1-thio-β-D-glucopyranosiduronic acid in 58 % yield.  In this work, we 

required the fully acetylated product so reaction was carried-out in two steps.  The 

sodium thiolate was first prepared by reacting 3-nitrobenzyl mercaptan (88) with 

NaOMe in MeOH, under N2.  The reaction mixture was concentrated under reduced 

pressure by rotary evaporation while attempting to exclude O2, and the isolated thiolate 

salt was then reacted with 81 in DMF at 4 °C temperature for 16 h (Scheme 4-7, b), to 

yield 84 in low yield. 

 

 

 

 
     80                                                                                 81 

 

 

 

 

 

84 

Scheme 4-7 

Reagents and conditions: (a) HBr (33 % w/w in AcOH), dichloromethane, 4 °C, 16 h (72 %); 
(b) m-NO2-PhCH2SNa, DMF, rt, 16 h (31 %); (c) m-NO2-PhCH2SH, Ag2CO3, dichloromethane, 

rt, 5 days (no product). 

 

An alternative method used for the formation of 84 was based on the procedure used by 

Bollenback et al.202 for the synthesis of methyl (phenyl tri-O-acetyl-β-D-

glucopyranosid)uronate.  The bromide 81 was reacted with thiol 88 in the presence of 

silver carbonate in dichloromethane (Scheme 4-7, c).  However, no reaction had taken 
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place after 5 days of stirring at rt.  From the lack of reaction while bromide 81 was still 

present, it was hypothesised that the disulphide 91 had formed during the reaction.  The 

reaction mixture was concentrated under reduced pressure and then treated with 

pyridine and acetic anhydride and stirred for 16 h at rt.  1H NMR analysis of the crude 

reaction product indicated that no S-acetylated material 90 had formed, and that the 

disulphide 91 was present, as a singlet for the methylene protons was present at 

3.72 ppm (Refer to Section 4.2.1.1). 

 

4.2.1.3 Uronic Acid Thioglycoside Synthesis via Anomeric Thiolacetate 

The third method for the preparation of thioglycosides shown in Scheme 4-2 is via an 

anomeric thiolacetate.  The required β-thiolacetate derivative 82 was prepared from the 

α-glucuronyl bromide 81 (Scheme 4-8).  In a procedure adapted from Horton et al.,205 

81 was reacted with potassium thiolacetate in acetone to yield the β-1-thiolacetate 82 in 

high yield after purification.  A characteristic anomeric S-acetyl resonance was observed 

at δ 2.38 in the 1H NMR spectrum of 82, and the anomeric proton H-1 (δ 5.29 ppm) 

showed a coupling of 10.4 Hz with H-2, consistent with the β-anomer. 

 

 
                                          81                                                                           82 

Scheme 4-8 

Reagents and conditions: (a)  KSAc, acetone, rt, 16 h (89 %). 

 

There are several methods for the selective de-S-acetylation of O-acetyl protected 

thioglycosides, including sodium methoxide in methanol at low temperature, 

cysteamine in acetonitrile, or hydrazinium acetate in DMF.99  Bennet et al. have 

reported a mild and efficient method for the selective de-S-acetylation of methyl 

5-acetamido-4,7,8,9-tetra-O-acetyl-2-S-acetyl-2-S-thio-D-glycero-α-D-galacto-2-

nonulopyranosonate (92) using diethylamine.  This reagent was judged suitable for the 

reaction with 82, as opposed to sodium methoxide, which would react with the 

O-acetate protecting groups necessitating a reacetylation step.  Accordingly, the 

procedure of Bennett et al.197 was adapted for the synthesis of thioglucuronide 84 from 

thiolacetate 82 and 3-nitrobenzyl bromide (89) (Scheme 4-9, optimised conditions 

shown).  Reaction was carried out at low temperature to minimise both potential 
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anomerisation of the intermediate thiolate ion200, and the formation of the β-eliminated 

product 93.201  Reactions carried out at 0 °C or 4 °C showed only the β-anomer of 84 

was formed.  In the 1H NMR spectra of 84, the anomeric proton H-1 (δ 3.96 ppm) 

showed a coupling of 9.8 Hz with H-2, consistent with the β-anomer. 

 

 

 

   82 
 

                84 
 

  89 

Scheme 4-9 

Reagents and conditions: (a) Diethylamine, DMF, 0 °C, 4 h (71 %). 

 

                     
           92  R = NHAc             93 

 

A complication to the reaction with diethylamine was the formation of the β-eliminated 

product 93.  The eliminated product 93 was observed at an increased Rf of 0.33 with 

EtOAc/hexane, 2:3, compared to an Rf of 0.24 for 84.  Furthermore, the 1H NMR 

spectrum of 93 displayed only two acetate signals at δ 2.05 ppm and δ 2.10 ppm, and 

the signal for H-4 was shifted downfield to δ 6.29 ppm, compared to δ 5.10 ppm for 84. 

 

The original method, developed for the synthesis of thioglycosides of 

N-acetylneuraminic acid, used a vast excess of diethylamine (30 mol equiv.) and rt.197  

Florio et al.201 using this reaction in formation of thioglucuronides, observed formation 

of the β-elimination product, while Mann et al.200 observed formation of anomeric 

mixtures during the synthesis of alkyl 2-acetamido-2-deoxy-1-thioglucuronides.  Mann 

et al.200 reported that lowering the reaction temperature, increasing the concentration of 

coupling partner, or increasing the reactivity of the coupling partner, improved the 

formation of the kinetically favoured β-thioglycoside product.  In this work, the initial 
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reaction carried out at 4 °C with 10 equiv. diethylamine showed presence of 

β-eliminated product 93 in 26 % yield, with no appearance of the α-anomer of 84. 

 

An investigation into the reaction conditions in an attempt to minimise β-elimination by 

altering the amount of diethylamine and the reaction temperature revealed that lowering 

the concentration of diethylamine could reduce the formation of the β-eliminated 

product 93, however the overall yield for the reaction was also reduced (Table 4-1).  A 

high concentration of diethylamine appears to enable the formation of the thioglycoside 

rapidly.  The short time and low temperature of the reaction are not favourable for the 

formation of the β-eliminated product, and thus a reasonable ratio in favour of the 

desired product 84 over the β-eliminated product 93 was obtained. The α-anomer of 84 

was not observed to form for any of the conditions investigated as judged by 1H NMR. 

 

Table 4-1  An investigation into the synthesis of 84 by selective de-S-acetylation of 82 with 
diethylamine and reaction with 3-nitrobenzyl bromide (89). 

HNEt2 Time Temperature 
84 

(% yield) 

93 

(% yield) 

5 equiv. 16 h 4 °C 30 0 

5 equiv. 2 days 4 °C 30 1 

10 equiv. 4 h 4 °C 34 9 

10 equiv. 16 h 4 °C 44 26 

20 equiv. 2 h 0 °C 43 0 

20 equiv. 4 h 0 °C 71 15 

 

Despite the appearance of the β-eliminated product 93 in the reaction, the synthesis via 

the thiolacetate derivative 82 seemed to be the more efficient and less problematic 

method for the synthesis of the uronic acid thioglycosides.  While the Lewis acid 

mediated approach (Section 4.2.1.1) from methyl glucuronate 80 was good yielding and 
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readily accessible, the reaction produced a mixture of α- and β-anomers, which were 

inseparable by flash chromatography.  Furthermore, the approach requires a free thiol as 

an acceptor molecule.  As seen with reactions carried out between 80 and 3-nitrobenzyl 

mercaptan (Section 4.2.1.1), and in attempted reactions with glucuronyl bromide 81 

(Section 4.2.1.2), disulfide formation under the reaction conditions was a problem and 

may necessitate the use of excess thiol.  While many simple thiol acceptor molecules, 

such as 3-nitrobenzyl mercaptan (88), could be obtained commercially, the more 

complex thiol acceptor molecules required in this work would need to be synthesised; 

therefore, use of excess reagent is less attractive.  Conversely, the synthesis of the 

glucuronate thiolacetate 82 is an established protocol yielding the stable product in good 

yield over the two steps, which can subsequently be reacted with a range of alkyl 

halides.  This process does not equate to extra synthetic steps, as the synthesis of the 

thiol acceptor molecules necessary for reaction with 80 would most likely proceed in 

two steps from a halide-activated molecule via the thiolacetate, as outlined previously in 

Scheme 4-5.  For these reasons, it was decided that the most appropriate method for the 

formation of the uronic acid thioglycosides, was the selective de-S-acetylation of the 

thiolacetate 82 with diethylamine, and the subsequent reaction with an activated 

acceptor molecule (Scheme 4-9). 

 

The method outlined in Scheme 4-9 was also used to synthesise benzyl thioglucuronide 

94 in moderate yield (44 %) by reacting 82 with benzyl bromide in the presence of 

diethylamine.  Once again only the β-anomer was observed, though the β-eliminated 

product 95 was observed to form with a yield of 2 %. 

 

                      
            94                   95 
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4.2.2 Further Modifications of the 3-Nitrobenzyl Thioglucuronide 84 

3-Nitrobenzyl thioglucuronide 84 provides access to the desired functionalised 

3-benzamido (86) and 3-benzylamino (87) derivatives (Section 4.2.1).  The required 

modifications of 84, shown in Scheme 4-10, involved the reduction of the aromatic nitro 

group to the amine, followed by either acylation with benzoyl chloride or reductive 

amination with benzaldehyde. 

 

 

 

 
     84        85 
 

 

 

                                              86   

          87 

Scheme 4-10 

Reagents and conditions: (a) SnCl2
.2H2O, MeOH, 70 °C, 17 h (73 %); (b) Benzoyl chloride, 

triethylamine, dichloromethane, rt, 16 h (87 %); (c) Benzaldehyde, borane-pyridine complex, 
AcOH, MeOH, 40 °C, 40 h (74 %). 

 

For the reduction of the aromatic nitro group, the presence of sulfur in 84 prevents the 

use of metal-promoted catalytic hydrogenation.206  A mild, selective and general 

reduction reagent that is compatible with sulfur is tin(II) chloride dihydrate, and this 

reagent has been used in the reduction of a number of 4-nitrobenzyl 

thioglycosides.207,208  Accordingly, reduction of the aromatic nitro group of 84 with 

tin(II) chloride dihydrate in methanol gave the 3-aminobenzyl thioglycoside 85 in good 

yield (Scheme 4-10).  Subsequent reaction of the amine 85 with benzoyl chloride, in the 

presence of triethylamine in dichloromethane gave benzamide 86 in high yield. 

 

A simple, efficient method for the synthesis of secondary amines is the reductive 

amination of aldehydes.  The reaction involves the condensation of an aldehyde or 

ketone with an amine in the presence of a reducing agent.  A reasonable mechanism for 

the reaction initially involves the reaction of a carbonyl compound with an amine 

forming a carbinol amine intermediate, which dehydrates to form an imine 
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(Scheme 4-11).209,210  Weakly acidic reaction conditions favour the formation of the 

iminium ion, which is subsequently reduced to the alkylated amine product.209,210  Since 

the reducing agent must selectively reduce imines over aldehydes or ketones, the choice 

of reducing agent is critical.  A popular reducing system utilises hydride reducing 

agents, particularly sodium cyanoborohydride (NaBH4CN) for reduction.209  While 

sodium cyanoborohydride selectively reduces carbon-nitrogen bonds in the presence of 

aldehydes or ketones at slightly acidic pH (5-7), the reagent is highly toxic and produces 

toxic hydrogen cyanide and sodium cyanide by-products upon workup.209  A non-toxic 

alternative to sodium cyanoborohydride are the borane-amine complexes.  

Borane-pyridine complex is a cheap, commercially available reducing agent, which 

selectively reduces imines and iminium salts preferentially relative to carbonyl 

groups.210  Accordingly, 3-benzylamino derivative 87 was synthesised (Scheme 4-10, c) 

by reacting amine 85 with benzaldehyde in MeOH with a few drops of AcOH to first 

form the imine.  The imine was then reduced to the secondary amine with 

borane-pyridine complex to give 3-benzylamino derivative 87 in good yield. 

 

 
                                                   Carbinol amine                              Imine 

Scheme 4-11  Reaction pathway for reductive amination. 

 

4.2.2.1 Deprotection of the Uronic Acid Thioglycosides 

The final step in the preparation of the uronic acid thioglycosides was the removal of 

the base sensitive methyl ester and O-acyl protecting groups.  The compounds 94, 85, 

86 and 87 were deprotected to produce 96 – 99 (Table 4-2), respectively, by reaction 

with 0.1 M LiOH in MeOH.  Each product was purified by reverse phase 

chromatography followed by passage through a Sepharose LH-20 size exclusion 

column to remove excess salts. 
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Table 4-2  Deprotection of the thioglucuronides. 

 

Product S−R % Yield 

96 

     

89 

97 

     

98 

98 

     

Quant. 

99 

     

Quant. 

 

4.2.3 Synthesis of Functionalised “Naphthyl” Thioglucuronides 

The second series of compounds for synthesis, represented by 72, contained a naphthyl 

ring in place of the single aromatic ring of compounds described in the previous section.  

It was envisaged that the key intermediate, nitro-substituted thioglucuronide 100, could 

be synthesised and modified as previously described for 3-nitrobenzyl thioglucuronide 

84 (Sections 4.2.1.3 and 4.2.2).  The activated acceptor molecule 101, or a similarly 

activated molecule, for the formation of the uronic acid thioglycoside 100 could not be 

obtained commercially and was therefore synthesised from the commercially available 

3-nitro-1,8-naphthalic anhydride (102), as outlined in Scheme 4-12.  As the halide was 

to be introduced during the synthetic scheme, the alkyl iodide was chosen over the alkyl 

bromide.  The iodide is a better leaving group for the nucleophilic displacement reaction 

with thiolate, as predicted by the hard/soft acid/base theory.211 
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   72 R = H, Bz, Bn                               100 
 

 
                 102                                                          103                                                    101 

Scheme 4-12 

 

The first step in the synthesis of 101 was the mercury-mediated decarboxylation of 

3-nitro-1,8-naphthalic anhydride 102 (Scheme 4-13), which is more commonly referred 

to as the Pesci reaction.  While the exact mechanism for this reaction is not completely 

understood, it has been established that Hg directly displaces one of the carboxylate 

groups, releasing CO2.212  Subsequently, the mercury is released as its salt upon acidic 

hydrolysis to yield the two arene mono-acids.  The ratio of the regioisomers formed, in 

this case 104 and 105, depends on the nature and position of ring substituents, and 

appears to involve both polar and steric components.212  Leuck et al.213 reported that 

with nitro substituted naphthalic anhydrides, the carboxylate in the ring not containing 

the nitro group was more likely to be displaced by mercury.  A more detailed discussion 

of possible mechanisms can be found in the review by Deacon et al..214    

 

The Pesci reaction is quite slow and requires elevated temperatures.  In this work, using 

a procedure modified from Kice et al.,215 3-nitro-1,8-naphthalic anhydride (102) was 

dissolved in 0.65 M NaOH, and treated with a solution of HgO dissolved in 25 % acetic 

acid.  The reaction was then refluxed for 5 days.  Without isolation of the mercury 

intermediate, the acidic hydrolysis step was completed with an excess of concentrated 

HCl, with reflux for a further 5 h yielding the monoacid species 104 and 105 in 

excellent crude yield.  The regioisomers were not separated at this stage and the crude 

reaction product was taken on to the next synthetic step.   
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                    104 
 

 

   102 
 

 

                     105 
 

 

Scheme 4-13 

Reagents and conditions: (a) HgO/AcOH, NaOH, reflux, 5 days; (b) HCl, reflux, 5 h 
(96 % crude, over two steps). 

 

Methyl esters of the crude naphthoic acids 104 and 105 were prepared by the method of 

Hosangadi et al.216 involving the reaction of the mixture of carboxylic acids with 

thionyl chloride in methanol (Scheme 4-14).  While, the regioisomers 106 and 107 were 

prepared in excellent yield, they could not be resolved by flash chromatography.  It was 

decided therefore to continue with the reaction Scheme with the hope of separating the 

regioisomers at a later stage.  The methyl esters were reduced to the corresponding 

alcohols with LiAlH4 in the presence of AlCl3 by the method from Kice et al.215 in very 

good yield, and purification by flash chromatography was successful in separating the 

regioisomers 103 and 108 in a ratio of 6:1. 
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                   104                                                        106                                                     103 
 

 

 

 

 

     105                                                         107                                                    108 

Scheme 4-14 

Reagents and Conditions: (a) Thionyl chloride, reflux, 4 h (90 % over three steps); (b) LiAlH4, 
AlCl3, diethyl ether, rt, 15 min (79 %; isolated regioisomer ratio 103:108, 6:1). 

 

The iodination of the alcohol 103 was achieved by the simple and efficient method of 

Anilkumar et al.,217 using polymer-supported triphenylphosphine (Scheme 4-15).  This 

enabled the removal of the triphenylphosphine oxide produced in the reaction simply by 

filtering the reaction mixture.  This method allowed the preparation of 101 in excellent 

yield. 

 

 
                                         103                                                                101 

Scheme 4-15 

Reagents and conditions: (a) Polymer-supported Ph3P, imidazole, iodine, dichloromethane, rt, 
15 min (90 %). 

 

With the synthesis of an appropriate activated acceptor molecule (101) completed, the 

formation of the uronic acid thioglycoside 100 was undertaken as previously described 

(Section 4.2.1.3).  Thiolacetate 82 was reacted with 101 in the presence of diethylamine 

at 0 °C for 4 h (Scheme 4-16).  Unfortunately, the reaction proceeded with only a low 

isolated yield of 100.  Due to the limited amount of activated acceptor 101 available at 

the time, the reaction was performed with a slightly less than a mole equivalent of 

iodide 101 to thiolacetate 82, which is in contrast to the coupling reaction performed 
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previously (Section 4.2.1.3) with 5 mol equivalent of 3-nitrobenzyl bromide 89 to 

thiolacetate 82.  TLC analysis of the reaction indicated the consumption of 101; 

however, the low isolated yield of 100 suggests that perhaps hydrolysis of 101 had 

occurred.  Neither the α-anomer of 100, nor the β-eliminated product 109 was isolated 

from this reaction. 

 

 

 

 
              82 

 

 

         

              100 
 

              101 

Scheme 4-16 

Reagents and conditions: (a) Diethylamine, DMF, 0 °C, 4 h (26 %). 

 

 
109 

 

Further modification of the uronic acid thioglycoside 100 through manipulation of the 

nitro group was performed as previously described in Section 4.2.2.  The aromatic nitro 

group of 100 was reduced with SnCl2
.H2O in methanol to produce 110 in moderate 

yield (Scheme 4-17).  However, an unexpected result of the reduction reaction was the 

concomitant formation of the compound/s tentatively identified as either 111 or 112, in 

a 1:1 ratio with 110.  The structural assignment was based on NMR and mass 

spectrometric data: the 1H NMR spectrum showed a new methyl signal at δ 3.90 ppm, 

while mass spectrometry indicated the addition of a methoxy group.  The methoxy 

group was tentatively assigned to the aromatic ring, as the carbohydrate residue 

appeared to remain unaltered.  The three O-acetates, methyl ester and ring hydrogens of 

111/112 were all accounted for in the 1H NMR spectra.  Furthermore, the methoxy 
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group was assigned a position adjacent to the amine group on the first ring of the 

naphthalene skeleton, as the coupling pattern between the four adjacent aromatic 

protons on the second naphthalene ring was intact.  A search of the literature did not 

identify similar reaction by-products during aromatic nitro group reduction and the 

mechanism for the formation of the methoxylated by-products 111/112 is unclear at this 

point in time. 

 

 
100                                                                                          110 

Scheme 4-17 

Reagents and conditions: (a) SnCl2
.2H2O, MeOH, 60 °C, 28 h (54 %, 1:1 ratio with 111/112). 

 

 
      111                                                                                112 

 

The methoxylated by-product 111/112 could not be separated from the desired 

compound 110 by flash chromatography.  It was thought that perhaps further 

modification of the amine group of 110 by acylation, as described in Section 4.2.2, 

might enable the separation of these impurities.  Accordingly, 113 was synthesised in 

excellent yield by reaction of the mixture 110 and 111/112 with benzoyl chloride in 

dichloromethane.  Unfortunately, the methoxylated by-product 114 could still not be 

separated from 113, by flash chromatography.  It was decided to not synthesise the 

benzylated derivative 115 due to time constraints and the lack of available starting 

material 111. 
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                        110          113 

                        111 
            114 
                        112 

Scheme 4-18 

Reagents and conditions: (a) Benzoyl chloride, triethylamine, dichloromethane, rt, 18 h (90 %). 

 

 
115 

 

4.2.3.1 Deprotection of the Functionalised “Naphthyl” Thioglucuronides 

The base sensitive methyl ester and O-acyl protecting groups of the functionalised 

“naphthyl” thioglucuronides 110 and 113 were removed as previously described for the 

benzyl thioglucuronides (Section 4.2.2.1), using 0.1 M LiOH in MeOH. The 

methoxylated side products of each compound could readily be separated by HPLC on 

either a Unison UK amino column using an isocratic mobile phase of 92 % acetonitrile, 

8 % ammonium formate (0.1 M), or on a Synergi Hydro reverse phase column using an 

isocratic mobile phase of aqueous acetonitrile (27 % v/v).  The yields of the deprotected 

compounds obtained after HPLC purification are shown in Table 4-3.  Unfortunately, 

during the workup following HPLC separation, the “naphthyl” amine 116 reacted with 

the ammonium formate to give 117 in a 1:3 ratio with the free amine.  High resolution 

mass spectrometry confirmed the presence of 117. 
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Table 4-3  Deprotection of the functionalised “naphthyl” thioglucuronides. 

 

Product S−R Yield 

116 

    

74 % a,b 

(2:1 isolated ratio with 

methoxylated product) 

118 

    

76 % a 

(2:1 isolated ratio with 

methoxylated product) 

                       a Overall yield after HPLC (ratio given is for purified materials). 

                       b 116 was isolated as a mixture with the formate derivative 117 (ratio 3:1). 
 

 
117 

 

4.2.4 Synthesis of Functionalised Propyl Thioglucuronides 

The third series of compounds chosen for synthesis were of the form 119 and 120, 

functionalised propyl thioglucuronides in which three-carbon aglycon unit displayed 

various aromatic moieties.  Two approaches to the functionalised propyl aglycon units, 

beginning with either (±)-2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane (solketal, 121) 

or S-(−)-glycidol (glycidol, 122).  In compound 119, the terminal amine on the propyl 

aglycon was functionalised as an amide, as described previously for the 3-amino-benzyl 

aglycon (Section 4.2.2).  In addition, as the nitrogen atom was introduced at the end of 

the propyl chain as an azide group, synthesis of triazole derivatives (120) was also 

explored. 
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           119 
 
 
 
 

 

                                                   120 

 
       121          122 

 

4.2.4.1 Synthesis of the Functionalised Propyl Aglycon from Solketal 

One approach to the synthesis of the series of compounds 119 could be based on the 

commercially available starting material solketal (121).  The strategy, shown in 

Scheme 4-19, involved the functionalisation at each position of the propyl chain, 

followed by the formation of the uronic acid thioglycosides 119 using the selective 

de-S-acetylation method described in Section 4.2.1.3.  Solketal (121) is a racemic 

mixture; therefore, this reaction Scheme would produce two stereoisomers of 119.   

 

 

 

      121            123            
 

 

 

               124 
 

 

 

 

               119 

Scheme 4-19 
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The initial steps in the synthesis of the propyl aglycon from solketal are shown in 

Scheme 4-20.  The conversion of the alcohol 121 to the 3-azido derivative 123 was 

based on the method of Gibson et al.218  This method first involves conversion of the 

free primary hydroxyl group of 121 into a mesylate (125), by reaction with MsCl in 

pyridine. Mesylate 125 was isolated in excellent yield, and the mesylate was then 

displaced by azide ion, by reaction with sodium azide in DMF at 110 °C to give 123 in 

excellent yield.  The isopropylidene protecting group of 123 was then removed using 

aqueous acetic acid (88 % v/v) and the primary hydroxyl group of the product 126 was 

protected as a silyl ether by reaction with t-butyldimethylsilyl chloride in the presence 

of imidazole, yielding 127 in moderate yield.  The alternative mono-silylated product 

128, and the di-silylated product 129, were also isolated from this reaction in 4 % and 

8 % yields, respectively. 

 

 

 

                    121                                                       125                                                           123 
 

 

 

 

                                             127                                                                  126 

Scheme 4-20 

Reagents and conditions: (a) MsCl, pyridine, rt, 3 h; (b) NaN3, DMF, 110 °C, 16 h (91 % over 
two steps); (c) Aqueous acetic acid (88 % v/v), 60 °C, 3 h; (d) TBDMSCl, imidazole, DMF, 

20 h, 4 °C (64 % over 2 steps). 

 

 
                                              128                                                              129 
 

With the synthesis of 127 completed, the next steps were to functionalise the free 

secondary hydroxyl group.  The molecular modelling results (Section 3.2.5.2.2) 

suggested that either an OPh or and OCH2Ph substituent at this position on the propyl 

chain would be favourable.  Reactions trialled for functionalisation of the secondary 

hydroxyl group of 127 are outlined in Scheme 4-21.  The benzyl derivative 130 was 

synthesised in high yield by the reaction of 127 with benzyl bromide and sodium 
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hydride in THF.  The synthesis of the phenyl derivative 131 was attempted by first 

forming a mesylate intermediate 132, in order to perform an SN2 displacement with 

phenoxide.  This would result in an inverted stereochemistry, however since the starting 

material solketal (121) was a 1:1 racemic mixture, this was not an issue.  The mesylate 

132 was prepared in high yield by reaction of 127 with MsCl in pyridine; however, the 

subsequent attempted displacement of the mesylate with phenol in the presence of 

potassium carbonate in acetone was not successful, and starting material was recovered.  

The same reaction was also attempted in DMF with no success.  Reaction of the 

mesylate with phenol in the presence of sodium methoxide in DMF also failed to 

produce the desired product 131. 

 

 

 
                                          127                                                                           132 
 

 

 

 

                                          130              131 

Scheme 4-21 

Reagents and conditions: (a) Benzyl bromide, NaH, THF, rt, 23 h (88 %); (b) MsCl, pyridine, 
0 °C, 4 h (99 %); (c) Phenol, K2CO3, acetone, reflux, 3 days (no product); (d) Phenol, NaOMe, 

DMF, 60 °C, 40 h (no product). 

 

The 3-azido-2-O-benzyl derivative 130 could be reacted further in a number of ways.  

The azide could be reduced to an amine and then N-acylated or N-alkylated as described 

previously in Section 4.2.2.  Alternatively, the azide group of 130 could be reacted with 

various alkynes in a copper(I)-catalysed azide-alkyne cycloaddition reaction219,220 to 

yield substituted 1,2,3-triazole derivates.  This could allow the synthesis of a large and 

diverse library of compounds to probe β-glucuronidase ligand binding.  At this stage 

however, only the benzamido derivative 133 was synthesised, as shown in 

Scheme 4-22.  The method of Pilard et al.221 was used to reduce the azide of 130 to an 

amine 134.  Often referred to as the Staudinger reaction, the azide is reacted with 

triphenylphosphine in THF in the presence of water.  Without isolation, the resultant 

amine 134 was acylated with benzoic anhydride in pyridine, to form 133 in 79 % 

isolated yield over the two steps. 
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                   130                         134 
 

 

 

133 

Scheme 4-22 

Reagents and conditions: (a) Triphenylphosphine, THF, H2O, rt, 19 h; (b) Benzoic anhydride, 
pyridine, 0 °C, 4 h (79 % over two steps). 

 

The remaining steps in the synthesis of the aglycon unit and subsequent coupling to 

form the uronic acid thioglycoside 135 are shown in Scheme 4-23.  The TBDMS ether 

protecting group of 133 was removed with aqueous acetic acid (80 % v/v) to give the 

alcohol 136 in high yield.  Iodination of the primary alcohol was once again achieved 

using polymer-supported triphenylphosphine in the presence of imidazole, by the 

method described in Section 4.2.3.217  The yield of iodide derivative 137 was only 

moderate compared to the high yield obtained with the naphthyl derivative 101, which 

is surprising given the high yields for iodination of both aliphatic and benzylic alcohols 

reported by Anilkumar et al..217 

 

 

 
                                                 133                       136 
 

 

 

 

                                                 135                        137 

Scheme 4-23 

Reagents and conditions: (a) Aqueous acetic acid (80 % v/v), THF, 60 °C, 3.5 h (88 %); 
(b) Polymer-PhP3, imidazole, iodine, dichloromethane, rt, 45 min (40 %); (c) 82, diethylamine, 

DMF, 0 °C, 3 h (86 %, 1:2 α/β). 
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Coupling of 137 with the glucuronyl thiolacetate 82 was performed by the method 

described previously in Section 4.2.1.3, using diethylamine-mediated de-S-acetylation 

of 82.  Concerns with the diethylamine-mediated coupling reaction, as previously 

discussed in Section 4.2.1.3, were β-elimination and the formation of α/β-anomeric 

mixtures.  It was shown for coupling of the benzyl halides (Section 4.2.1.3) that 

reduction of the mole ratio of diethylamine and decreasing the reaction temperature 

could minimise β-elimination.  In this case, the reaction of propyl iodide 137 with 

thiolacetate 82, in the presence of diethylamine (10 equiv.) at 0 °C, proceeded in very 

good overall yield, with no formation of the β-eliminated product 138; however, a 

mixture of α- and β-anomers were formed in a 1:2 ratio.  The anomers proved to be 

inseparable by flash chromatography.  Formation of an anomeric mixture using a 

similar coupling procedure has previously been reported by Mann et al.200 in the 

formation of alkyl 2-acetamido-2-deoxy-1-thioglucuronides.  In that case, as mentioned 

in Section 4.2.1.3, lowering the reaction temperature (from rt to 4 °C), increasing the 

concentration of coupling partner, or by increasing the reactivity of the coupling partner, 

improved the formation of the kinetically favoured β-thioglycoside product; optimised 

conditions were reaction at 4 °C of 5 mole equivalents of the iodide form of the 

coupling partner.  Unfortunately, due to the small amount of coupling partner available 

at the time, an excess of 137 to drive the reaction towards the formation the kinetically 

favoured β-thioglycoside was not feasible, nor could alternative reaction conditions be 

explored. 

 

 
138 

 

It was proposed that the α-1-thiolate 139 forms in the reaction with diethylamine, 

through mutarotation of the β-1-thiolate 140, via a thioaldehyde intermediate 141, in a 

reversible process (Scheme 4-24).222  It was interesting that the α-anomer was not 

observed to form for the reaction with 3-nitrobenzyl bromide (89) (Section 4.2.1.3), or 

indeed any of the “benzylic” coupling partners.  Perhaps the benzyl halides react more 

rapidly than the alkyl iodide 137 with the β-1-thiolate 140, before it is able to 

mutarotate to the α-1-thiolate 139. 
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                             140             141        139 

Scheme 4-24 

 

4.2.4.1.1 Deprotection of the Functionalised Propyl Thioglucuronide 

The deprotection of the isomeric mixture of 135 was performed as previously described 

(Section 4.2.2.1), using 0.1 M LiOH in MeOH.  The product 142 was purified by HPLC 

on a Unison UK amino column using an isocratic mobile phase of 92 % acetonitrile, 

8 % ammonium formate (0.1 M).  The α- and β-anomers could be separated with 

retention times of 61 min and 50 min, respectively, in a ratio of 4:7; however, it was not 

possible to separate the two stereoisomers of each anomer by this method. 

 

 
142 (62 %, α/β isolated ratio 4:7) 

 

4.2.4.2 Synthesis of the Functionalised Propyl Aglycon from Glycidol 

An alternative starting material for this series of compounds was S-(−)-glycidol (122).  

With this starting material, it was possible to produce a single isomer, instead of the 

mixture of stereoisomers produced from the solketal (121) method (Section 4.2.4.1).  

Furthermore, the number of steps in the synthesis is reduced.  In this reaction scheme, it 

was decided to attach the aglycon unit to the carbohydrate before reaction of the azide 

group.  This would enable the azide to be modified by click chemistry, reacting with a 

library of alkynes to produce a number of triazole compounds.  Performing the click 

reactions with 143 means that only one selective de-S-acetylation coupling reaction was 

required. 
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143 

 

The first steps of this reaction Scheme were to protect the primary hydroxyl group of 

S-(−)-glycidol (122) with a silyl ether protecting group and then to open the epoxide 

with sodium azide (Scheme 4-25).  This procedure was based on the method of 

Vourloumis et al..223  Accordingly, S-(−)-glycidol (122) was reacted with TBDMSCl in 

DMF at 4 °C to form the silyl ether which was isolated and, without further purification, 

reacted with sodium azide in the presence of ammonium chloride,223 to give 144 in 

20 % isolated yield from S-(−)-glycidol (122).  This epoxide opening had been expected 

to be high yielding, as a similar reaction reported by Vourloumis et al.223 on 

p-methoxybenzyl-protected R-(+)-glycidol gave a 93 % yield of azide derivative 145.  

The isolation of the 1,3-di-O-silylated glycerol derivative 146 from the reaction in 19 % 

yield provided evidence that the epoxide was opened prior to reaction with sodium 

azide.  This may have been due to the condition of the TBDMSCl used in the reaction, 

which was old and had perhaps hydrolysed to some degree.  Residual water and HCl 

from the TBDMSCl reagent may have reacted with 122 to open the epoxide 

prematurely.  Also isolated from the reaction mixture was the 2-O-silyated derivative 

147 (5 % yield).  Intramolecular silyl ether migration from one hydroxyl group to 

another is a common occurrence for these protecting groups, and usually occurs under 

basic conditions via pentacoordinate silicon.224 

 

 

 
           122                                                         144                                                                 148 
 

 

 

                                             150                                                        149 

Scheme 4-25 

Reagents and conditions: (a) TBDMSCl, imidazole, DMF, 4 °C, 13 h; (b) NaN3, NH4Cl, DMF, 
90 °C, 6 h (20 % over two steps); (c) Benzyl bromide, NaH, THF, rt, 17 h (66 %); (d) Aqueous 

acetic acid (80 % v/v), 45 °C, 3.5 h (75 %); (e) Polymer-PhP3, imidazole, iodine, 
dichloromethane, rt, 1 h (90 %). 
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   146          147 
 

        
      145 

 

Benzylation of the secondary hydroxyl group of 144 was performed by reaction with 

benzyl bromide in the presence of NaH, as previously described in Section 4.2.4.1, to 

give 148 in good yield.  Subsequently, aqueous acetic acid (80 % v/v) was used to 

hydrolyse the TBDMS ether of 148 giving 149.  Iodination of the primary hydroxyl 

group of the functionalised glycerol derivative 136 (Section 4.2.4.1) was performed 

using polymer-supported triphenylphosphine in the reaction.  There was a concern that 

the azido group of 149 would react with the triphenylphosphine reagent to give a 

phophinimine as in a Staudinger reaction.225  Reaction under the previously described 

conditions, using 1.5 mole equivalent of the triphenylphosphine reagent, however, 

resulted in selective reaction with the hydroxyl group, with iodide 150 formed in 

excellent yield. 

 

The coupling of the iodinated aglycon unit 150 to the glucuronyl thiolacetate 82 was 

once again performed in the presence of diethylamine, producing the thioglucuronide 

143 in excellent yield (Scheme 4-26).  However, as found for the similar aglycon 137 

(Section 4.2.4.1), a mixture of α- and β-anomers were formed in a 1:1 ratio, which were 

inseparable by flash chromatography.  The β-eliminated product was once again not 

isolated from this reaction.  A brief investigation into reaction conditions by altering the 

amount of diethylamine and activated coupling partner 150, indicated that an excess of 

the activated coupling partner 150 favours the formation of the β-anomer (Table 4-4), 

consistent with the results of Mann et al..222  Furthermore, lowering the diethylamine 

concentration improved the formation of the β-anomer.  It appears that these alkyl 

halides are less reactive than 3-nitrobenzyl bromide (89), and lowering the rate of 

formation of the thiolate ion is the best strategy for maximising the formation of the 

β-anomer. 
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         82 
 

         143 
 

        150 

Scheme 4-26 

Reagents and conditions: (a) Diethylamine, DMF, 0 °C, 3.5 h (90 %, 1:1 α/β). 

 

Table 4-4  An investigation into the synthesis of 143 by selective de-S-acetylation of 82 with 
diethylamine and reaction with propyliodide derivative 150. 

HNEt2 150 Time Temperature α/β ratio of 143 

10 equiv. 0.8 equiv. 4 h 0 °C 5:9 

20 equiv. 0.7 equiv. 4 h 0 °C 1:1 

20 equiv. 5 equiv. 4 h 0 °C 2:3 

 

As it was not possible to separate the anomers by flash chromatography, it was decided 

to continue with the synthetic Scheme in the hope of separating the anomers at a later 

stage.  The advantage of the azide functional group of 143, is that it enables a wide 

range of modification at this position.  It is possible to reduce the azide to an amine, 

which can then be reductively aminated, or acylated as previously described in 

Section 4.2.2.  Alternatively, the azide can be reacted with a terminal alkyne to form a 

4-substituted 1,2,3-triazole derivative 151 as outlined in Scheme 4-27.  This 

copper(I)-catalysed azide-alkyne cycloaddition reaction is an attractive, efficient 

method for the generation of a diverse library of compounds.  For a recent review, refer 

to Bock et al.226  The reaction is usually performed in water with a variety of organic 

co-solvents, such as t-butanol, ethanol, DMSO, THF or CH3CN, however Lee et al.227 

reported that using CH2Cl2 as a co-solvent greatly increases the reaction rate.  This 

reaction condition also greatly simplifies the work up protocol of fully protected organic 
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compounds, as the organic layer could simply be separated from the aqueous layer.  A 

small number of alkynes were chosen that contained various polar, non-polar and 

aromatic functional groups, and the triazole derivatives 152 − 156 were prepared, based 

on the method of Lee et al.,227 in very good to excellent yields as shown in 

Scheme 4-27.  The anomeric mixtures could not be separated by flash chromatography.  

A characteristic triazole methine proton resonance was observed in the range 

δ 7.22 − 7.62 ppm in the 1H NMR spectra for each of the synthesised triazole 

derivatives.  

 

 

 

                             143 
 

 

         151 

                157 

Scheme 4-27 

Reagents and conditions: (a) CuSO4, sodium ascorbate, dichloromethane/H2O (1:1), rt, 2 h. 

 

 
               152 (86 %)     153 (85 %) 

 

 
    154 (91 %)      155 (90 %) 
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            156 (88 %) 
 

4.2.4.2.1 Deprotection of the Triazole Functionalised Propyl Thioglucuronides 

The deprotection of compounds 152 − 156 was performed as previously described 

(Section 4.2.2.1), using 0.1 M LiOH in MeOH.  The  α- and β-anomers of the fully 

deprotected compounds 158 – 162 were separated by HPLC on a Unison UK amino 

column using an isocratic mobile phase of acetonitrile containing ammonium formate 

(0.1 M) in the range of 7 − 12 % (v/v).  The yields of the deprotected compounds 

obtained after HPLC purification are shown below. 

 

 
158 (quant., α/β isolated ratio 1:2)  159 (82 %, α/β isolated ratio 1:2) 

 

 
160 (quant., α/β isolated ratio 1:2)  161 (84 %, α/β isolated ratio 1:2) 

 

 
162 Yield (53 %, α/β isolated ratio 1:2) 
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4.3 Biological Evaluation of the Synthesised 

Thioglucuronides 

In order to investigate the ability of the series of synthesised glucuronide-based 

molecules to inhibit β-glucuronidase, in vitro enzyme assays were conducted.  The 

compounds synthesised in this project (Section 4.2) had been designed (Chapter 3) to 

interact with the active site of human β-glucuronidase; however, only bovine 

β-glucuronidase was available for this work.  Bovine β-glucuronidase has a very high 

sequence identity (80 % over 652 amino acids) with human β-glucuronidase, including 

conservation of the catalytic residues, therefore it was envisaged that bovine 

β-glucuronidase would be an adequate model to assess the inhibitory activity of the 

designed inhibitors.  The designed inhibitors were also evaluated for their inhibitory 

activity against the newly isolated B. pseudomallei heparanase, which has been shown 

to have significant exo-glycosidase activity (Section 2.3.5).  The known 

β-glucuronidase inhibitor D-glucurono-1,4-lactone (5) and D-glucuronic acid were 

evaluated as benchmark compounds.  These assays enabled the determination of an IC50 

value for each molecule, and the information should prove to be valuable for the design 

of a future generation of more potent inhibitors. 

 

 
5 

 

4.3.1 Bovine β-Glucuronidase Hydrolysis of MUG (52) 

The inhibition of bovine β-glucuronidase with the novel thioglucuronides was evaluated 

in a fluorimetric assay using 4-methylumbelliferyl β-D-glucuronide (MUG) (52), a 

commonly used substrate for exo-glucuronidases.136  When MUG (52) is hydrolysed by 

β-glucuronidase (Figure 4-1), the released 4-methylumbelliferone (MU) (163) 

fluoresces strongly at pH 9 – 10, while intact MUG displays very little fluorescence.136 
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52 

 

 

 

 

 

   163 

Figure 4-1  The enzymatic hydrolysis of MUG (52) by β-glucuronidase releases MU (163), 
which fluoresces strongly at pH 9 – 10. 

 

The optimal conditions for the hydrolysis of MUG (52) by bovine β-glucuronidase were 

investigated prior to the inhibition assays being performed.  An acidic pH of 6, achieved 

using a citrate-phosphate buffer, was found to be optimal for catalysis of the hydrolysis 

of MUG by the bovine enzyme (Figure 4-2).  This is only slightly more basic than the 

optimal pH range of 4 – 5.5, reported for human β-glucuronidase.54  Under the 

conditions investigated, hydrolysis of MUG was linear for at least 40 min (Figure 4-3).  

The kinetic constants for the hydrolysis of MUG were determined, with MUG having a 

Km of 0.5 mM and a Vmax of 1.6 × 10-4 nmol/mL/s, as discussed previously in Chapter 2 

(Section 2.3.5, Table 2-4).   
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Figure 4-2  The dependence on pH of bovine β-glucuronidase hydrolysis of MUG (52). 
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Figure 4-3  The time dependent hydrolysis of MUG (52) by bovine β-glucuronidase (pH 6, 
1 mM MUG, 0.02 U enzyme). 

 

4.3.2 Inhibition Assays with Bovine β-Glucuronidase 

The assays for inhibition of bovine β-glucuronidase with the synthesised 

thioglucuronides were performed in a 20 mM citrate-phosphate buffer (pH 6), 

containing 1 mM MUG and 0.02 units of β-glucuronidase. The reactions were 

performed in triplicate in the presence of various concentrations of thioglucuronide 

inhibitor (10 mM, 5 mM, 1 mM, 0.1 mM, etc).  Reactions were stopped after 25 min by 

the addition of 0.2 M glycine buffer (pH 10.7), and the fluorescence of MU determined 

by fluorimetry.  The results for the functionalised benzyl and “naphthyl” 

thioglucuronides are shown in Table 4-5, along with the computationally predicted 

binding energies (AutoDock) and XScores for the inhibitors with human 

β-glucuronidase (Chapter 3).  The data used to calculate IC50 values for each compound 

had errors of less than 10 %.  Due to the small amount of 118 and 164 (Entries 9 and 10, 

respectively) available at the time of testing, the inhibition of β-glucuronidase with 

these compounds could not be measured above 1 mM.  At this concentration, 118 

showed 55 % inhibition, while 164 showed no inhibition of bovine β-glucuronidase. 
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Table 4-5  The inhibitory activity (IC50) of the functionalised benzyl and “naphthyl” 
thioglucuronides against bovine β-glucuronidase catalysed hydrolysis of MUG.  The computed 
AutoDock binding energy and XScore for each molecule with human β-glucuronidase is also 
shown. 

 

Entry S−R/Compound     IC50(M)a AutoDock binding 
energy (kcal/mol)b 

XScore 
(pKD)b 

1 62 5.9 × 10-3             -8.23 4.07 

2 5 4.5 × 10-6             -8.62 5.02 

3 
     

96 > 1.0 × 10-2            -11.00 5.51 

4 
    

97 3.2 × 10-4             -9.33 5.81 

5 
    

99 1.8 × 10-4            -14.78 6.62 

6 
    

98 1.8 × 10-3            -15.06 6.92 

7 

    

116 1.1 × 10-5 nd nd 

8 

     

165 2.4 × 10-5 nd nd 

9 

    

118 > 1.0 × 10-3            -15.64 7.36 

10 

    

164 > 1.0 × 10-3 nd nd 

       a Data used to calculate IC50 had errors of less than 10 %. 
       b Values calculated with human β-glucuronidase. 
       c R1 = H, R2 = OMe, or R1 = OMe, R2 = H. 
       nd = not determined. 

 

c 

c 
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From the inhibition data shown in Table 4-5 it can be seen that, although many of the 

thioglucuronides shown had increased inhibitory activity against bovine 

β-glucuronidase compared to D-glucuronic acid (Entry 1; IC50 5.9 × 10-3 M), none of the 

compounds tested were more potent inhibitors than the known102 micromolar inhibitor 

D-glucurono-1,4-lactone (Entry 2; IC50 4.5 × 10-6 M).  The “amino-naphthyl” derivative 

116 (Entry 7; IC50 1.1 × 10-5 M) was the most potent inhibitor of bovine 

β-glucuronidase.  As mentioned in Section 4.2.3.1, the N-formylated derivative 117 was 

also present in this sample in a ratio of 1:3 with the free amine.  This may have 

adversely affected the IC50 value obtained for the amine as the corresponding 

N-benzoylated derivative (Entry 9; IC50 > 1 × 10-3 M) was not inhibitory at mM 

concentration. 

 

Structure-activity relationships can be inferred from the inhibition data in Table 4-5.  

Comparison of the inhibitory activity of the benzyl thioglucuronide (96, Entry 3) with 

that of the 3-aminobenzyl thioglucuronide (97, Entry 4) shows that the benzyl 

thioglucuronide was not an inhibitor of bovine β-glucuronidase with 53 % inhibition at 

10-2 M; however, the addition of an amino group to the aromatic ring increased the 

inhibitory activity into the 10-4 M range, greater than 100 fold increase.  Interestingly, 

benzylation of the amine group resulted in slight improvement to the inhibitory activity 

(99, Entry 5; 1.8 × 10-4 M); however, benzoylation of the amine reduced inhibitory 

activity 10 fold (98, Entry 6; 1.8 × 10-3 M).  Given that the increased interaction of the 

3-aminobenzyl derivative 97 with the enzyme, compared to the benzyl derivative 96, 

may be due to hydrogen bonding interactions of the amine group, the difference 

between the N-benzylated and N-benzoylated derivatives may be due to relative 

efficiency of hydrogen bonding interactions of the substituted amino group in the two 

compounds.  The benzoyl amide group of 98 is perhaps less able to make hydrogen 

bonding interactions with the aglycon binding area of β-glucuronidase than the 

secondary amine of 99.  The amide of 98 is likely to be in plane with the two aromatic 

rings forming a large conjugated system, which would limit the flexibility of the 

aglycon and hence limit interactions with the binding site.  This is however in contrast 

to the computational results, which suggested that 98 would bind to the active site of 

human β-glucuronidase with greater affinity compared to 99.   
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            98               99 
 

The potential importance of hydrophobic interactions within the aglycon binding area is 

highlighted by comparing the inhibitory activity of the 3-aminobenzyl thioglucuronide 

(97, Entry 4; IC50 3.2 × 10-4 M) to the “amino-naphthyl” thioglucuronide (116, Entry 7; 

IC50 1.1 × 10-5 M).  The extra aromatic ring of the naphthyl aglycon increases the 

inhibitory activity by over a factor of ten.  This suggests that, not only is hydrogen 

bonding (in this case of the amine group) of the aglycon important, but that 

hydrophobicity also plays a role in increasing binding affinity of the inhibitor.  This is 

perhaps not surprising given that the area outside the GB1 pocket of human 

β-glucuronidase was predicted by GRID to be favourable for hydrophobic interactions 

(Chapter 3, Section 3.2.3).  Molecular docking investigations with disaccharides also 

indicated that this hydrophobic area could be involved in aglycon binding (Chapter 3, 

Section 3.2.4.3).  These inhibition results suggest that a similar aglycon binding area 

exists for the bovine enzyme. 

 

Given the similar inhibitory activity of the 3-aminobenzyl and 3-benzylamino-benzyl 

thioglucuronides (Entries 4 and 5, respectively), the future synthesis of the N-benzylated 

“amino-naphthyl” thioglucuronide 166 could prove worthwhile.  It is possible that 166 

would show comparable or greater inhibitory activity against bovine β-glucuronidase to 

the “amino-naphthyl” thioglucuronide (116, Entry 7; IC50 1.1 × 10-5 M), and may clarify 

the difference between the N-benzylated and N-benzoylated amine derivative. 

 

 
               166 
 

The inhibition results for the functionalised propyl thioglucuronides are shown in 

Table 4-6.  These molecules were not strong inhibitors of bovine β-glucuronidase with 

IC50 values in the mM range, though compounds 142, 162, 158, 160 and 161 show 
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slightly improved inhibition compared with D-glucuronic acid (IC50 5.9 × 10-3 M).  The 

weak inhibitory activity of the β-anomer of the isomeric mixture 142 (Entry 1; 

IC50 1.2 × 10-3 M) was in distinct contrast to the predicted AutoDock binding energy 

and XScore of -16.11 kcal/mol and 6.64, respectively, for the single R-isomer 167 with 

human β-glucuronidase (Chapter 3, Section 3.2.5.2.2).  The S-isomer 168 was predicted 

to have a similar binding interaction with human beta glucuronidase (-15.77 kcal/mol) 

and these predicted scores were among the highest of the designed C-1 modified 

analogues of β-D-glucuronic acid.  Not withstanding the isomeric mixture of 142, and 

the different enzyme, the discrepancies between the predicted binding energy of the 

functionalised propyl thioglucuronide with β-glucuronidase and the measured inhibitory 

activity suggest that the docking of flexible molecules may not accurately reflect the 

actual binding event.  As mentioned previously (Chapter 3, Section 3.2.5.2.2), the extra 

flexibility of 167 may have enabled AutoDock to position the molecule in a favourable 

position. However, upon actual binding, the freezing of rotatable bonds results in an 

unfavourable loss of entropy. The biological results suggest that the scoring programs 

used to predict ligand affinity do not accurately account for such binding energy 

penalties; however, this cannot be definitively stated without comparison of the 

isomerically pure inhibitor and the human enzyme. 

 

Surprisingly, there was not a consistent relationship between the inhibitory activities for 

the α- and β-anomers.  It was envisaged that the β-anomer would be the more potent 

inhibitor as glycosidases are generally specific for the linkage that is cleaved;11 

however, for a number of molecules, the α-anomer showed a similar or even greater 

inhibition activity against bovine β-glucuronidase.  This perhaps suggests that the 

glucuronic acid portion of these molecules is not binding correctly within the active site 

of bovine β-glucuronidase, or perhaps the compounds are binding in an alternative 

binding mode that only partially blocks the active site.  The aglycon moieties of these 

molecules are quite large, and it is possible that their size prevents the proper orientation 

of the glucuronic acid within the active site. 
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Table 4-6 The inhibitory activity of the functionalised propyl thioglucuronides against bovine 
β-glucuronidase. 

 

Entry S−R  Anomer   IC50 (M)a 

1 
 

142 
α 

β

1.2 × 10-3 

1.3 × 10-3 

2 158 
α 

β 

3.5 × 10-3 

> 1.0 × 10-2 

3 159 
α 

β 

6.8 × 10-3 

> 1.0 × 10-2 

4 160 
α 

β 

6.4 × 10-3 

4.9 × 10-3 

5 161 
α 

β 

3.5 × 10-3 

> 1.0 × 10-2 

6 162 
α 

β 

> 1.0 × 10-2 

2.3 × 10-3 

                  a Data used to calculate IC50 had errors of less than 10 %. 

 

 
                                           167                                          168 
 

4.3.2.1 Inhibition Assays with Compounds Identified by In Silico Screening 

The in silico screening of a large database of compounds identified several 

commercially available non-carbohydrate molecules that could be potential ligands for 

human β-glucuronidase (Chapter 3, Section 3.2.5.3).  These molecules were purchased 

and their inhibitory activity against bovine β-glucuronidase was determined using the 

MUG assay as described above.  The results are shown in Table 4-7.  Unfortunately, 

none of the compounds tested inhibited the hydrolysis of MUG by bovine 

β-glucuronidase at 1 mM, which was the highest concentration that these molecules 
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were soluble in an aqueous 10 % DMSO solution.  The inhibition activity of Entry 2 

against bovine β-glucuronidase could not be determined by this assay due to its strong 

fluorescence at the measured wavelength.  The biological results for these compounds 

are very disappointing given that the predicted binding energies for these molecules 

against human β-glucuronidase were comparable or slightly better than the predicted 

binding energy for the known β-glucuronidase inhibitor D-glucurono-1,5-lactam (6) 

(Chapter 3, Section 3.2.5.3).  However, the initial in silico screening of the large 

database of molecules was limited to the use of DOCK, which was not found to be a 

reliable docking program in relation to human β-glucuronidase (Chapter 3, 

Section 3.2.5.3), and may account for the lack of inhibition. 

 

Table 4-7  The inhibitory activity, against bovine β-glucuronidase, for the molecules identified 
by in silico screening (Chapter 3, Section 3.2.5.3). 

Entry Structure IC50 (M)a 

1 

 

> 1.0 × 10-3 

2 

 

ndb 

3 

 

> 1.0 × 10-3 

4 

 

> 1.0 × 10-3 

5 
 

> 1.0 × 10-3 

        a Data used to calculate IC50 had errors of less than 10 %.   
        b not determined due to high fluorescence at 460 nm of the compound. 
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4.3.3 Inhibition Assays with B. pseudomallei Heparanase 

The assays for inhibition of B. pseudomallei heparanase with the synthesised 

thioglucuronides, as well as for the benchmark compounds D-glucuronic acid and 

D-glucurono-1,4-lactone, were performed using optimised conditions (pH 2.5) as 

discussed in Chapter 2 (Section 2.3.5). The reactions were performed in triplicate in the 

presence of various concentrations of inhibitor and the reactions were stopped after 

15 min.  The resulting dose response curves were used to calculate IC50values for each 

molecule, and these results are shown in Table 4-8. 

 

Table 4-8  The inhibitory activity for the functionalised thioglucuronides against 
B. pseudomallei heparanase. 

 

Entry S−R/Compound  Anomer    IC50 (M)b 

1 62 α/β 4.1 × 10-3 

2 5 − 4.9 × 10-3 

3 PI-88 50 − 2.0 × 10-5 

4 Suramin 51 − 3.6 × 10-5 

5 96 β > 1.0 × 10-2 

6 97 β 3.2 × 10-3 

7 99 β 1.0 × 10-3 

8 98 β 8.9 × 10-3 

9 116 β 1.9 × 10-4 

10 165 β 2.4 × 10-4 

a 
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11 

 

118 β 7.6 × 10-4 

12 

 

164 β > 1.0 × 10-3 

13 
 

142 
α 

β

8.1 × 10-4 

1.4 × 10-3 

14 

 

158 
α 

β 

2.9 × 10-3 

5.5 × 10-4 

15 

 

159 
α 

β 

8.1 × 10-4 

3.0 × 10-3 

16 

 

160 
α 

β 

2.8 × 10-3 

3.3 × 10-3 

17 

 

161 
α 

β 

2.9 × 10-3 

1.8 × 10-3 

18 162 
α 

β 

3.1 × 10-3 

> 1.0 × 10-2 

               a R1 = H, R2 = OMe, or R1 = OMe, R2 = H. 
               b Data used to calculate IC50 had errors of less than 10 %. 
 

Interestingly, the benzyl and “naphthyl” derivatives showed close to a 10 fold decrease 

in inhibitory activity against heparanase compared with β-glucuronidase, while the 

functionalised propyl derivatives showed improved or comparable inhibitory activity.  

Furthermore, D-glucurono-1,4-lactone (5, Entry 2; IC50 4.9 × 10-3) has gone from being 

a μM inhibitor against β-glucuronidase to a mM inhibitor against heparanase, a 

1000 fold decrease in activity.  This suggests that a larger substrate is required for 

effective binding to B. pseudomallei heparanase.  Indeed, Okada et al.74 proposed a 

trisaccharide as the minimum recognition sequence by human heparanase.   

 

The compounds that showed the best inhibitory activity against B. pseudomallei 

heparanase (Table 4-8) were once again the “naphthyl” aglycon series with the 

a 
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“amino-naphthyl” (116, Entry 9; IC50 1.9 × 10-4
 M) showing the greatest activity.  

However, the IC50 values were less potent compared with those determined against 

bovine β-glucuronidase, as well as compared with the known heparanase inhibitors 

PI-88 and suramin.  Similar structure-activity relationships were also observed for 

B. pseudomallei heparanase inhibition to those observed for bovine β-glucuronidase 

inhibition.  The benzyl thioglucuronide (96, Entry 5; IC50 > 1.0 × 10-2
 M) showed no 

activity against heparanase, but the addition of an amine to the aromatic ring (97, 

Entry 6; IC50 3.2 × 10-3 M) once again increased the inhibitory activity.  Furthermore, 

benzylation of the amine (99, Entry 7; IC50 1.0 × 10-3 M) slightly improved inhibitory 

activity, while benzoylation decreased inhibitory activity (98, Entry 8; 

IC50 8.9 × 10-3 M) and there was also no consistent relationship between the inhibitory 

activities for the α- and β-anomers of the functionalised propyl aglycons.  These results 

perhaps suggest that the two glycosidases share a similar area for aglycon binding, 

despite the fact that B. pseudomallei heparanase has no sequence similarity with bovine 

β-glucuronidase.  Many glycosidases tolerate non-natural hydrophobic aglycons, such 

as p-nitrophenol and 4-methylcoumarin,11 and therefore a similar hydrophobic area that 

was found in the active site of human β-glucuronidase, may be present in 

B. pseudomallei heparanase. 

 

4.3.4 Future Work with this Series of Thioglucuronides 

Structure-based ligand design with the available structure of human β-glucuronidase has 

facilitated the preparation of substrate-based β-glucuronidase inhibitors, that show 

activity down to 10-5 M against the test enzyme, bovine β-glucuronidase.  The best 

inhibitor showed approximately 500 fold stronger inhibition than free glucuronic acid.  

A comparison of the inhibition strength of these inhibitors with that of the known 

inhibitor D-glucurono-1,4-lactone (5), an inhibitor that mimics the enzyme transition 

state is perhaps unrealistic.  The transition state analogues resemble the structure, which 

is thought to have the highest degree of enzymatic stabilization and as a consequence 

have the highest binding affinity for the enzyme.98,100 

 

The substrate-based inhibitors synthesised in this project were designed to be readily 

accessible in order to probe the aglycon binding area.  The biological data obtained 

from these compounds could be applied to a different template molecule, perhaps one 
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resembling the structure of the transition state.  A wide array of strategies could be 

employed that may introduce a double bond to planarise around C-1 of β-D-glucuronic 

acid.  An alternative strategy would be to alter the current thioglucuronide compounds 

with a simple β-elimination reaction forming unsaturated compounds of the form 169.  

The double bond between C-4 and C-5 may give the glucuronic acid the flattened ring 

structure of the transition state, although the structure would not exactly mimic the 

placement of the double bond.  However, the β-eliminated structure may be interesting 

to examine as it can be so readily achieved.  The C-4 hydroxyl group has been reported 

to not contribute significantly to the binding interaction with β-glucuronidase,100 and so 

its loss would perhaps not be detrimental to inhibitory activity. 
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4.4 Conclusion 

This chapter describes the successful synthesis of a series of thioglucuronides and their 

subsequent biological evaluation against bovine β-glucuronidase and B. pseudomallei 

heparanase.  The thioglucuronides were synthesised using a selective diethylamine-

mediated de-S-acetylation of an anomeric thiolacetate group of methyl 

2,3,4,5-tetra-O-acetyl-1-S-acetyl-1-thio-β-D-glucuronate (82), and subsequent reaction 

of the generated thiolate with an activated acceptor molecule.  A disadvantage for the 

coupling reaction with certain activated acceptor molecules, such as 3-nitrobenzyl 

bromide, was the appearance of a β-eliminated product.  The β-elimination could be 

minimised however, by increasing the concentration of diethylamine and decreasing the 

temperature of the reaction.  Interestingly, β-elimination was not observed for the 

coupling reactions with the functionalised propyl aglycons.  These reactions however, 

resulted in a mixture α- and β-anomers that could not be separated using flash 

chromatography.  As reported by Mann et al.200 the formation of the β-anomer could be 

favoured by an increased concentration of activated acceptor molecule; furthermore, 

lowering the rate of formation of the thiolate ion by decreasing the concentration of 

diethylamine also favoured formation of the β-anomer.  Despite the appearance of these 
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α- and β-anomeric mixtures, they were readily separated by HPLC following 

deprotection. 

 

Of the thioglucuronides synthesised, that with the “amino-naphthyl” aglycon 116 was 

found to be the most potent inhibitor against both bovine β-glucuronidase and 

B. pseudomallei heparanase; though, it was not as potent against β-glucuronidase as the 

known inhibitor D-glucurono-1,4-lactone (5), nor as potent against heparanase, as the 

known heparanase inhibitors PI-88 and suramin.  While at first glance this may seem 

disappointing, given that the computational results predicted that many of the 

thioglucuronides would have improved binding energy (Section 3.2.5.2.2) over the 

control compounds, a number of factors could contribute to the differences between the 

predicted and observed inhibition data. One factor is that the compounds were designed 

using the available structure of human β-glucuronidase, while evaluation was against 

the commercially available bovine enzyme.   While human and bovine β-glucuronidases 

have a very high sequence identity (80% over 652 amino acids), there would no doubt 

be some differences between the proteins.  For example, there is a slight difference in 

the pH optima of the enzymes [human pH 4 – 5.554 vs bovine pH 6 (Section 4.3.1)], 

which may reflect some difference in the active site architecture, including the area 

surrounding the active site that was targetted in the design of the thioglycoside aglycon 

units. 

 

 
116 

 

The limited correlation between predicted and observed inhibition data may also reflect 

a number of limitations of the molecular docking program AutoDock (version 3.05) 

used in this work.  While AutoDock (version 3.05) was capable of exploring limited 

flexibility of the ligand molecule during the docking process, ring systems, such as 

those of carbohydrates are held rigid.  Therefore, the program was incapable of 

modeling different carbohydrate ring conformations, such as the distortion of the 

pyranoside ring to a skew, boat or envelope conformation, as the oxycarbenium ion-like 

transition state develops.  Furthermore, AutoDock also assumed a rigid receptor upon 
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ligand binding.  Although it is common for only a small number of residue side chains 

to change conformation in the active site,162 this assumption is not always valid and a 

number of examples of induced fit and protein flexibility have been reported.163  While 

it is unfeasible to implement full receptor flexibility into a search algorithm, recent 

versions of AutoDock have attempted to address this problem, and the current version 

allows sidechains in the macromolecule to be flexible. 

 

Currently, the major limitation of the molecular docking process is the prediction of 

binding affinity based on a spatial orientation of a ligand within the active site.  No 

general-purpose method is available that adequately considers all relevant contributions 

to ligand-receptor binding.  While, entropic and solvation contributions to binding are 

more accurately determined by rigorous thermodynamic calculations that explicitly 

consider solvent molecules and flexibility of both the receptor and the ligand, they 

require long simulation runs and thus are not suitable for molecular docking search 

algorithms.  Molecular docking programs are therefore limited to the faster force field-

based methods, which approximate the enthalpy change in ligand-protein binding and 

do not adequately handle water molecules in ligand binding.  Furthermore, current 

scoring algorithms do not consider more complex binding effects such as changes in 

protonation states of the binding partners, as well as allosteric effects. 

 

Despite these limitations however, the molecular docking studies with β-glucuronidase 

combined with the other computational investigations described in Chapter 3, identified 

several possible carbohydrate modifications that led to the synthesis of a wide range of 

thioglucuronides.  The structure-activity data obtained from these thioglucuronides 

indicated that a combination of hydrophobic and hydrogen bonding was important for 

ligand binding, and the results should prove to be valuable for the design of a future 

generation of more potent inhibitors. 
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5 Experimental  

5.1 Cloning, Expression and Characterisation of a Novel 

Heparanase from B. pseudomallei 

5.1.1 Materials 

Burkholderia pseudomallei K96243 genomic DNA was kindly supplied by 

Prof. Ifor Beacham, Institute for Glycomics, Griffith University, Australia.  All primers 

were supplied by GeneWorks Pty Ltd and are detailed in Table 5-1.  The pCR-Blunt 

vector (Figure 5-1), the Zero Blunt® PCR cloning kit and E. coli (DH5α) cells were 

purchased from Invitrogen. E. coli (BL21) cells and the pET19b and pET22b vectors 

(Figure 5-2 and Figure 5-3, respectively) were purchased from Novagen.  Pfu 

polymerase was purchased from Stratagene.  dNTPs were purchased from Amersham 

Biosciences.  Presterilized, 2mm gap, electroporation cuvettes were purchased from 

Molecular BioProducts.  The QIAprep® spin miniprep kit, QIAquick® get extraction kit, 

and the QIAGEN plasmid midi kit were supplied by QIAGEN Pty Ltd.  Restriction 

enzymes and buffers, DNA ladders, and Calf Intestinal Alkaline Phosphatase were 

purchased from New England Biolabs.  Seakem GTG Agarose was purchased from 

Cambrex.  Isopropyl-β-D-thiogalactoside (IPTG) was purchased from BioVectra.  

Complete, EDTA-free protease inhibitor cocktail was purchased from Roche.  EZ-link 

Biotin-LC-Hydrazide, SuperSignal® West Pico Chemiluminescent substrate and CL-X 

Posure™ film were purchased from Pierce.  Precision Plus Protein™ all blue and 

unstained standards, SDS, β-mecaptoethanol, 40 % Acrylamide/Bis solution and goat 

anti-mouse horseradish peroxidase conjugate were purchased from Bio-Rad 

Laboratories.  Coomassie Brilliant Blue R250 was purchased from Serva.  The HisTrap 

FF column, XK 16/20 column, DEAE fast flow Sepharose, and the Superdex 200 

10/300 GL column were purchased from GE healthcare.  The BIOSEP-SEC-S 2000 

column (7.8 mM inner diameter x 30 cm) was purchased from Phenomenex.  

Hyaluronan was purchased from Contipro C Co.  The Blyscan sulfated 

glycosaminoglycan assay was purchased from Biocolor Ltd.  All remaining materials 

were purchased from the Sigma-Aldrich Co., including heparan sulfate, heparin, 

chondroitin sulfates A, B and C, bovine β-glucuronidase (type B-10), Fluorescein 

5(6)-isothiocyanate, 4-methylumbelliferyl β-D-glucopyranosiduronic acid (52), 
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4-methylumbelliferyl α-D-glucopyranoside (56), 4-methylumbelliferyl 

β-D-glucopyranoside (60), 4-methylumbelliferyl 2-acetamido-2-deoxy-β-D-

glucopyranoside (61), p-nitrophenyl 2-acetamido-2-deoxy-α-D-glucopyranoside (57), 

4-methylumbelliferyl β-D-galactopyranoside (58), 4-methylumbelliferyl 2-acetamido-2-

deoxy-β-D-galactopyranoside (59),  suramin (51), lysozyme from chicken egg white, 

Titermax® gold adjuvant and Greiner polystyrene high binding black 96 well 

microplates. 

 

Table 5-1  Primers used in the cloning of heparanase from B. pseudomallei. 

Primer Direction Sequence 

GT1 Forward 5’-CATATGCCCCACGAATCCCCCCCGTCGTCG-3’ 

GT3 Reverse 5’-GGATCCTCACGCG AAGTCGACCAGCAACGC-3’ 

GT4 Reverse 5’-AAGCTTGGCGAAGTCGACCAGCAACGCGCTCG-3’ 

 

 

 

Figure 5-1  Vector and restriction map of pCR-Blunt.228 
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Figure 5-2  Vector and restriction map of pET-19b.229 
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Figure 5-3  Vector and restriction map of pET-22b.230 

 

5.1.2 Bioinformatics 

DNA and protein sequences were obtained from NCBI and related sequences were 

identified using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).  The identification of 

an open reading frame for the putative heparanase gene was performed using 

EasyGene 1.0 (www.cbs.dtu.dk/services/EasyGene/).  SignalP 3.0231 

(http://www.cbs.dtu.dk/services/SignalP/) was used to predict protein signal peptides 

and PeptideCutter (http://www.expasy.org/tools/peptidecutter/) was used to analyse 

restriction sites within the amino acid sequence.  The multiple sequence alignments 

were performed with ClustalW (http://www.ebi.ac.uk/Tools/clustalw2/index.html) and 

secondary structure predictions were made using JPRED3 

(http://www.compbio.dundee.ac.uk/~www-jpred/). 
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5.1.3 Cloning of Heparanase and Construction of E. coli Expression 

Plasmids 

Two E. coli expression plasmids were prepared for the expression of putative 

heparanase.  The gene encoding the heparanase was amplified by PCR from 

B. pseudomallei K96243 genomic DNA using the primers GT1, GT3 and GT4 

(Table 5-1).  BpHep1 allows for the expression of the heparanase with an N-terminal 

histidine tag.  BpHep2 allows for the expression of the heparanase with a C-terminal 

histidine tag.  Both constructs were amplified by Pfu polymerase in 50 μL reaction 

mixtures consisting of 0.5 μM primers, 0.2 μM dNTPs, 10 % (v/v) DMSO and the 

following cycling conditions: 95 °C for 3 min followed by 30 cycles of 95 °C for 45 s, 

55 °C for 45 s and 72 °C for 3 min.  The resulting 1.4 kb PCR products were separated 

by agarose gel electrophoresis, purified from the gel using the QIAquick® gel extraction 

kit.  Both PCR products BpHep1 and BpHep2, were ligated separately into pCR-Blunt 

using the Zero Blunt® PCR cloning kit to give pCR-BpHep1 and pCR-BpHep2, 

respectively. 

 

pCR-BpHep1 and pCR-BpHep2 were transformed into electro-competent E. coli 

(DH5α) cells by electroporation using an Eppendorf multiporater.  A voltage of 2500 V 

was applied for 5 ms within a 2 mm gap electroporation cuvette.  SOC media (1 ml) 

was immediately added to the transformed cells, and incubated at 37 °C for 1 h with 

gently shaking.  Cells were concentrated by centrifugation at 10000 rpm, resuspended in 

100 μL of SOC media and spread on an LB agar plate containing kanamycin 

(100 μg/ml). 

 

pCR-BpHep1 and pCR-BpHep2 were isolated using the QIAGEN plasmid midi kit, and 

sequencing by the Australian Genome Research Facility (AGRF) verified the correct 

sequence for both BpHep1 and BpHep2.  BpHep1 was excised from pCR-BpHep1 by 

double digestion with NdeI and BamHI, and then ligated into the expression vector 

pET-19b, to give pET-BpHep1.  Similarly, NdeI and HindIII were used to excise 

BpHep2 from pCR-BpHep2, and the subsequent product was ligated into the expression 

vector pET-22b, to give pET-BpHep2.  Both BpHep1 and BpHep2 were in frame with 

their respective His tags. 
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5.1.4 Expression of the Recombinant Putative Heparanase 

Plasmids pET-BpHep1 and pET-BpHep2 were transformed into E. coli (BL21) cells by 

electroporation as described in Section 5.1.3.  Transformants were grown at 25 °C in 

1 L of LB media in a 2 L conical flask, supplemented with 100 μg/ml ampicillin.  When 

the OD600 reached 0.6, isopropyl-β-D-thiogalactoside (IPTG) was added to a final 

concentration of 0.5 mM, and the incubation was continued for 2 h.  Cells were 

harvested by centrifugation at 5000 g for 5 min, and then resuspended in 20 mM 

phosphate buffer (pH 8), 250 mM NaCl, 2 mM imidazole.  The cells were lysed in the 

presence of an EDTA-free protease inhibitor cocktail by the addition of lysozyme 

(0.2 mg/ml) and incubated at 30 °C for 15 min.  This was then followed by sonication 

on ice using a Sanyo MSE Soniprep 150 fitted with a microtip, for five 30 s pulses with 

30 s pauses in between.  The soluble protein was separated from insoluble protein by 

centrifugation at 14000 g for 10 min.  

 

5.1.5 Purification of the Soluble Recombinant Putative Heparanase 

The soluble protein product from pET-BpHep1 was purified from the soluble fraction 

by immobilized metal affinity chromatography, anion exchange chromatography and 

size exclusion chromatography using an AKTA FLPC system. 

 

A 5 mL HisTrap FF column was equilibrated with 20 mM phosphate buffer (pH 8), 

250 mM NaCl, 2 mM imidazole (Buffer A).  Protein was loaded at a rate of 0.5 ml/min, 

and the column was washed with 10 column volumes of Buffer A.  Bound protein was 

eluted at a rate of 1 ml/min with a linear imidazole gradient to 500 mM.  The fractions 

containing the desired protein, identified by SDS-PAGE and Western blotting 

(Section 5.1.7), were pooled, concentrated with Amicon® Ultra ultrafiltration devices 

(5000 MWCO) and dialysed against 20 mM phosphate buffer (pH 8).  The dialysed 

protein sample was then applied to a GE healthcare XK 16/20 column packed with 

DEAE fast flow sepharose (1.6 cm × 9 cm) equilibrated with 20 mM phosphate buffer 

(pH 8) (Buffer B) at a rate of 0.5 ml/min.  The column was washed with 10 column 

volumes of Buffer B and bound protein eluted with a linear NaCl gradient to 1 M at a 

rate of 1 ml/min.  A  Superdex 200 10/300 GL size exclusion column, equilibrated with 

20 mM phosphate buffer (pH 8), 150 mM NaCl, was used as a final polishing step.  

Protein was eluted at a rate of 1 ml/min. 
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5.1.6 Purification of the Insoluble Recombinant Putative Heparanase 

The insoluble protein product expressed from pET-BpHep1 was solubilised by 

resuspending in a 20 mM phosphate buffer (pH 8), 8 M urea, 0.25 M NaCl, 2 mM 

imidazole and incubated overnight at 4 °C while shaking.  The solution was then 

centrifuged at 12000 g for 30 min, before loading onto a 5 mL HisTrap FF column, 

equilibrated with a 20 mM phosphate buffer (pH 8), 8 M urea, 0.25 M NaCl, 2 mM 

imidazole, at a rate of 0.5 ml/min using an AKTA FLPC system.  The column was 

washed with 10 column volumes of equilibration buffer and bound protein was 

renatured by the removal of urea with a decreasing linear urea gradient to 0 mM at a 

rate of 1 ml/min.  Bound protein was then eluted at 1 ml/min with a linear imidazole 

gradient to 500 mM.  The fractions containing the desired protein, identified by 

SDS-PAGE and Western blotting (Section 5.1.7), were pooled, concentrated with 

Amicon® Ultra ultrafiltration devices (5000 MWCO) and dialysed against 20 mM 

phosphate buffer (pH 8).  Further purification of the protein sample was performed 

using DEAE anion exchange chromatography and size exclusion chromatography as 

previously described in Section 5.1.5. 

 

5.1.7 SDS-PAGE and Western Blot Analysis 

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) gels were prepared according to 

the method of Laemmli (1970).232  Separating gels of 10 % acrylamide were prepared 

with 4 % acrylamide stacking gels and were run in a Bio-Rad mini-Protean system for 

approximately 45 min at 180 V.  Protein samples were prepared in SDS-PAGE reducing 

buffer, containing 4 % SDS, 20 % Glycerol, 10 % β-mercaptoethanol, 0.004 % 

bromophenol blue in 0.125 M Tris-HCl buffer (pH 6.8), and denatured at 100 °C for 

5 min.  Gels not used for Western blot analysis were stained overnight with 0.05 % 

(w/v) coomassie stain in a 1:4:5, acetic acid/methanol/H2O solution and destained with 

a 1:4:5, acetic acid/methanol/H2O solution. 

 

Western blot analyses were performed by transferring protein separated by SDS-PAGE 

onto a 0.2 μm Fluoro Trans W PVDF membrane using the Bio-Rad Trans-blot® SD 

transfer cell at 20 V for 45 min.  PVDF membranes were washed twice with TBS, 

0.05 % (v/v) Tween 20 (TBST), and blocked overnight at 4 °C with 2 % (w/v) skin milk 

powder in TBST, with gentle shaking.  Membranes were then washed three times with 



 186

TBST, before incubating with 10 mL of a 1:10,000 dilution of the primary antibody, 

His-tag mouse mAb, in TBST for 1 h at rt.  Membranes were washed again three times 

with TBST, and then incubated with 10 mL of a 1:10,000 dilution of a goat anti-mouse 

horseradish peroxidase conjugated secondary antibody, in TBST for 1 h at rt.  

Following washing again three times with TBST, the membrane was treated with 

SuperSignal® West Pico Chemiluminescent substrate, wrapped in Cling Wrap and 

exposed to Pierce CL-X Posure™ film.  Exposed film was developed using a 1:5 

dilution of Kodak GBX developer and replenisher solution, washed with H2O and then 

fixed with a 1:5 dilution of Kodak GBX fixer and replenisher solution. 

 

5.1.8 Raising Rabbit Polyclonal Antibodies against the Putative 

Heparanase 

Rabbit polyclonal antibodies were generated against purified recombinant heparanase.  

Rabbits were injected in the hindquarters with 200 μL of a gold adjuvant solution that 

contained 40 μg protein.  This was followed by two identical booster injections at 

monthly intervals.  Staff at the Griffith University Animal Facility, Gold Coast campus, 

performed the injections and collected serum from the rabbits. 

 

5.1.8.1 Removal of Antibody Impurities from Rabbit Sera 

A culture of E. coli (BL21) cells were grown overnight at 37 °C in 200 mL LB media.  

The cells were collected by centrifugation at 5000 g for 5 min, resuspended in 3 mL of a 

20 mM phosphate buffer (pH 8), and lysed by sonication, as described in Section 5.1.4.  

The soluble protein was separated from insoluble protein by centrifugation at 14000 g 

for 10 min.  A small piece of 0.2 μm Fluoro Trans W PVDF membrane was coated with 

150 μL of soluble E. coli protein mixed with 500 μL of TBST (20 mM Tris-HCl 

(pH 7.5), 0.05 % (v/v) Tween 20, 150 mM NaCl) and allowed to dry at rt.  The PVDF 

membrane was washed twice with TBST, before blocking with 5 % (w/v) skim milk in 

TBST for 1 h at rt, with gentle shaking.  The membrane was then washed three times 

with TBST.  The E. coli protein coated PVDF membrane was then incubated with 2 mL 

of a 1:10 dilution of rabbit serum in TBST at 37 °C for 10 min, with gentle shaking.  

The membrane was discarded and the rabbit serum stored at -20 °C until required. 
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5.1.8.2 Western Blots with Rabbit Polyclonal Antibodies 

SDS-PAGE and transfer to PVDF membranes were performed as described in 

Section 5.1.7.  Membranes were incubated with 10 mL of a 1:2000 final dilution of 

rabbit serum (primary antibody), in TBST for 1 h at rt.  After washing with TBST, the 

membrane was then incubated with 10 mL of a 1:10000 dilution of an anti-rabbit 

horseradish peroxidase conjugated secondary antibody, in TBST for 1 h at rt.  

Following washing again three times with TBST, the membrane was developed as 

described in Section 5.1.7. 

 

The antibodies on the PVDF membranes were then stripped by incubating them in a 

50 mM Tris-HCl buffer (pH 7), 100 mM β-mecaptoethanol, 2 % (v/v) SDS, at 50 °C for 

30 min.  The membranes were then washed three times with TBS, before repeating the 

Western blot procedure with His-tag mouse mAb primary antibody, as described in 

Section 5.1.7. 

 

5.1.9 N-Terminal Sequencing of the Processed Recombinant 

Heparanase 

The purified recombinant heparanase was separated by SDS-PAGE and transferred to a 

PVDF membrane, as described in Section 5.1.7.  The recombinant heparanase band was 

visualised by staining with coomassie blue, excised from the membrane and sent to the 

Australian Proteome Analysis Facility.   Eluted protein was subjected to 5 cycles of 

Edman N-terminal sequencing, using an Applied Biosystems 494 Procise Protein 

Sequencing System and the ‘Pulsed Liquid PVDF’ sequencing method.   

 

5.1.10 Biotin and FITC labelling of GAGs 

The glycosaminoglycans (GAGs) heparan sulfate, heparin, hyaluronan and chondroitin 

sulfate A, B and C were fluorescently labelled with fluorescein 5(6)-isothiocyanate 

(FITC) and tagged with biotin by a modified procedure of Huang    et al.132  To 2.5 mg 

of the appropriate GAG, was added 1 mL of a 5 mM Biotin-LC-Hydrazide solution in 

citrate-phosphate buffer (pH 5), then incubated with shaking at 50 °C for 16 h.  The 

reaction was cooled to rt before treating with 10 μL of a 1 % (w/v) solution of 

NaBH3CN in H2O.  The solution was shaken gently at rt for 6 h.  The solution was 

diluted to 2.5 mL with 0.1 M sodium carbonate buffer (pH 9.5), and applied to a PD-10 
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desalting column equilibrated with the same buffer.  The collected solution was then 

treated with 2.5 mg of FITC, and left to rotate in the dark at 4 °C for 20 h.  Labelled 

GAGs were separated from unreacted FITC using a PD-10 desalting column 

equilibrated with a 20 mM phosphate buffer (pH 8).  

 

The concentration of heparan sulfate was determined by the commercially available 

Blyscan sulfated glycosaminoglycan assay (Biocolor Ltd).  The concentrations of the 

other GAGs were determined by the carbazole assay as described by Cesaretti et al.233  

The extent of FITC labelling was estimated by measuring the absorbance at 494 nm and 

using the extinction coefficient, ε = 70 000 cm-1M-1. 

 

5.1.11 Preparation of Streptavidin-Coated Microplates for Heparanase 

Activity Assays 

The wells of a Greiner polystyrene high binding black 96 well microplate were treated 

with 1 μg of streptavidin in 200 μL of a citrate-phosphate buffer (pH 5) and incubated 

overnight in a humidified zip-lock bag at 35 °C.  Each well was washed three times with 

200 μL of a 5 mM Tris-HCl buffer (pH 7.5), 150 mM NaCl, then blocked overnight in a 

zip-lock bag at 25 °C with a 50 mM Tris-HCl buffer (pH 7.5), 150 mM NaCl, 0.05 % 

(w/v) NaN3, 0.2 % (w/v) BSA, 6 % (w/v) D-sorbitol.  The plate was dried at 35 °C for 

2 h, and then stored at 4 °C in the presence of a moisture absorbance satchel. 

 

5.1.12 Heparanase Activity Assays against FITC/Biotin labelled GAGs 

Activity assays were performed using a modified procedure from Huang et al.132  The 

wells of a streptavidin-coated 96-well microplate (Section 5.1.11) were washed three 

times with 200 μL of a 5 mM Tris-HCl buffer (pH 7.5), 150 mM NaCl, before the 

addition of 1.5 μg of FITC/Biotin labelled GAG (Section 5.1.10) in 200 μL of PBS.  

The microplate was then incubated at 37 °C for 1 h, before washing three times with the 

above wash buffer.  Assays were performed in triplicate.  To each well was added 

200 μL of 20 mM citrate-phosphate (pH 4.5) and 100 ng of recombinant heparanase, 

followed by incubation at 37 °C in an Eppendorf Thermomixer comfort.  The reaction 

was stopped by the addition of 25 μL of a 1 M Tris buffer (pH 8), followed by gentle 

shaking.  The reaction mixture (175 μL) was transferred to a black 96-well microplate 
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and fluorescence measured at 485 nm (excitation), 535 nm (emission) using a Wallac3 

1420 multilabel plate reader (Perkin Elmer).  The optimum pH was determined using 

five buffers covering a broad pH range:  20 mM KCl-HCl buffer (pH 1 – 2); 20 mM 

glycine buffer (pH 2 – 3); 20 mM citrate buffer (pH 3 – 4); 20 mM citrate-phosphate 

buffer (pH 4 – 6); 20 mM phosphate buffer (pH 6 – 8).  The optimum temperature for 

the reaction was determined for temperatures between 10 °C and 50 °C.  The 

temperature of the microplate was equilibrated for 10 min before the assay was started. 

 

5.1.13 Heparanase Activity Assays against Monosaccharide Substrates 

Recombinant heparanase activity was determined against a variety of commercially 

available fluorogenic and chromogenic monosaccharide substrates including:  

4-methylumbelliferyl β-D-glucopyranosiduronic acid (MUG) (52); 

4-methylumbelliferyl α-D-glucopyranoside (56); 4-methylumbelliferyl 

β-D-glucopyranoside (60); 4-methylumbelliferyl 2-acetamido-2-deoxy-β-D-

glucopyranoside (61); p-nitrophenyl 2-acetamido-2-deoxy-α-D-glucopyranoside (57); 

4-methylumbelliferyl β-D-galactopyranoside (58); 4-methylumbelliferyl 2-acetamido-2-

deoxy-β-D-galactopyranoside (59).  Reactions were performed in triplicate in a black 

96-well microplate for the fluorogenic methylumbelliferyl substrates and a clear 96-well 

microplate for the chromogenic p-nitrophenyl substrate.  To each well was added 50 μL 

of 20 mM glycine buffer (pH 2.5), and the substrate at a final concentration of 1 mM.  

For the methylumbelliferyl-based substrates, 50 ng of recombinant heparanase was 

added to the reaction, and for the p-nitrophenyl substrate, 100 ng of recombinant 

heparanase was added.  The reaction was incubated for 30 min at 37 °C in an Eppendorf 

Thermomixer comfort, and stopped by the addition of 200 μL of 0.2 M glycine buffer 

(pH 10.7).  Fluorescence and absorbance measurements were performed using a Wallac 

Victor3 1420 multilabel plate reader (Perkin Elmer) with excitation and emission 

wavelengths of 355 nm and 460 nm, for methylumbelliferyl-based substrates, and at 

405 nm for the p-nitrophenyl substrate.  The optimum pH was determined using five 

buffers covering a broad pH range:  20 mM KCl-HCl buffer (pH 1 – 2); 20 mM glycine 

buffer (pH 2 – 3); 20 mM citrate buffer (pH 3 – 4); 20 mM citrate-phosphate buffer 

(pH 4 – 6); 20 mM phosphate buffer (pH 6 – 8).  The optimum reaction temperature 

with MUG as the substrate was determined at temperatures between 10 and 50 °C.  The 

temperature of the 96-well microplate was equilibrated for 10 min before the assay was 
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started.  The determination of Michaelis-Menten constants for the cleavage of MUG by 

recombinant heparanase was performed using optimized conditions.  The reaction was 

performed using 20 ng of recombinant heparanase, and was incubated at 37 °C for 

15 min.  The reaction velocities for various molar concentrations of MUG ranging from 

0.1 – 4 M were used for the determination of enzyme kinetic parameters. 

 

5.1.14 Analysis of Heparanase Reaction Products by SEC HPLC 

The cleavage of the FITC labelled GAGs was also analysed by size exclusion HPLC.  

Reactions (total vol. 200 μl) consisted of 20 mM citrate-phosphate buffer (pH 4.5), 

containing varying amounts of recombinant heparanase and FITC labelled GAG.  The 

reaction was incubated for times between 1 – 24 h and stopped by heating at 100 °C for 

10 min.  Reaction mixtures were subsequently centrifuged at 15000 g for 5 min to 

collect precipitated insoluble material, and 50 μL of the resulting supernatant injected 

onto a BIOSEP-SEC-S 2000 column (7.8 mM inner diameter x 30 cm) equilibrated with 

25 mM Tris-HCl buffer (pH 7.5), 150 mM NaCl, at 1 ml/min.  A Waters™ 474 Scanning 

Fluorescence detector (excitation at 490 nm, emission at 525 nm) measured the 

fluorescence in the eluent, and UV absorbance was monitored at 232 nm. 

 

5.1.15 Inhibition Assays 

The cleavage of both FITC/Biotin labelled heparan sulfate and MUG was investigated 

in the presence of competing GAGs (chondroitin sulfate A, B and C, heparin and 

hyaluronan) and known heparanase inhibitors (suramin and PI-88).  The reactions were 

performed under optimised conditions as described Sections 5.1.12 and 5.1.13, at 

various inhibitor concentrations. 

 

5.1.16 Spectrophotometer Lyase Activity Detection Assay 

This assay is based on the method of Lohse et al.84  Briefly, 150 μg of heparan sulfate 

was incubated at 37 °C with 100 ng of recombinant heparanase citrate-phosphate buffer 

(pH 4.5) (total volume 150 μL).  The reaction was performed in a quartz cuvette, and at 

various time intervals up to 120 min, the progression of the reaction was monitored at 

232 nm in a Shimadzu UV mini 1240 spectrophotometer. 
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5.2 Computational Analysis of Human β-Glucuronidase 

5.2.1 General Methods 

All calculations were performed on SGI Octane systems running UNIX version IRIX64 

6.5 unless otherwise stated.  Visualisation was performed using InsightII 2000234, which 

contained the Builder, Biopolymer and DelPhi modules. 

 

5.2.2 Structure Validation 

5.2.2.1 Procheck & WhatCheck 

The human β-glucuronidase pdb file (1BHG) was obtained from the RCSB Protein Data 

Bank165 (http://www.rcsb.org/pdb/).  The pdb file was split into its two chains A and B, 

which were then used unmodified as input to the structure validation programs 

Procheck 3.53150 and WhatCheck 4.99g149, to check for errors. 

 

5.2.3 Identifying the Active Site of Human β-Glucuronidase with PASS 

The volume of the active sites of both chains A and B of human β-glucuronidase was 

calculated using the program PASS 1.0235.  This program was executed at the UNIX 

command prompt, specifying the protein pdb file and the flags -insightII, -volumes and 

-more.  The results were viewed in InsightII by sourcing the BCL macro generated by 

PASS. 

 

5.2.4 Electrostatic Calculations 

5.2.4.1 DelPhi 

In preparation for the DelPhi calculations, hydrogens were added to both chains of 

human β-glucuronidase at pH 7 by the Builder module of Insight II and potentials and 

charges were assigned using the CVFF force field.  The following parameters for the 

DelPhi calculations were assigned in the MSI/DelPhi module of InsightII.  The grid 

consisted of 65 points per axis, with a solute extent of 30 %.  The solute dielectric 

constant was set to 4.0, while the solvent dielectric constant was assigned a value of 

80.0.  The ionic strength was set to 0.145 and the ionic radii and solvent radii were set 
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to DelPhi defaults.  Following the DelPhi calculation, a protein Connolly surface 

generated by Insight II was coloured according to the calculated electrostatic potential. 

 

5.2.4.2 pKa Calculations with MEAD 

The pKa’s of titratable amino acids in both chains of human β-glucuronidase were 

calculated using the program MEAD 2.20p3155.  The accuracy of macromolecular 

electrostatic calculations is limited by the accuracy of the structural data155 and is also 

sensitive to the positioning of protons.167  Therefore, three different methods for adding 

hydrogen atoms to the protein pdb files were employed.  These three methods were 

validated with xylanase from Bacillus circulans, for which pKa’s of the active site 

residues have been experimentally determined by 13C NMR titrations.170 

 

5.2.4.2.1 Reduce Method for Adding Hydrogens 

The program Reduce 2.21152 was used to add hydrogens to the protein, in preparation 

for the MEAD pKa calculations.  Remaining hydrogens were added using InsightII.  

Incorrectly named hydrogen atoms in the protein PDB file were renamed using the 

nawk program hydnamefix2.nawk, which can be seen in Appendix B.  Charges and 

Radii were assigned to each protein atom according to the PARSE parameterisation 

scheme.236 

 

5.2.4.2.2 PDB2PQR Method for Adding Hydrogens 

Hydrogens were added to the protein pdb file using the web-based application 

PDB2PQR (http://nbcr.sdsc.edu/pdb2pqr/index.html).169  The remaining hydrogen 

coordinates that were not added by PDB2PQR were copied from the pqr file generated 

from the Reduce method for adding hydrogens (Section 5.2.4.2.1).  Charges and Radii 

were assigned to each protein atom according to the PARSE parameterisation scheme. 

 

5.2.4.2.3 PDB2PQR-Insight II Method for Adding Hydrogens 

The web-based application PDB2PQR (http://nbcr.sdsc.edu/pdb2pqr/index.html) was 

used to add hydrogens to the protein pdb files.169  The generated pqr file was then 

processed by the awk scripts removeh and reformat, which can be seen in Appendix B.  
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Hydrogens were added to the resulting pdb file using InsightII, and charges and radii 

were assigned to each protein atom according to the PARSE parameterisation scheme.  

 

5.2.4.2.4 Multiflex and Xmcti 

The pKa 
intrinsic values for all titratable amino acids in the protein were calculated by the 

MEAD program multiflex and the pair wise interaction energy between the 

titratable groups were sampled by the Monte Carlo program xmcti 1.1.1.  The ionic 

strength of the solvent was set to 0.15, and separate jobs were run for protein dielectric 

constants of 4, 8, 12, 16 and 20.  The default values for the other parameters were used. 

 

5.2.5 Analysis of the Active Site of Human β-Glucuronidase 

5.2.5.1 GRID 

The protein pdb file was read into the GRID 22156 program Greater as a single target, 

which was automatically checked for errors and converted to the kout input file.  A grid 

with a spacing of 0.5 Å, surrounded each protein chain, and GRID was executed 

separately for all 62 single atom probes and 9 multi-atom probes.  An input parameter 

file for the H2O probe can be seen in Appendix A.  GVIEW was utilized to view active 

site/probe interactions and to generate suitable grid output for InsightII.  The probes 

were contoured with respect to the active site by the contour feature within InsightII. 

 

5.2.6 Molecular Docking 

Insight II was used to generate the Mol2 ligand files for the molecular docking 

programs AutoGroup156, DOCK 4.0.1160 and AutoDock 3.05161.  Docked ligands were 

constructed and optimised by the Builder module within Insight II.  Potentials and 

charges were assigned using the CVFF force field, with the exception of those ligand 

molecules that contained Iodine.  These ligand molecules were assigned potentials and 

charges according to the cff91 force field.  Ligand molecules were optimised with the 

Discover program from the Builder module of InsightII. 
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5.2.6.1 AutoGroup 

The GRID 22156 program Greater was used to prepare the kout files needed for the 

molecular docking program AutoGroup.  The protein pdb file and the ligand Mol2 file 

were input as single targets with automatic filtering.  A text file named cage.txt was 

prepared to define the active site.  This file, which can be seen in Appendix A, defined a 

box with sides of 20 Å, centred at Glu540, the catalytic nucleophile of human 

β-glucuronidase.  The GRID program AutoGroup was executed from the UNIX 

command prompt and the output pdb files were visualised with reference to human 

β-glucuronidase within InsightII. 

 

5.2.6.2 Dock 

InsightII was used to prepare the protein for docking calculations by defining a 10 Å 

subset surrounding Glu540, the catalytic nucleophile of human β-glucuronidase.  The 

active site subset was undisplayed, and the remaining protein structure was saved as 

exclude.pdb, which is used by DOCK 4.0.1160 to define the active site.  The solvent 

accessible surface of the active site was calculated using the program DOCK_interface, 

which uses the QCPE Connolly surface programs.  Nodes of protein-ligand interaction 

were assigned by the program sphgen, and the resulting sphere clusters were converted 

to the PDB file format by the program showsphere.  The sphere clusters were visualised 

with Insight II and any extraneous spheres were removed from the sphere file.  A box 

enclosing the remaining spheres was generated using the program showbox.  The 

program grid from the DOCK suite of programs was used to characterise the 

electrostatic potential of the active site of human β-glucuronidase.  The active site was 

defined by cage.txt, seen in Appendix A, which described a box with sides of 20 Å, 

centred at Glu540, the catalytic nucleophile of human β-glucuronidase.  The ligand 

Mol2 file was docked into the characterised active site by DOCK using the input file 

seen in Appendix A.  The nawk program splitdockcountMol2.nawk (J. Dyason, 

unpublished work) was used to split the DOCK results into separate Mol2 files, which 

were then viewed using Insight II. 

 

5.2.6.3 AutoDock 

The graphical user interface AutoDockTools (ADT) prepared the input files for 

AutoDock 3.05161.  Within ADT, the target protein human β-glucuronidase was input 
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and polar hydrogens were added.  Kollman united atom charges were assigned and then 

the protein solvation parameters were added and saved in the pdbqs file format.  

However, it was noticed that ADT had named a number of hydrogen atoms incorrectly. 

Therefore, the nawk program hydnamefix2.nawk, written by Jeff Dyason and modified 

by Greg Tredwell, was used to rename the hydrogens in the pdbqs file.  The ligand 

Mol2 files from InsightII were reformatted with the perl script mol2fix.pl, seen in 

Appendix B, and read into ADT.  The rigid root of the ligand was defined as the 

anomeric carbon and the rotatable bonds were assigned, with any amide bonds set to 

non-rotatable.  The grid, consisting of 50 grid points in the x, y and z directions with a 

grid spacing of 0.375 Å, was centred on the carboxyl carbon of Glu540, the catalytic 

nucleophile of human β-glucuronidase.  The map types for the individual ligands were 

assigned and their corresponding grid parameter files were saved in the gpf file format.  

An AutoGrid input parameter file can be seen in Appendix A.  The docking parameters 

for individual ligands were then assigned.  The Genetic Algorithm and the Docking run 

parameters were assigned and the individual GALS docking parameter files were saved 

in the dpf file format.  An AutoDock input parameter file can be seen in Appendix A.  

The scoring grid was created by AutoGrid, which was followed by the docking 

procedure by AutoDock.  The resulting docked conformations were split into individual 

Mol2 files by the script bb, and viewed in InsightII, using the macro viewautodock.bcl, 

which can be viewed in Appendix B.  Resulting conformations were also split into pdb 

files with the AutoDock macro get-docked and the nawk script splitpdb.nawk, which 

can be seen in Appendix B. 

 

5.2.7 De novo Ligand Design using LigBuilder 

5.2.7.1 Pocket 

The LigBuilder 1.2158 suite of programs, Pocket, Grow and Process, was used for the 

de novo design of ligands for human β-glucuronidase.  The program reduce was used to 

add hydrogens to the human β-glucuronidase chain B pdb file, and then the builder 

module within InsightII was used to add a hydrogen to the OE2 atom of Glu451, the 

general acid/base catalyst.  InsightII was also used to produce the Mol2 files of the seed 

templates 65 and 66 (The red hydrogen represents the starting point for the LigBuilder 

program Grow), with charges assigned using the CVFF force field.  AutoDock was used 

to obtain appropriate orientations for the template molecules and the Pocket input 
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parameter file can be viewed in Appendix A.  The nawk program splitpocket.nawk 

(Appendix B) was used to split the output site.pdb file into pdb files containing 

50 atoms, which facilitated easier viewing with InsightII. 

 

 
      65                66 

 

5.2.7.2 Grow 

Once the active site of human β-glucuronidase had been characterised by Pocket, the 

LigBuilder158 program Grow was used to “grow” fragments from specific hydrogen 

atoms in the template Mol2 files.  A text editor was used to relabel these hydrogen 

atoms as H.spc, shown red in 65 and 66.  The Grow input parameter file was then 

created, which can be viewed in Appendix A. 

 

5.2.7.3 Process 

Following the program Grow, the LigBuilder158 program Process was used to extract the 

desired molecules as viewable Mol2 files.  The input parameter file for Process can be 

seen in Appendix A.  In addition to Mol2 files, Process also creates an INDEX file that 

contains the molecular formula, molecular weight, predicted octanol/water coefficient, 

predicted chemical score and predicted binding scores for each molecule. 

 

5.2.8 Scoring the Protein-Ligand Interactions 

5.2.8.1 XScore 

In addition to the scoring functions of the individual docking programs, XScore 1.2 was 

also used to evaluate the protein-ligand interactions for each docked ligand.  Mol2 files 

output from AutoDock do not contain non-polar hydrogens, and seem to have some 

compatibility problems with InsightII.  Therefore, these Mol2 files were modified with 

the perl script xscore.pl (Appendix B), which also creates the XScore input file for each 

ligand, shown in Appendix A.  Hydrogens were added to the ligand Mol2 files using 

InsightII and corresponding charges and potentials for each ligand were assigned 
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according to the CVFF force field.  Another perl script xscore2.pl was used to format 

the Mol2 files for XScore by modifying the atom types of the carboxyl oxygen atoms 

from O.2 to O.co2.  The consensus-scoring program XScore was executed from the 

command prompt. 

5.2.9 Identifying Key Ligand-Protein Interactions 

5.2.9.1 Ligplot 

The key interactions between docked molecules and the active site of human 

β-glucuronidase were identified by Ligplot 4.237  This program uses HBPLUS to 

calculate the hydrogen bonds and non-bonded contacts of a protein-ligand interaction 

and generates a 2D schematic diagram. 

 

5.2.10 In silico Screening 

The molecular docking program DOCK 4.0.1 was used to screen an Aldrich catalogue 

library, consisting of 43 635 Mol2 files.  The protein input files were prepared by the 

procedure described in Section 5.2.6.2.  The two perl scripts libsort.pl and 

getrankedmol2.pl (Appendix B) were used to sort through the results and list the top 

100 scoring molecules, which were then rescored with XScore, applying the following 

chemical rules: maximum molecular weight = 500, minimum molecular weight = 200, 

maximum LogP = 5, minimum LogP = 2, maximum hydrogen-bonding atoms = 8, and 

minimum hydrogen-bonding atoms = 2.  The resulting 27 molecules were docked into 

the active site of human β-glucuronidase with AutoDock, as described in 

Section 5.2.6.3, and re-scored with XScore.  The top 5 molecules were purchased from 

Sigma-Aldrich for biological evaluation against bovine β-glucuronidase. 

 

5.3 Synthesis of Probes and Potential Inhibitors of 

β-Glucuronidase 

5.3.1 Materials 

All commercial solvents (MeOH, EtOAc, hexanes, CHCl3, CH2Cl2) were distilled prior 

to use.  Dried solvents were either purchased from Sigma-Aldrich or distilled under N2 

according to Perrin and Armarego.238  Reactions were monitored by thin layer 
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chromatography (TLC) using Merck silica gel plates (GF254, cat. #1.05554).  TLC’s 

were typically visualized using ultraviolet light where applicable, followed by treatment 

with 5 % H2SO4 in EtOH followed by heating to 200°C.  Other TLC stains used 

included vanillin and PMA (phosphomolybdic acid).  Products were generally purified 

by flash chromatography using Merck silica gel 60 (0.040-0.063mm, cat. #1.09385).  1H 

and 13C spectra were recorded using a Brüker Avance 300 MHz spectrometer, using 

XWINNMR software.  Chemical shifts are given in ppm relative to the solvent used 

(D2O: 4.79, CDCl3: 7.26, 77.0, MeOD: 3.31, 49.0 for 1H and 13C respectively).239  

Multiplicities are denoted as s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet 

of doublets), ddd (doublet of doublet of doublets), br (broad) and app (apparent).  

Chemical shifts indicated with a multiplication (×) descriptor correspond to more than 

one signal of the same functionality.  The use of (′), (″) and (′′′) in the labelling of 

chemical structures is purely to aid the assignment of signals in the 1H and 13C NMR 

spectra and does not correspond with the chemical names.  Two-dimensional 
1H-1H-COSY and 1H-13C- HSQC NMR spectra were obtained in order to assist with 

spectral assignment.  Electrospray ionization (ESI) low-resolution mass spectra (LRMS) 

were recorded on a Brüker Daltonics® Esquire 3000 Ion-Trap LC MS, using the positive 

or negative mode (as indicated) with samples introduced at 180µL/h.  High-resolution 

mass spectrometry (HRMS) was carried out by the mass spectral facility at the Eskitis 

Institute, Griffith University, and were recorded on a Brüker Daltonics® Apex III 4.7e 

Fourier Transform MS, fitted with an Apollo API source.  Elemental analyses were 

carried out by the microanalysis service of the Department of Chemistry at the 

University of Queensland. 

 

5.3.2 Medicinal Chemistry Experimental 

Methyl (1,2,3,4-tetra-O-acetyl-α,β-D-glucopyranosid)uronate (80) 

According to the method of Bollenback et al.,202 a stirred 

mixture of D-glucurono-6,3-lactone (9.46 g, 53.7 mmol) in 

anhydrous methanol (50 mL) under N2 was treated with a 

solution of sodium methoxide in methanol (1 M, 5 mL) and stirred at rt for 2.5 h.  The 

reaction mixture was concentrated under reduced pressure and the residue redissolved in 

pyridine (25 mL).  The solution was stirred at 0 °C for 5 min, then treated with acetic 

anhydride (40 mL).  The reaction mixture was stirred for 16 h at 4 °C, then left to stand 

for 5 h to allow a precipitate to form, which was isolated by filtration to furnish 6.09 g 
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of the β-anomer.  The filtrate was concentrated under reduced pressure and the residue 

was subject to column chromatography (EtOAc/Hexane, 1:1) to furnish the title 

compound 80 as a brown syrup in a total yield of 94 % (18.99 g) with a α/β-anomer 

ratio of 5:9.  α-Anomer: Rf = 0.70 (EtOAc/MeOH/H2O, 7:2:1); 1H NMR (300 MHz, 

CDCl3) δ 1.94, 1.97, 1.98, 2.12 (4 × 3H, 4 × s, 4 × OC(O)Me), 3.67 (3H, s, CO2Me), 

4.34 (1H, d, J5,4 10.2 Hz, H-5), 5.04 (1H, dd, J2,1 3.7 Hz, J2,3 10.2 Hz, H-2), 5.14 (1H, 

app t, J4,3, J4,5, 9.9 Hz, H-4), 5.45 (1H, app t, J3,2, J3,4, 9.9 Hz, H-3), 6.31 (1H, d, J1,2 

3.7 Hz, H-1); 13C NMR (75.5 MHz, CDCl3) δ 20.8, 21.0 (4 × OC(O)Me), 53.0 

(CO2Me), 68.8 (C-2, C-3), 69.0 (C-4), 70.3 (C-5), 88.7 (C-1), 167.2, 168.5, 169.4, 

169.5, 170.0 (4 × OC(O)Me, C-6); LRMS m/z 399 [(M+Na)+, 100 %].  β-Anomer: 

Rf = 0.70 (EtOAc/MeOH/H2O, 7:2:1); 1H NMR (300 MHz, CDCl3) δ 2.02, 2.03, 2.11 

(4 × 3H, 4 × s, 4 × OC(O)Me), 3.73 (3H, s, CO2Me), 4.17 (1H, d, J5,4 9.4 Hz, H-5), 5.13 

(1H, dd, J2,1 8.1 Hz, J2,3 8.7 Hz, H-2), 5.23 (1H, app t, J4,3, J4,5 9.2 Hz, H-4), 5.30 (1H, 

app t, J3,2, J3,4 9.1 Hz, H-3), 5.75 (1H, d, J1,2 7.8 Hz, H-1); 13C NMR (75.5 MHz, 

CDCl3) δ 20.5, 20.6, 20.8 (3 × OC(O)Me), 53.07 (CO2Me), 68.9 (C-4), 70.1 (C-2), 71.8 

(C-3), 73.0 (C-5), 91.3 (C-1), 166.8, 168.9, 169.2, 169.5, 170.0 (4 × OC(O)Me, C-6); 

LRMS m/z 399 [(M+Na)+, 100 %]. 

 

 Methyl (2,3,4-tri-O-acetyl-α-D-glucopyranosid)uronate bromide (81) 

In a procedure modified from Bollenback et al.,202 a stirred solution 

of 80 (3.17 g, 84 mmol) in 1,2-dichloroethane (20 mL) at 0 °C, 

under N2, was treated with HBr (33 % w/w in AcOH, 25 mL) and 

stirred for 16 h at 4 °C.  The reaction mixture was poured onto ice 

(50 mL) and neutralised with sat. NaHCO3.  The organic layer was washed with H2O, 

dried with NaSO4 and then concentrated under reduced pressure.  The residue was 

purified by column chromatography (EtOAc/Hexane, 1:3) to furnish the title compound 

81 as a crystalline material (2.27 g, 72 %).  Rf = 0.15 (EtOAc/Hex, 1:3); 1H NMR 

(300 MHz, CDCl3) δ 2.04, 2.05, 2.09 (3 × 3H, 3 × s, 3 × OC(O)Me), 3.75 (3H, s, 

CO2Me), 4.57 (1H, d, J5,4 10.3 Hz, H-5), 4.84 (1H, dd, J2,1 4.1 Hz, J2,3 10.0 Hz, H-2), 

5.23 (1H, dd, J4,3 9.5 Hz, J4,5 10.3 Hz, H-4), 5.60 (1H, app t, J3,2, J3,4 9.9 Hz, H-3), 6.63 

(1H, d, J1,2 4.0 Hz, H-1); 13C NMR (75.5 MHz, CDCl3) δ 20.4, 20.6 (3 × OC(O)Me), 

53.1 (CO2Me), 68.4 (C-4), 69.2 (C-3), 70.3 (C-2), 72.0 (C-5), 85.3 (C-1), 166.6, 169.5, 

169.6, 169.7 (3 × OC(O)Me, C-6); LRMS m/z 419 [(M+Na)+, 100 %]. 
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Methyl (2,3,4-tri-O-acetyl-1-S-acetyl-1-thio-β-D-glucopyranosid)uronate (82) 

In a procedure modified from Horton et al.,205 a stirred 

solution of 81 (2.42 g, 6.1 mmol) in anhydrous acetone 

(25 mL), under N2, was treated with potassium thiolacetate 

(1.04 g, 1.5 equiv) and stirred at rt for 16 h.  The reaction mixture was filtered through 

celite, and the filtrate was concentrated under reduced pressure.  The residue was 

purified by column chromatography (EtOAc/Hexane, 1:1) to furnish the title compound 

82 as a yellow crystalline material (2.39 g, 89 %).  Analytical preparations were 

prepared by recrystallisation from 95 % ethanol.  Rf = 0.36 (EtOAc/Hexane, 1:1); 
1H NMR (300 MHz, CDCl3) δ 2.01, 2.02 (3 × 3H, 3 × s, 3 × OC(O)Me), 2.38 (3H, s, 

SC(O)Me), 3.72 (3H, s, CO2Me), 4.15 (1H, d, J5,4 9.9 Hz, H-5), 5.13 (1H, dd, 

J2,1 10.4 Hz, J2,3 9.1 Hz, H-2), 5.18 (1H, app t, J4,3, J4,5 9.5 Hz, H-4), 5.29 (1H, d, 

J1,2 10.4 Hz, H-1), 5.33 (1H, app t, J3,2, J3,4 9.3 Hz, H-3); 13C NMR (75.5 MHz, CDCl3) 

δ 20.5, 20.6 (3 × OC(O)Me), 30.8 (SC(O)Me), 53.0 (CO2Me), 68.6 (C-2), 69.2 (C-4), 

73.0 (C-3), 76.4 (C-5), 80.1 (C-1), 166.7, 169.2, 169.4, 169.9 (3 × OC(O)Me, C-6), 

191.8 (SC(O)Me); LRMS m/z 415 [(M+Na)+, 100 %]. 

 

3-Nitrobenzyl thiolacetate (90) 

A stirred solution of 3-nitrobenzyl bromide (1.0 g, 46 mmol) in 

anhydrous acetone, under N2, was treated with potassium 

thiolacetate (0.79 g, 1.5 equiv) and stirred at rt for 16 h. The 

reaction mixture was filtered through celite, and the filtrate was 

concentrated under reduced pressure.  The residue was purified by column 

chromatography (EtOAc/Hexane, 1:5) to furnish the title compound 90 as a red 

crystalline material (0.99 g, quant.).  Rf = 0.16 (EtOAc/Hexane, 1:8); 1H NMR 

(300 MHz, CDCl3) δ 2.37 (3H, s, SC(O)Me), 4.17 (2H, s, CH2), 7.47 (1H, app t, J5,4, 

J5,6 7.9 Hz, H-5), 7.64 (1H, d, J4,5 7.7 Hz, H-4), 8.10 (1H, d, J6,5 8.1 Hz, H-6), 8.15 (1H, 

s, H-2); 13C NMR (75.5 MHz, CDCl3) δ 30.3 (SC(O)Me), 32.6 (CH2), 122.3 (C-6), 

123.7 (C-2), 129.5 (C-5), 135.0 (C-4), 140.3, 148.6 (C-1, C-3), 194.4 (SC(O)Me); 

LRMS m/z 234 [(M+Na)+, 100 %]. 
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3-Nitrobenzyl mercaptan (88) 

A stirred solution of 90 (530 mg, 2.5 mmol) in anhydrous 

methanol (60 mL), at 0 °C, under N2, was treated with sodium 

methoxide (1 M, 1.0 mL) and stirred for one h.  The solution was 

brought to a slightly acidic pH by the addition of Amberlite 120 H+ resin, filtered, and 

then concentrated under reduced pressure.  The residue was purified by column 

chromatography (EtOAc/Hexane, 1:4) to furnish the title compound 88 as a yellow 

syrup (424 mg, 77 %) in a ratio of 9:1 with the disulphide 91.  Rf = 0.30 

(EtOAc/Hexane, 1:5); 1H NMR (300 MHz, CDCl3) δ 1.86 (1H, app t, JSH,CH2 7.9 Hz, 

SH), 3.83 (2H, d, JCH2,SH 7.9 Hz, CH2), 7.50 (1H, app t, J5,4, J5,6 7.9 Hz, H-5), 7.67 (1H, 

d, J6,5 7.7 Hz, H-6), 8.11 (1H, d, J4,5 8.2 Hz, H-4), 8.21 (1H, s, H-2); 13C NMR 

(75.5 MHz, CDCl3) δ 28.3 (CH2), 122.1 (C-4), 123.0 (C-2), 129.6 (C-5), 134.3 (C-6), 

139.3, 143.1 (C-1, C-3); LRMS m/z 168 [(M−H)−, 100 %]. 

 

3-Nitrobenzyl disulfide (91) 

 
Rf = 0.30 (EtOAc/Hexane, 1:5); 1H NMR (300 MHz, CDCl3) δ 3.72 (4H, s, 2 × CH2), 

7.53 (2H, app t, J5,4, J5,6 7.9 Hz, 2 × H-5), 7.57 − 7.59 (2H, m, 2 × H-6),  8.06 − 8.07 

(2H, m, 2 × H-2), 8.14 − 8.18 (2H, m, 2 × H-4); 13C NMR (75.5 MHz, CDCl3) δ 42.0 

(2 × CH2), 122.6 (2 × C-4), 124.1 (2 × C-2), 135.3 (2 × C-5), 129.6 (2 × C-6), 139.3, 

143.1 (2 × C-1, 2 × C-3); LRMS m/z 359 [(M+Na)+, 100 %]. 

 

Methyl (3-nitrobenzyl 2,3,4-tri-O-acetyl-1-thio-β-D-glucopyranosid)uronate (84) 

Procedure A:  In a procedure modified from 

Bennett et al.,197 a stirred solution of 82 (1.70 g, 

4.34 mmol), 3-nitrobenzyl bromide (4.55 g, 

5 equiv) and 3 Å molecular sieves in anhydrous 

DMF (10 mL), at 0 °C, under N2, was treated with diethylamine (9.02 mL, 20 equiv) 

and stirred at 0 °C for 4 h.  The reaction mixture was concentrated under reduced 

pressure by rotary evaporation and the organic layer was extracted with EtOAc, then 

washed with 0.1 M HCl and H2O, dried with NaSO4 and concentrated under reduced 

pressure.  The residue was purified by column chromatography (EtOAc/Hexane, 2:3) to 
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furnish the title compound 84 as a white crystalline solid (1.50g, 71 %) and the 

α,β-unsaturated glucuronide 93 (276 mg, 15 %) as a yellow gum.  Rf = 0.24 

(EtOAc/Hexane, 2:3); 1H NMR (300 MHz, CDCl3) δ 2.01, 2.02, 2.06 (3 × 3H, 3 × s, 

3 × OC(O)Me), 3.76 (3H, s, CO2Me), 3.93 (1H, d, J1′a,1′b 13.5 Hz, H-1′a), 3.96 (1H, d, 

J1,2 9.8 Hz, H-1), 4.07 (1H, d, J1′b,1′a 13.3 Hz, H-1′b), 4.39 (1H, d, J5,4 9.8 Hz, H-5), 5.10 

(1H, app t, J4,3, J4,5 9.6 Hz, H-4), 5.21 − 5.24 (2H, m, H-2, H-3), 7.50 (1H, app t, 

J6′,5′, J6′,7′ 7.9 Hz, H-6′), 7.66 (1H, d, J7′,6′ 7.7 Hz, H-7′), 8.13 (1H, d, J5′,6′ 8.4 Hz, H-5′), 

8.21 (1H, s, H-3′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 20.7 (3 × OC(O)Me), 

33.0 (C-1′), 53.1 (CO2Me), 69.2 (C-2), 69.3 (C-4), 72.8 (C-3), 76.2 (C-1), 82.4 (C-5), 

122.5 (C-5′), 124.0 (C-3′), 129.6 (C-6′), 135.3 (C-7′), 170.0 (OC(O)Me/C-6), (N.B. 

some tertiary C signals were missing); LRMS m/z 508 [(M+Na)+, 100 %]. 

 

Methyl (3-nitrobenzyl 2,3-di-O-acetyl-4-deoxy-1-thio-α-L-threo-hex-4-

enopyranosid)uronate (93) 

 

Rf = 0.33 (EtOAc/Hexane, 2:3); 1H NMR 

(300 MHz, CDCl3) δ 2.05, 2.10 (2 × 3H, 2 × s, 

2 × OC(O)Me), 3.83 (3H, s, CO2Me), 3.93 (1H, d, J1′a,1′b 13.8 Hz, H-1′a), 4.06 (1H, d, 

J1′b,1′a 13.8 Hz, H-1′b), 5.09 − 5.12 (2H, m, H-2, H-3), 5.40 − 5.41 (1H, m, H-1), 

6.27 − 6.29 (1H, m, H-4), 7.51 (1H, app t, J6′,5′, J6′,7′, 7.8 Hz, H-6′), 7.71 (1H, d, 

J7′,6′ 7.8 Hz, H-7′), 8.14 (1H, d, J5′,6′ 8.1 Hz, H-5′), 8.24 (1H, s, H-3′); 13C NMR 

(75.5 MHz, CDCl3) δ 20.7 (2 × OC(O)Me), 35.6 (C-1′), 52.7 (CO2Me), 63.7 (C-3), 68.8 

(C-2), 79.9 (C-1), 106.7 (C-4), 122.5 (C-5′), 124.0 (C-3′), 129.6 (C-6′), 135.1 (C-7′), 

139.2, 142.8 (C-2′, C-4′), 148.4 (C-5), 161.9, 169.3, 169.4 (2 × OC(O)Me, C-6); LRMS 

m/z 448 [(M+Na)+, 100 %]. 

 

Procedure B:  In a procedure modified from Furneaux et al.,193 a stirred solution of 

methyl 1,2,3,4-tetra-O-acetyl-β-D-glucopyranuronate (180 mg, 0.48 mmol) in 

anhydrous DCM (10 mL) at 0 °C, under N2, was treated with BF3
.OEt2 (0.12 mL) and 

stirred for 10 min.  A solution of 3-nitrobenzyl thiol in anhydrous DCM (5 mL) was 

then added to the reaction mixture, which was stirred for 20 h at 4 °C.  The reaction 

mixture was concentrated under reduced pressure and the organic layer was extracted 

with DCM, washed with sat. NaHCO3, dried with NaSO4 and concentrated under 

reduced pressure.  The residue was purified by column chromatography 
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(EtOAc/Hexane, 2:3), to furnish the title compound 84 (167 mg, 72 %) in a 1:2 α/β 

ratio.  α-Anomer: Rf = 0.24 (EtOAc/Hexane, 2:3); 1H NMR (300 MHz, CDCl3) δ 1.99, 

2.00, 2.02 (3 × 3H, 3 × s, 3 × OC(O)Me), 3.72 (3H, s, CO2Me), 3.92 (1H, d, 

J1′a,1′b 13.1 Hz, H-1′a), 4.05 (1H, d, J1′b,1′a 13.4 Hz, H-1′b), 4.59 (1H, d, J5,4 9.8 Hz, 

H-5), 4.95 (1H, dd, J2,1 5.4 Hz, J2,3 9.6 Hz, H-2), 5.04 − 5.18 (1H, m, H-4), 5.33 (1H, 

app t, J3,2, J3,4 9.2 Hz, H-3), 5.59 (1H, d, J1,2 5.5 Hz, H-1), 7.47 (1H, app t, J6′,5′, 

J6′,7′ 7.8 Hz, H-6′), 7.61 (1H, d, J7′,6′ 7.9 Hz, H-7′), 8.10 (1H, d, J5′,6′ 8.0 Hz, H-5′), 

8.19 (1H, s, H-3′). 

 

Procedure C:  In a procedure modified from Iino et al.,195 a stirred solution of 

3-nitrobenzyl thiol (246 mg, 1.16 mmol) in anhydrous MeOH (15 mL), under N2, was 

treated with a solution of sodium methoxide in methanol (1 M, 1.1 mL) and stirred for 

1.5 h at 0 °C.  The reaction mixture was concentrated under reduced pressure by rotary 

evaporation while attempting to exclude O2.  The reaction was then treated with a 

solution of methyl 2,3,4-tri-O-acetyl-α-D-glucopyranuronate bromide (199 mg, 

0.5 mmol) in anhydrous DMF (20 mL) and stirred at 4 °C, under N2 for 16 h.  The 

reaction mixture was concentrated under reduced pressure and the organic layer was 

extracted with EtOAc, washed with H2O, dried with NaSO4 and concentrated under 

reduced pressure.  The residue was purified by column chromatography 

(EtOAc/Hexane, 1:1), to furnish the title compound 84 as a yellow syrup (75.5 mg, 

31 %). 

 

Procedure D:  In a procedure modified from Bollenback et al.,202 a stirred solution of 

methyl 2,3,4-tri-O-acetyl-α-D-glucopyranuronate bromide (202 mg, 0.51 mmol) and 

3-nitrobenzyl thiol (161 mg) in anhydrous DCM (20 mL), under N2, was treated with 

silver carbonate (0.55 g, 4 equiv) and stirred at rt.  After 5 days, TLC (EtOAc/Hexane, 

2:3) indicated that no reaction had taken place.  It was hypothesised that the disulphide 

had formed during the reaction.  The reaction mixture was concentrated under reduced 

pressure by rotary evaporation and then treated with pyridine (5 mL) and acetic 

anhydride (2 mL) and stirred for 16 h at rt.  The reaction mixture was concentrated 

under reduced pressure and the organic layer was extracted with EtOAc, washed with 

0.1 M HCl, H2O, dried with NaSO4 and concentrated under reduced pressure.  1H NMR 

analysis of the crude reaction product indicated that the disulphide was present, as the 

S-acetylated material had not formed. 
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 Methyl (3-aminobenzyl 2,3,4-tri-O-acetyl-1-thio-β-D-glucopyranosid)uronate (85) 

According to the procedure from Angus 

et al.,208 a stirred solution of 84 (393 mg, 

0.81 mmol) in MeOH (50 mL), under N2, was 

treated with SnCl2
.2H2O (0.63 g, 5 equiv) and 

heated to 70 °C for 17 h.  The reaction mixture was cooled to rt and then poured onto a 

NaHCO3/ice mixture.  The organic layer was extracted with EtOAc, washed with sat. 

NaHCO3, filtered, dried with NaSO4 and then concentrated under reduced pressure.  

The residue was purified by column chromatography (EtOAc/Hexane, 3:2), to furnish 

the title compound 85 as a pale yellow gum (0.27 g, 73.2 %).  Rf = 0.26 

(EtOAc/Hexane, 3:2); 1H NMR (300 MHz, CDCl3) δ 1.94, 1.95 (3 × 3H, 3 × s, 

3 × OC(O)Me), 3.50 (2H, br s, NH2), 3.68 (1H, d, J1′a,1′b 13.0 Hz, H-1′a), 3.71 (3H, s, 

CO2Me), 3.79 (1H, d, J1′b,1′a 12.8 Hz, H-1′b), 3.87 (1H, d, J1,2 9.7 Hz, H-1), 4.29 (1H, d, 

J5,4 9.9 Hz, H-5), 5.01 (1H, app t, J4,3, J4,5 9.6 Hz, H-4), 5.10 − 5.24 (2H, m, H-2, H-3), 

6.58 (1H, d, J5′,6′ 6.9 Hz, H-5′), 6.64 (1H, s, H-3′), 6.65 (d, 1H, J7′,6′ 7.7 Hz, H-7′), 

7.02 (1H, app t, J6′,5′, J6′,7′ 7.8 Hz, H-6′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 

20.7 (3 × OC(O)Me), 33.9 (C-1′), 53.0 (CO2Me), 69.4 (C-3), 69.5 (C-4), 73.1 (C-2), 

76.2 (C-1), 82.5 (C-5), 114.3 (C-5′), 115.8 (C-3′), 119.4 (C-7′), 129.5 (C-6′), 137.7, 

146.62 (C-2′, C-4′), 167.0, 169.4, 170.1 (3 × OC(O)Me, C-6), (N.B. some tertiary 

C signals were missing); LRMS m/z 478 [(M+Na)+, 100 %]; HRMS calcd for 

C20H25NO9S (M+Na) 478.1142, found 478.1137. 

 

Methyl (N-benzoyl-3-aminobenzyl 2,3,4-tri-O-acetyl-1-thio-β-D-

glucopyranosid)uronate (86) 

A stirred solution of 85 (96 mg, 

0.21 mmol) and triethylamine (59 μL, 

2 equiv) in anhydrous DCM (2 mL), 

under N2, at 0 °C, was treated with 

benzoyl chloride (37 μL, 1.5 equiv).  The reaction was warmed to rt and stirred for 16 h.  

The reaction mixture was concentrated under reduced pressure and the organic layer 

was extracted with EtOAc, washed with H2O, dried with NaSO4 and then concentrated 

under reduced pressure.  The residue was purified by column chromatography 

(EtOAc/Hexane, 3:2), to furnish the title compound 86 as a pale yellow gum (103 mg, 

87 %).  Rf = 0.33 (EtOAc/Hexane, 3:2); 1H NMR (300 MHz, CDCl3) δ 2.01, 2.03 
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(3 × 3H, 3 × s, 3 × OC(O)Me), 3.72 (3H, s, CO2Me), 3.80 (1H, d, J1′a,1′b 13.4 Hz, H-1′a), 

3.97 (1H, d, J1′b,1′a 13.7 Hz, H-1′b), 3.99 (1H, d, J1,2 9.8 Hz, H-1), 4.42 (1H, d, 

J5,4 9.9 Hz, H-5), 5.10 (1H, app t, J4,3, J4,5 9.6 Hz, H-4), 5.19 − 5.27 (2H, m, H-2, H-3), 

7.05 (1H, d, J7′,6′ 7.7 Hz, H-7′), 7.31 (1H, app t, J6′,5′, J6′,7′ 7.9 Hz, H-6′), 7.44 − 7.57 

(3H, m, H-4″, H-5″, H-6″), 7.65 (1H, s, H-3′), 7.73 (1H, d, J5′,6′ 8.1 Hz, H-5′), 

7.91 − 7.94 (2H, m, H-3″, H-7″), 8.15 (1H, br s, NH); 13C NMR (75.5 MHz, CDCl3) 

δ 20.5, 20.6 (3 × OC(O)Me), 33.9 (C-1′), 52.9 (CO2Me), 69.3 (C-3), 69.4 (C-4), 73.0 

(C-2), 76.0 (C-1), 82.6 (C-5), 119.2 (C-5′), 121.0 (C-3′), 124.9 (C-7′), 127.1 (C-3″, 

C-7″), 128.7 (C-4″, C-6″), 129.3 (C-6′), 131.8 (C-5″), 134.9, 138.1, 138.4  (C-2′, C-4′, 

C-2″), 165.6, 167.2, 169.4, 170.0 (3 × OC(O)Me, C-6, C-1″); LRMS m/z 582 [(M+Na)+, 

100 %]; HRMS calcd for C27H29NO10S (M+Na) 582.1404, found 582.1396. 

 

Methyl (N-benzyl-3-aminobenzyl 2,3,4-tri-O-acetyl-1-thio-β-D-

glucopyranosid)uronate (87) 

A stirred solution of 85 (54 mg, 

0.12 mmol) in MeOH (2 mL), in the 

presence of acetic acid (20 μL), at 

0 °C, under N2, was treated with 

benzaldehyde (43 μL, 1.5 equiv) and stirred at rt for 2 h.  The reaction mixture was then 

treated with borane-pyridine complex (12 μL, 1 equiv) and stirred for 5 h at rt, then for 

40 h at 40 °C.  The solvent was removed under reduced pressure and the organic layer 

was extracted with EtOAc, washed with H2O, dried with NaSO4, and then concentrated 

under reduced pressure.  The residue was purified by column chromatography 

(EtOAc/Hexane, 1:2), to furnish the title compound 87 as a pale yellow gum (48 mg, 

74 %).  Rf = 0.34 (EtOAc/Hexane, 3:2); 1H NMR (300 MHz, CDCl3) δ 2.00, 2.01, 2.02 

(3 × 3H, 3 × s, 3 × OC(O)Me), 3.74 (1H, d, J1′a,1′b 12.9 Hz, H-1′a), 3.75 (3H, s, CO2Me), 

3.86 (1H, d, J1′b,1′a 12.9 Hz, H-1′b), 3.88 (1H, d, J1,2 9.6 Hz, H-1), 4.33 (2H, s, H-1″a, 

H-1″b), 4.34 (1H, d, J5,4 6.9 Hz, H-5), 5.07 (1H, app t, J4,3, J4,5 9.5 Hz, H-4), 5.14 − 5.30 

(2H, m, H-2, H-3), 6.56 (1H, d, J5′,6′ 8.1 Hz, H-5′), 6.58 (1H, s, H-3′), 6.63 (1H, d, 

J7′,6′ 8.1 Hz, H-7′), 7.11 (1H, app t, J6′,5′, J6′,7′ 7.7 Hz, H-6′), 7.28 – 7.37 (5H, m, H-3″, 

H-4″, H-5″, H-6″, H7″); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 20.7 

(3 × OC(O)Me), 34.1 (C-1′), 48.2 (C-1″), 52.9 (CO2Me), 69.4 (C-3), 69.5 (C-4), 73.1 

(C-2), 76.2 (C-1), 82.4 (C-5), 112.0 (C-5′), 113.4 (C-3′), 118.3 (C-7′), 127.4 (C-6′), 
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127.5 (C-3″, C-7″), 128.7 (C-4″, C-6″), 129.5 (C-5″), 137.7 (C-2′/C-4′/C-2″), 169.3 

(OC(O)Me/C-6), (N.B. some tertiary C signals were missing); LRMS m/z 568 

[(M+Na)+, 100 %]; HRMS calcd for C27H31NO9S (M+Na) 568.1612, found 568.1621. 

 

Methyl (benzyl 2,3,4-tri-O-acetyl-1-thio-β-D-glucopyranosid)uronate (20) 

In a procedure modified from Bennett et al.,197 a 

solution of 82 (144 mg, 0.37 mmol) in DMF (1 mL) 

at 0 °C was treated with benzyl bromide (0.763 mL, 

5 equiv) and diethyl amine (0.763 mL, 20 equiv) and then stirred at 0 °C for 5 h.  The 

reaction was concentrated under reduced pressure and the organic layer was extracted 

with EtOAc, washed with 0.1 M HCl and H2O, then dried (NaSO4) and concentrated 

under reduced pressure. The residue was purified by column chromatography 

(EtOAc/Hex, 4:5) to furnish the title compound 20 (71.4 mg, 44.2 %), and the 

α,β-unsaturated glucuronide 95 (3.4 mg, 2 %) as a yellow gum.  Rf = 0.24 

(EtOAc/Hexane, 1:1); 1H NMR (300 MHz, CDCl3) δ 2.01 (3 × 3H, 3 × s, 

3 × OC(O)Me), 3.78 (3H, s, CO2Me), 3.85 (1H, d, J1′a,1′b 12.6 Hz, H-1′a), 3.93 (1H, d, 

J1,2 7.8 Hz, H-1), 3.95 (1H, d, J1′b,1′a 12.9 Hz, H-1′b), 4.33 (1H, d, J5,4 9.6 Hz, H-5), 5.09 

(1H, app t, J4,3, J4,5 9.5 Hz, H-4), 5.15 − 5.30 (2H, m, H-2, H-3), 7.27 − 7.37 (5H, m, 

H-3′, H-4′, H-5′, H-6′, H-7′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 

(3 × OC(O)Me), 33.9 (C-1′), 52.9 (CO2Me), 69.4 (C-2), 69.5 (C-4), 73.1 (C-3), 76.2 

(C-1), 82.5 (C-5), 127.4 (C-5′), 128.6 (C-4′, C-6′), 129.1 (C-3′, C-7′)), 136.7 (C-2′), 

166.9, 169.3, 170.1 (3 × OC(O)Me/C-6), (N.B. some tertiary C signals were missing); 

LRMS m/z 463 [(M+Na)+, 100 %]; HRMS calcd for C20H24O9S (M+Na) 463.1033, 

found 463.1046. 

 

Methyl (benzyl 2,3-di-O-acetyl-4-deoxy-1-thio-α-L-threo-hex-4-

enopyranosid)uronate (95) 

Rf = 0.37 (EtOAc/Hexane, 1:1); 1H NMR (300 MHz, 

CDCl3) δ 2.05, 2.09 (2 × 3H, 2 × s, 2 × OC(O)Me), 

3.85 (3H, s, CO2Me), 3.86 (1H, d, J1′a,1′b 15.1 Hz, 

H-1′a), 3.96 (1H, d, J1′b,1′a 13.2 Hz, H-1′b), 5.07 − 5.11 (2H, m, H-2, H-3), 5.42 (1H, m, 

H-1), 6.28 (1H, m, H-4), 7.27 − 7.39 (5H, m, H-3′, H-4′, H-5′, H-6′, H-7′). 
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Methyl 3-nitro-1-naphthoate (106)  

In a procedure modified from Kice et al.,215 a stirred solution of 

3-nitro-1,8-naphthalic anhydride (5.037g, 20.7 mmol) in 0.65 M 

NaOH (125 mL), was treated with a solution of HgO (5.77g) in 

25 % acetic acid.  The mixture was refluxed for 5 days.  For the 

next step, the solution was treated with 10.2 M HCl (70 mL) and refluxed for 5 h.  The 

precipitated product was filtered, washed with H2O, and then dried under reduced 

pressure to furnish the monoacid species 104 and 105 as a cream coloured solid 

(4.423 g, 96 % crude over two steps).  LRMS m/z 240 [(M+Na)+, 100 %].  A stirred 

slurry of the crude product, 104/105, in MeOH (40 mL) at 0 °C, was treated with 

thionyl chloride (2.9 mL, 2 equiv) dropwise over 10 min.  The solution was warmed to 

rt and then refluxed for 4 h.  The reaction was cooled and concentrated under reduced 

pressure.  The organic layer was extracted with EtOAc, washed with sat. NaHCO3, 

brine and H2O, and then dried (NaSO4) and concentrated under reduced pressure.  The 

residue was purified by column chromatography (EtOAc/Hex, 1:4) to furnish the title 

compound 106 and the regioisomer 107 (4.310 g, 90 % over three steps) as an 

inseparable mixture.  Rf = 0.56 (EtOAc/Hexane, 1:1); 1H NMR (300 MHz, CDCl3) 

δ 4.06 (3H, s, CO2Me), 7.71 (1H, ddd, J7,6 8.1 Hz, J7,8 7.0 Hz, J7,9 1.1 Hz, H-7), 7.83 

(1H, ddd, J8,6 1.4 Hz, J8,7 6.9 Hz, J8,9 8.6 Hz, H-8), 8.09 (1H, d, J6,7 8.2 Hz, H-6), 8.93 

(1H, d, J4,2 2.4 Hz, H-4), 8.96 (1H, d, J2,4 2.4 Hz, H-2), 9.03 (1H, d, J9,8 8.5 Hz, H-9); 
13C NMR (75.5 MHz, CDCl3) δ 52.8 (CO2Me), 123.3 (C-4), 126.4 (C-9), 128.3 (C-7), 

128.9 (C-2), 130.7 (C-6), 131.6 (C-8), 132.8 (C-1/C-3/C-5/C-10), 166.2 (CO2Me), 

(N.B. some tertiary C signals were missing); LRMS m/z 254 [(M+Na)+, 100 %]. 

 

3-Nitro-1-naphthyl carbinol (103) 

According to the procedure from Kice et al.,215 a solution of AlCl3 

(906 mg, 6.8 mmol) in diethyl ether (10 mL), was added to a 

stirred solution of LiAlH4 (269 mg, 6.8 mmol) in diethyl ether 

(10 mL).  The resulting solution was then treated with the mixture 

of 106 and 107 (622 mg, 2.7 mmol) in diethyl ether (60 mL) 

dropwise.  The reaction was stirred at rt for 15 min, before carefully adding ice cold 

H2O (50 mL).  The organic layer was separated, dried (NaSO4), and then concentrated 

under reduced pressure.  The residue was purified by column chromatography 

(EtOAc/Hex, 1:1) to furnish the title compound 103 (377 mg) and 108 (57 mg) (79 % 

overall yield).  Rf = 0.16 (EtOAc/Hexane, 1:1); 1H NMR (300 MHz, CDCl3) δ 2.04 (1H, 
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app t, JOH,CH2 5.6 Hz, OH), 5.24 (2H, d, JCH2,OH 5.0 Hz, CH2OH), 7.67 (1H, ddd, 

J7,6 8.1 Hz, J7,8 6.9 Hz, J7,9 1.3 Hz, H-7), 7.75 (1H, ddd, J8,6 1.5 Hz, J8,7 6.9 Hz, 

J8,9 8.5 Hz, H-8), 8.07 (1H, ddd, J6,7 8.1 Hz, J6,4, J6,8 0.7 Hz, H-6), 8.14 (1H, dd, 

J9,7 0.9 Hz, J9,8 8.5 Hz, H-9), 8.35 (1H, d, J4,2 2.3 Hz, H-4), 8.74 (1H, d, J2,4 2.3 Hz, 

H-2); 13C NMR (75.5 MHz, CDCl3) δ 62.8 (CH2), 117.7 (C-4), 123.8 (C-9), 124.7 

(C-2), 127.9 (C-7), 130.1 (C-8), 130.9 (C-6), 132.4, 138.9 (C-1/C-3/C-5/C-10), (N.B. 

some tertiary C signals were missing); LRMS m/z 226 [(M+Na)+, 100 %]. 

 

3-Nitro-1-(iodomethyl)naphthalene (101) 

According to the procedure from Anilkumar et al.,217 a solution of 

103 (618 mg, 3 mmol) in dichloromethane (30 mL), under argon, 

was treated with polymer-bound triphenylphosphine (2.5 g, 

4 mmol), imidazole (313 mg, 1.5 equiv) and iodine (1.17 g, 

1.5 equiv).  The reaction was stirred for 15 min at rt, before filtering off the polymer-

bound triphenylphosphine.  The filtrate was washed with 5 % sodium thiosulfate and 

the organic layer was separated, dried (NaSO4) and concentrated under reduced pressure 

to furnish the title compound 101 (855 mg, 90 %).  Rf = 0.39 (EtOAc/Hexane, 1:4); 
1H NMR (300 MHz, CDCl3) δ 4.92 (2H, s, CH2I), 7.69 (1H, ddd, J7,6 8.1 Hz, 

J7,8 6.9 Hz, J7,9 1.1 Hz, H-7), 7.87 (1H, ddd, J8,6 1.3 Hz, J8,7 6.9 Hz, J8,9 8.5 Hz, H-8), 

8.11 (1H, ddd, J6,7 8.2 Hz, J6,4, J6,8 0.6 Hz, H-6), 8.18 (1H, dd, J9,7 0.8 Hz, J9,8 8.6 Hz, 

H-9), 8.36 (1H, d, J4,2 2.3 Hz, H-4), 8.77 (1H, d, J2,4 2.2 Hz, H-2); 13C NMR 

(75.5 MHz, CDCl3) δ 0.8 (CH2I), 119.3 (C-4), 124.4 (C-9), 125.0 (C-2), 128.4 (C-7), 

129.9 (C-8), 131.0 (C-6), 132.9, 137.3 (C-1/C-3/C-5/C-10), (N.B. some tertiary C 

signals were missing); LRMS m/z 314 [(M+H)+, 100 %]. 

 

Methyl (3-nitronaphthalen-1-yl methylene 2,3,4-tri-O-acetyl-1-thio-β-D-

glucopyranosid)uronate (100) 

In a procedure modified from Bennett et al.,197 

a stirred solution of 82 (1.58 g, 4.0 mmol) and 

101 (819 mg, 2.7 mmol) in DMF (20 mL), at 

0 °C, under argon, with molecular sieves, was 

treated with diethylamine (5.51 mL, 20 equiv).  

The reaction was stirred for 4 h at 0 °C before concentrating the products under reduced 

pressure.  The organic layer was extracted with EtOAc, and washed with 0.1 M HCl and 

H2O, before drying (NaSO4) concentrating under reduced pressure.  The residue was 
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purified by column chromatography (EtOAc/Hex, 2:3) to furnish the title compound 

100 (360 mg, 26 %).  Rf = 0.47 (EtOAc/Hexane, 3:2); 1H NMR (300 MHz, CDCl3) δ 

198, 2.01, 2.02 (3 × 3H, 3 × s, 3 × OC(O)Me), 3.80 (3H, s, CO2Me), 3.97 (1H, d, J1,2 

9.4 Hz, H-1), 4.37 (1H, d, J1′a,1′b 13.0 Hz, H-1′a), 4.43 (1H, d, J5,4 9.6 Hz, H-5), 4.51 

(1H, d, J1′b,1′a 13.1 Hz, H-1′b), 5.29 − 5.29 (3H, m, H-2, H-3, H-4), 7.67 (1H, ddd, J8′,7′ 

8.0 Hz, J8′,9′ 6.9 Hz, J8′,10′ 1.1 Hz, H-8′), 7.76 (1H, ddd, J9′,7′ 1.4 Hz, J9′,8′ 6.9 Hz, J9′,10′ 

8.5 Hz, H-9′), 8.07 (1H, dd, J7′,8′ 8.2 Hz, J7′,5′ 0.7 Hz, H-7′), 8.24 (1H, d, J5′,3′ 2.4 Hz, H-

5′), 8.24 (1H, d, J10′,9′ 8.1 Hz, H-10′), 8.75 (1H, d, J3′,5′ 2.1 Hz, H-3′); 13C NMR (75.5 

MHz, CDCl3) δ 20.5, 20.6 (3 × OC(O)Me), 30.8 (C-1′), 53.0 (CO2Me), 69.1, 69.3, 72.8, 

(C-2, C-3, C-4), 76.0 (C-1), 82.4 (C-5), 120.4 (C-10′), 124.4 (C-5′), 124.8 (C-3′), 128.0 

(C-8′), 130.1 (C-9′), 131.0 (C-7′), 132.7, 134.0, 135.2 (OC(O)Me/C-2′/C-4′/C6′/C-11′), 

166.7 (C-6), (N.B. some tertiary C signals were missing); LRMS m/z 558 [(M+Na)+, 

100 %]. 

 

Methyl (3-aminonaphthalen-1-yl methylene 2,3,4-tri-O-acetyl-1-thio-β-D-

glucopyranosid)uronate (110) 

According to the procedure from Angus et 

al.,208 a stirred solution of 100 (215 mg, 

0.4 mmol) in anhydrous MeOH (100 mL), was 

treated with SnCl2⋅2H2O (462 mg, 5 equiv) and 

glacial acetic acid (10 mL).  The reaction was heated to 60 °C and stirred for 28 h, 

before cooling and concentrating under reduced pressure.  The organic layer was 

extracted with EtOAc, washed with sat. NaHCO3 and H2O, and then dried (NaSO4) and 

concentrated under reduced pressure.  The residue was purified by column 

chromatography (EtOAc/Hex, 2:3) to furnish the title compound 110 (109 mg, 54 %) in 

a 1:1 ratio with 111/112.  Rf = 0.24 (EtOAc/Hexane, 3:2); 1H NMR (300 MHz, CDCl3) 

δ 1.91, 1.99, 2.01 (3 × 3H, 3 × s, OC(O)Me), 3.80 (3H, s, CO2Me), 3.93 (1H, d, 

J1,2 9.6 Hz, H-1), 4.23 (1H, d, J1′a,1′b 13.0 Hz, H-1′a), 4.32 (1H, d, J1′b,1′a 12.9 Hz, 

H-1′b), 4.34 (1H, d, J5,4 9.1 Hz, H-5), 5.06 − 5.29 (3H, m, H-2, H-3, H-4), 6.94, 7.04 

(2 × 1H, 2 × s, H-3′, H-5′), 7.22 − 7.31 (2H, m, H-8′, H-9′), 7.90 − 7.99 (2H, m H-7′, 

H-10′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6 (3 × OC(O)Me), 31.2 (C-1′), 53.0 

(CO2Me), 69.4, 73.0, 76.3 (C-2, C-3, C-4), 82.5 (C-1), 82.6 (C-5), 120.2, 120.6 (C-3′, 

C-5′), 122.8 (C-8′, C-9′), 123.8, 124.3 (C-7′, C-10′), (N.B. some tertiary C signals were 

missing); LRMS m/z 506 [(M+H)+, 100 %]. 
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Methyl (3-amino-4-methoxy-naphthalen-1-yl methylene 2,3,4-tri-O-acetyl-1-thio-β-

D-glucopyranosid)uronate (111) 

Methyl (3-amino-2-methoxy-naphthalen-1-yl methylene 2,3,4-tri-O-acetyl-1-thio-β-

D-glucopyranosid)uronate (112) 

 
Rf = 0.24 (EtOAc/Hexane, 3:2); 1H NMR (300 MHz, CDCl3) δ 1.89, 1.99, 2.01 (3 × 3H, 

3 × s, OC(O)Me), 3.80 (3H, s, CO2Me), 3.90 (3H, s, OMe), 3.93 (1H, d, J1,2 9.6 Hz, 

H-1), 4.22 (1H, d, J1′a,1′b 12.9 Hz, H-1′a), 4.34 (1H, d, J1′b,1′a 13.1 Hz, H-1′b), 4.37 (1H, 

d, J5,4 9.6 Hz, H-5), 5.06 − 5.29 (3H, m, H-2, H-3, H-4), 6.94 (1H, s, H-3′/H-5′), 7.37 

(1H, app t, J8′,7′, J8′,9′ 7.5 Hz, H-8′), 7.45 (1H, app t, J9′,8′, J9′,10′ 7.5 Hz, H-9′), 7.60 (1H, 

d, J7′,8′ 8.2 Hz, H-7′), 7.95 (1H, d, J10′,9′ 8.5 Hz, H-10′); 13C NMR (75.5 MHz, CDCl3) 

δ 20.5, 20.6 (3 × OC(O)Me), 31.0 (C-1′), 53.0 (CO2Me), 60.0 (OMe), 69.4, 73.0, 76.3 

(C-2, C-3, C-4), 82.5 (C-1), 82.6 (C-5), 109.1 (C-3′/C-5′), 120.8 (C-10′), 126.3, 126.4 

(C-8′, C-9′), 126.7 (C-7′), (N.B. some tertiary C signals were missing); LRMS m/z 536 

[(M+H)+, 100 %]. 

 

Methyl (N-benzoyl-3-amino-naphthalen-1-yl methylene 2,3,4-tri-O-acetyl-1-thio-β-

D-glucopyranosid)uronate (113) 

A stirred solution of the mixture of 

110 and 111/112 (34 mg, 0.07 mmol) 

in CH2Cl2 (2 mL) at 0 °C, was treated 

with benzoyl chloride (12 μl, 

1.5 equiv) and triethylamine (14 μl, 

1.5 equiv).  The reaction was warmed to rt and stirred for 18 h, before concentrating 

under reduced pressure.  The organic layer was extracted with EtOAc, washed with 

H2O, the dried (NaSO4) and concentrated under reduced pressure.  The residue was 

purified by column chromatography to furnish the title compound 113 (37 mg, 90 %) in 

a 1:1 ratio with 114.  Rf = 0.39 (EtOAc/Hexane, 3:2); 1H NMR (300 MHz, CDCl3) 

δ 1.93, 2.01 (3 × 3H, 3 × s, 3 × OC(O)Me), 3.73 (3H, s, CO2Me), 4.00 (1H, d, 

J1,2 9.4 Hz, H-1), 4.30 (1H, d, J1′a,1′b 13.4 Hz, H-1′a), 4.37 (1H, d, J1′b,1′a 13.1 Hz, 
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H-1′b), 4.42 (1H, d, J5,4 9.4 Hz, H-5), 5.04 − 5.29 (3H, m, H-2, H-3, H-4), 7.40 − 7.62 

(5H, m, H-8′, H-9′, H-4″, H-5″, H-6″), 7.65 (1H, s, H-5′), 7.86 (1H, d, J7′,8′ 7.3 Hz, 

H-7′), 7.93 − 8.03 (3H, m, H-10′, H-3″, H-7″), 8.44 (1H, s, H-3′); 13C NMR (75.5 MHz, 

CDCl3) δ 20.5, 20.6 (3 × OC(O)Me), 29.7 (C-1′), 52.9 (CO2Me), 69.3, 72.9, 76.1 (C-2, 

C-3, C-4), 82.5 (C-1), 82.6 (C-5), 117.4 (C-3′), 122.2 (C-5′), 123.4 (C-10′), 125.4 

(C-8′), 126.5 (C-9′), 127.2 (C-3″, C-7″), 128.7 (C-1″), 128.8 (C-4″, C-6″), 128.9 (C-7′), 

131.9 (C-5″), 133.8, 134.6, 134.8, 134.8 (C-2′, C-4′, C-6′, C-11′, C-2″), 165.8, 167.3, 

169.4, 169.9 (3 × OC(O)Me, C-6); LRMS m/z 610 [(M+H)+, 100 %]. 

 

Methyl (N-benzoyl-3-amino-4-methoxy-naphthalen-1-yl methylene 2,3,4-tri-O-

acetyl-1-thio-β-D-glucopyranosid)uronate (114) 

Methyl (N-benzoyl-3-amino-2-methoxy-naphthalen-1-yl methylene 2,3,4-tri-O-

acetyl-1-thio-β-D-glucopyranosid)uronate (114) 

Rf = 0.39 (EtOAc/Hexane, 3:2); 1H 

NMR (300 MHz, CDCl3) δ 1.84, 

1.98, 2.00 (3 × 3H, 3 × s, 

3 × OC(O)Me, 3.76 (3H, s, 

CO2Me), 4.00 (3H, s, OMe), 4.09 

(1H, d, J1,2 9.7 Hz, H-1), 4.30 (1H, 

d, J1′a,1′b 13.4 Hz, H-1′a), 4.41 (1H, 

d, J1′b,1′a 13.4 Hz, H-1′b), 4.51 (1H, 

d, J5,4 9.9 Hz, H-5), 5.04 − 5.30 

(3H, m, H-2, H-3, H-4), 7.40 − 7.62 (5H, m, H-8′, H-9′, H-4″, H-5″, H-6″), 7.93 − 8.03 

(3H, m, H-10′, H-3″, H-7″), 8.07 (1H, d, J7′,8′ 7.9 Hz, H-7′), 8.11 (1H, d, J10′,9′ 7.9 Hz, 

H-10′), 8.56 (1H, s, H-3′/H-5′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6 

(3 × OC(O)Me), 29.7 (C-1′), 52.9 (CO2Me), 61.9 (OMe), 69.6, 73.0, 75.8 (C-2, C-3, 

C-4), 82.5 (C-1), 82.6 (C-5), 122.0 (C-7′, 10′), 124.7 (C-8′), 125.4 (C-9′), 126.4 (C-5′), 

127.2 (C-3″, C-7″), 127.9 (C-1″), 128.9 (C-4″, C-6″), 132.1 (C-5″), 133.8, 134.6, 134.8, 

134.8 (C-2′, C-4′, C-6′, C-11′, C-2″), 165.8, 167.3, 169.4, 169.9 (3 × OC(O)Me, C-6); 

LRMS m/z 640 [(M+H)+, 100 %]. 
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3-Methanesulfonyloxy-1,2-propanediol isopropylidiene ketal (125) 

A stirred solution of (±)-2,2-dimethyl-4-hydroxymethyl-1,3-

dioxolane (8.37 g, 63.4 mmol) in anhydrous pyridine (50 mL), 

at 0 °C, under N2, was treated with methanesulfonyl chloride 

(9.81 mL, 2 equiv).  The solution was warmed to rt and stirred 

for 3 h.  The solvent was removed under reduced pressure and the organic layer was 

extracted with EtOAc, filtered, and washed with 0.1 M HCl, H2O, then dried with 

NaSO4 and concentrated under reduced pressure.  The residue was purified by column 

chromatography (EtOAc/Hex, 3:2), to furnish the title compound 125 as a pale yellow 

liquid (13.88 g, quant.).  Rf = 0.31 (EtOAc/Hexane, 1:1); 1H NMR (300 MHz, CDCl3) 

δ 1.36, 1.44 (2 × 3H, 2 × s, CMe2, 3.06 (3H, s, SMe), 3.82 (1H, dd, J1a,2 5.4 Hz, 

J1a,1b 8.7 Hz, H-1a), 4.10 (1H, dd, J1b,2 6.5 Hz, J1b,1a 8.8 Hz, H-1b), 4.22 (2H, d, 

J3,2 5.4 Hz, H-3), 4.32 − 4.40 (1H, m, H-2); 13C NMR (75.5 MHz, CDCl3) δ 24.9, 26.4 

(CMe2), 37.3 (SMe), 65.5 (C-1), 69.2 (C-3), 73.0 (C-2), 109.9 (CMe2). 

 

3-Azido-1,2-propanediol isopropylidene ketal (123) 

A stirred solution of 125 (13.88 g, 66 mmol) in anhydrous DMF 

(50 mL), under N2, was treated with sodium azide (8.58 g, 2 equiv).  

The solution was heated to 110 °C and stirred for 16 h before being 

allowed to cool to rt.  The organic layer was extracted with EtOAc, and washed with a 

sat. NaCl solution, then dried with NaSO4 and concentrated under reduced pressure 

using a water aspirated rotary evaporator.  The residue was purified by column 

chromatography (EtOAc/Hex, 1:1) to furnish the title compound 123 as a pale yellow 

liquid (10.87 g, quant.).  Rf = 0.53 (EtOAc/Hexane, 1:1); 1H NMR (300 MHz, CDCl3) 

δ 1.37, 1.47 (2 × 3H, 2 × s, CMe2), 3.30 (1H, dd, J3a,2 5.6 Hz, J3a,3b 12.8 Hz, H-3a), 3.40 

(1H, dd, J3b,2 4.7 Hz, J3b,3a 12.8 Hz, H-3b), 3.78 (1H, dd, J1a,2 5.9 Hz, J1a,1b 8.4 Hz, 

H-1a), 4.06 (1H, dd, J1b,2 6.4 Hz, J1b,1a 8.4 Hz, H-1b), 4.24 − 4.31 (1H, m, H-2); 
13C NMR (75.5 MHz, CDCl3) δ 25.2, 26.6 (CMe2), 52.8 (C-3), 66.6 (C-1), 74.5 (C-2), 

109.9 (CMe2). 
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3-Azido-1,2-propane diol (126) 

A stirred solution of 123 (10.87 g, 69 mmol) in H2O (6 mL), was 

treated with glacial acetic acid (44 mL).  The solution was heated to 

60 °C and stirred for 3 h before being allowed to cool to rt.  The reaction products were 

concentrated under reduced pressure by rotary evaporation, with H2O azeotroped with 

toluene, to furnish the title compound 126 as a pale yellow liquid (9.10 g, quant.).  

Rf = 0.24 (EtOAc/Hexane, 3:2); 1H NMR (300 MHz, CDCl3) δ 3.40 (2H, d, J3,2 5.4 Hz, 

H-3), 3.61 (1H, dd, J1a,2 6.0 Hz, J1a,1b 11.4 Hz, H-1a), 3.71 (1H, dd, J1b,2 3.6 Hz, 

J1b,1a 11.4 Hz, H-1b), 3.85 − 3.92 (1H, m, H-2); 13C NMR (75.5 MHz, CDCl3) δ 53.4 

(C-3), 63.9 (C-1), 70.8 (C-2); LRMS m/z 140 [(M+Na)+, 100 %]. 

 

3-Azido-1-t-butyldimethylsilyloxy-isopropanol (127) 

A stirred solution of 126 (9.0 g, 77 mmol) and imidazole 

(10.46 g, 2 equiv) in anhydrous DMF (50 mL), at 0 °C, under 

N2, was treated with t-butyldimethylsilyl chloride (11.58 g, 1.0 equiv) and the reaction 

was stirred for 20 h at 4 °C.  The reaction mixture was concentrated under reduced 

pressure and the organic layer was extracted with EtOAc, washed with H2O, then dried 

(NaSO4) and concentrated under reduced pressure. The residue was purified by column 

chromatography (EtOAc/Hex, 1:5), to furnish the title compound 127 as a pale yellow 

liquid (10.16 g, 57.2 %).  The alternative mono-silylated product 128 (0.71 g, 4.0 %) 

and the di-silylated material 129 (2.06 g, 7.8 %) were also isolated from this reaction.  

Rf = 0.29 (EtOAc/Hexane, 1:5); 1H NMR (300 MHz, CDCl3) δ 0.10 (6H, s, SiMe2), 0.90 

(9H, s, CMe3), 2.46 (1H, d, JOH,2 5.7 Hz, OH), 3.35 (2H, d, J3,2 5.7 Hz, H-3), 3.60 (1H, 

dd, J1a,2 5.7 Hz, J1a,1b 9.9 Hz, H-1a), 3.66 (1H, dd, J1b,2 4.5 Hz, J1b,1a 10.2 Hz, H-1b), 

3.78 − 3.69 (1H, m, H-2); 13C NMR (75.5 MHz, CDCl3) δ -4.4 (SiMe2), 18.2 (CMe3), 

25.8 (CMe3), 53.2 (C-3), 64.1 (C-1), 70.8 (C-2); LRMS m/z 254 [(M+Na)+, 100 %]. 

 

3-Azido-2-t-butyldimethylsilyloxy-propanol (128) 

Rf = 0.16 (EtOAc/Hexane, 1:5); 1H NMR (300 MHz, CDCl3) δ 0.11, 

0.13 (2 × 3H, 2 × s, SiMe2), 0.91 (9H, s, CMe3), 1.81 (1H, app t, 

JOH,1 6.2 Hz, OH), 3.30 (1H, dd, J3a,2 5.9 Hz, J3a,3b 12.5 Hz, H-3a), 3.38 (1H, dd, 

J3b,2 5.1 Hz, J3b,3a 12.6 Hz, H-3b), 3.54 − 3.68 (2H, m, H-1), 3.83 − 3.89 (1H, m, H-2); 
13C NMR (75.5 MHz, CDCl3) δ -4.2 (SiMe2), 18.0 (CMe3), 25.7 (CMe3), 53.7 (C-3), 

64.2 (C-1), 71.7 (C-2); LRMS m/z 254 [(M+Na)+, 100 %]. 
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3-Azido-1,2-di-t-butyldimethylsilyloxy-propane (129) 

Rf = 0.68 (EtOAc/Hexane, 1:5); 1H NMR (300 MHz, CDCl3) 

δ 0.05, 0.07, 0.08, 0.10 (4 × 3H, 4 × s, 2 × SiMe2), 0.88, 0.90 

(2 × 9H, 2 × s, 2 × CMe3), 3.19 (1H, dd, J3a,2 5.6 Hz, J3a,3b 12.5 Hz, H-3a), 3.41 (1H, dd, 

J3b,2 3.3 Hz, J3b,3a 12.6 Hz, H-3b), 3.50 (1H, d, J1a,1b 10.2 Hz, H-1a), 3.57 (1H, dd, 

J1b,2 5.0 Hz, J1b,1a 10.1 Hz, H-1b), 3.76 − 3.84 (1H, m, H-2); 13C NMR (75.5 MHz, 

CDCl3) δ -3.8, -3.7 (2 × SiMe2), 18.0, 18.3 (2 × CMe3), 25.8, 25.9 (2 × CMe3), 54.2 

(C-3), 64.4 (C-1), 72.5 (C-2); LRMS m/z 368 [(M+Na)+, 100 %]. 

 

3-Azido-2-benzyloxy-1-t-butyldimethylsilyloxy-propane (130) 

A stirred solution of 127 (4.94 g, 21.3 mmol) in anhydrous THF 

(50 mL), at 0 °C, under N2, was treated with sodium hydride 

(1.28 g, 1.5 equiv) and stirred for 15 min before the addition of 

benzyl bromide (3.8 mL, 1.5 equiv).  The solution was warmed 

to rt and stirred for 23 h.  Methanol was added to the reaction 

mixture, which was then concentrated under reduced pressure.  The organic layer was 

extracted with EtOAc, washed with NaHCO3, dried (NaSO4) and then concentrated 

under reduced pressure.  The residue was purified by column chromatography (Hex), to 

furnish the title compound 130 as a pale yellow liquid (6.86 g, 88 %).  Rf = 0.59 

(EtOAc/Hexane, 1:5); 1H NMR (300 MHz, CDCl3) δ 0.07 (6H, s, SiMe2), 0.90 (9H, s, 

CMe3), 3.32 − 3.49 (2H, m, H-3), 3.65 (2H, m, H-1, H-2), 4.68 (2H, s, H-1′), 7.30 

− 7.39 (5H, m, CH2Ph); 13C NMR (75.5 MHz, CDCl3) δ -4.2 (SiMe2), 18.3 (CMe3), 

25.9 (CMe3), 51.8 (C-3), 62.4 (C-1), 72.4 (C-1′), 78.8 (C-2), 127.7, 128.5 (CH2Ph), 

138.0 (C-2′); LRMS m/z 344 [(M+Na)+, 100 %]. 

 

3-Azido-1-t-butyldimethylsilyloxy-2-methanesulfonyloxy-propane (132) 

  A stirred solution of 127 (5.0 g, 21.6 mmol) in pyridine 

(50 mL), at 0 °C, under N2, was treated with methane sulfonyl 

chloride (3.35 mL, 2 equiv).  The reaction was stirred at 0 °C 

for 4 h, then concentrated under reduced pressure.  The organic 

layer was extracted with EtOAc, washed with NaHCO3, dried (NaSO4) and then 

concentrated under reduced pressure.  The residue was purified by column 

chromatography (Hex), to furnish the title compound 132 as a pale yellow liquid 

(6.622 g, 99 %).  Rf = 0.26 (EtOAc/Hexane, 1:5); 1H NMR (300 MHz, CDCl3) δ 0.08 
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(2 × 3H, 2 × s, SiMe2), 0.89 (9H, s, CMe3), 3.10 (3H, s, SMe), 3.55 (1H, dd, J3a,2 6.3 Hz, 

J3a,3b 13.3 Hz, H-3a), 3.63 (1H, dd, J3b,2 4.2 Hz, J3b,3a 13.3 Hz, H-3b), 3.79 (1H, dd, 

J1a,1b 11.3 Hz, J1a,2 5.6 Hz, H-1a), 3.84 (1H, dd, J1b,1a 11.3 Hz, J1b,2 5.5 Hz, H-1b), 

4.63 − 4.74 (1H, m, H-2); 13C NMR (75.5 MHz, CDCl3) δ -5.5 (SiMe2), 18.1 (CMe3), 

25.7 (CMe3), 38.4 (SMe), 51.3 (C-3), 62.4 (C-1), 80.1 (C-2); LRMS m/z 332 [(M+Na)+, 

100 %]. 

 

3-Azido-1-t-butyldimethylsilyloxy-2-phenoxy-propane (131) 

 Procedure A:  A solution of 132 (220 mg, 0.71 mmol) in 

anhydrous acetone (5 mL) was treated with phenol (74 mg, 

1.1 equiv) and K2CO3 (108 mg, 1.1 equiv).  The solution was 

stirred at reflux for 3 days, before cooling to rt and 

concentrating under reduced pressure.  The organic layer was extracted with EtOAc, 

washed with H2O, dried (NaSO4) and then concentrated under reduced pressure.  The 

residue was purified by column chromatography (EtOAc/Hexane, 1:5).  1H NMR 

analysis of the reaction products indicated that title compound 131 had not formed and 

that starting material was recovered (169 mg, 77 %). 

 

Procedure B:  A solution of 132 (102 mg, 0.33 mmol) in DMF (10 mL) was treated 

with phenol (62 mg, 2 equiv) and K2CO3 (46 mg, 2 equiv).  The solution was stirred 

under N2 for 40 h, before concentrating under reduced pressure.  The organic layer was 

extracted with EtOAc, washed with H2O, dried (NaSO4) and then concentrated under 

reduced pressure.  The residue was purified by column chromatography 

(EtOAc/Hexane, 1:5).  1H NMR analysis of the reaction products indicated that title 

compound 131 had not formed and that starting material was recovered (6 mg, 6 %). 

 

Procedure C:  A stirred solution of phenol (0.091 g, 0.97 mmol) in MeOH (20 mL) 

was treated with 1 M NaOMe (0.969 mL).  The solution was stirred under N2 for 1.5 h.  

The solution was concentrated under reduced pressure and the residue was treated with 

a solution of 132 (202 mg, 0.65 mmol) in DMF (20 mL) and stirred at rt, under N2, for 

19 h. The reaction was concentrated under reduced pressure.  The organic layer was 

extracted with EtOAc, washed with H2O, dried (NaSO4) and then concentrated under 

reduced pressure.  The residue was purified by column chromatography 

(EtOAc/Hexane, 1:5).  1H NMR analysis of the reaction products indicated that title 

compound 131 had not formed and that starting material was recovered (124 mg, 61 %). 
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 3-amino-N-benzoyl-2-benzyloxy-1-t-butyldimethylsilyloxy-propane (133) 

A stirred solution of 130 (1.864 g, 5.8 mmol) in 

THF (20 mL) under N2, was treated with 

triphenylphosphine (2.275 g, 1.5 equiv).  The 

reaction was stirred at rt for 15 min before the 

addition of H2O (1 mL, 10 equiv), and was then 

stirred at rt for 19 h, before concentrating under 

reduced pressure.  The residue was dissolved in pyridine (50 mL), cooled to 0 °C, under 

N2, and then the solution was treated with benzoic anhydride (2.036 g, 1.5 equiv).  The 

reaction was stirred at 0 °C for 4 h, and was then concentrated under reduced pressure.  

The organic layer was extracted with EtOAc, washed with 0.1 M HCl and H2O, dried 

(NaSO4), and then concentrated under reduced pressure.  The residue was purified by 

column chromatography (EtOAc/Hexane, 1:5), to furnish the title compound 133 

(1.827 g, 79 %).  Rf = 0.35 (EtOAc/Hexane, 1:1); 1H NMR (300 MHz, CDCl3) δ 0.08 

(6H, s, SiMe2), 0.91 (9H, s, CMe3), 3.46 (1H, ddd, J3a,2 6.6 Hz, J3a,3b 11.1 Hz, 

J3a,NH 4.8 Hz, H-3a), 3.67 − 3.74 (1H, m, H-2), 3.77 − 3.80 ( 2H, m, H-1), 3.82 (1H, 

ddd, J3b,2 6.3 Hz, J3b,3a 10.5 Hz, J3b,NH 4.2 Hz, H-3b), 4.61 (1H, d, J1′a,1′b 12.0 Hz, H-1′a), 

4.73 (1H, d, J1′b,1′a 11.7 Hz, H-1′b), 6.61 (1H, br app t, JNH,3a, JNH,3b 4.7 Hz, NH), 

7.27 − 7.51, 7.64 – 7.67 (10H, m, 2 × Ph); 13C NMR (75.5 MHz, CDCl3) δ -3.4 (SiMe2), 

18.3 (CMe3), 25.9 (CMe3), 41.1 (C-3), 64.3 (C-1), 72.1 (C-1′), 77.6 (C-2), 126.9, 127.9, 

128.0, 128.5, 128.6, 131.4 (2 × Ph), 134.6, 138.3 (C-2′, C-2″), 167.5 (C-1″); LRMS 

m/z 422 [(M+Na)+, 100 %].  Found C, 69.35; H, 8.48; N, 3.48 %.  C23H33NO3Si requires 

C, 69.13; H, 8.32; N, 3.51 %. 

 

3-amino-N-benzoyl-2-benzyloxy-propanol (136) 

A stirred solution of 133 (1.76 g, 4.4 mmol) in THF 

(8 mL) and H2O (8 mL), was treated with glacial acetic 

acid (64 mL) and then stirred at 60 °C for 3.5 h.  The 

reaction mixture was concentrated under reduced pressure 

and the residue was purified by column chromatography 

(EtOAc) to furnish the title compound 136 (1.11 g, 88 %).  

Rf = 0.31 (EtOAc); 1H NMR (300 MHz, CDCl3) δ 3.49 − 3.64 (4H, m, H-1, H-2, H-3a), 

3.72 (1H, ddd, J3b,2 6.6 Hz, J3b,3a 10.2 Hz, J3b,NH 3.6 Hz, H-3b), 4.51 (1H, d, J1′a,1′b 

11.7 Hz, H-1′a), 4.58 (1H, d, J1′b,1′a 12.0 Hz, H-1′b), 6.66 (1H, br app t, JNH,1′a, JNH,1′b 
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5.1 Hz, NH), 7.19 – 7.46, 7.64 − 7.67 (10H, m, 2 × Ph); 13C NMR (75.5 MHz, CDCl3) δ 

40.1 (C-3), 61.0 (C-1), 71.8 (C-1′), 77.6 (C-2), 126.9, 127.9, 128.5, 131.5 (2 × Ph), 

133.6, 137.8 (C-2′, C-2″), 168.8 (C-1″); LRMS m/z 308 [(M+Na)+, 100 %]. 

 

3-amino-N-benzoyl-2-benzyloxy-1-iodo-propane (137) 

According to the procedure from Anilkumar et al.,217 a 

solution of 136 (87 mg, 0.3 mmol) in dichloromethane 

(2 mL) under argon was treated with triphenylphosphine 

(121 mg, 1.5 equiv), imidazole (31 mg, 1.5 equiv) and 

iodine (117 mg, 1.5 equiv).  The reaction was stirred at rt 

for 45 min, and then washed with 5 % aqueous sodium 

thiosulfate.  The organic layer was then dried (NaSO4) and concentrated under reduced 

pressure.  The residue was purified by column chromatography (EtOAc/Hex, 1:1) to 

furnish the title compound 137 (48 mg, 40 %).  Rf = 0.26 (EtOAc/Hexane, 1:1); 
1H NMR (300 MHz, CDCl3) δ 3.35 (2H, d, J1,2 4.8 Hz, H-1), 3.50 (1H, ddd, J3a,2 7.2 Hz, 

J3a,3b 7.2 Hz, J3a,NH 5.1 Hz, H-3a), 3.59 − 3.66 (1H, m, H-2), 3.85 (1H, ddd, J3b,2 7.2 Hz, 

J3b,3a 10.5 Hz, J3b,NH 3.6 Hz, H-3b), 4.50 (1H, d, J1′a,1′b 11.4 Hz, H-1′a), 4.75 (1H, d, 

J1′b,1′a 11.7 Hz, H-1′b), 6.39 (1H, br app t, JNH,3a, JNH,3b 5.1 Hz, NH), 7.28 − 7.55, 

7.64 − 7.70 (10H, m, 2 × Ph); 13C NMR (75.5 MHz, CDCl3) δ 6.0 (C-1), 43.6 (C-3), 

72.0 (C-1′), 76.2 (C-2), 126.9, 128.1, 128.2, 128.6, 128.7, 131.6 (2 × Ph), (N.B. some 

tertiary C signals were missing); LRMS m/z 418 [(M+Na)+, 100 %]. 

 

Methyl (3-amino-N-benzoyl-2-benzyloxy-prop-1-yl 2,3,4-tri-O-acetyl-1-thio-α,β-D-

glucopyranosid)uronate (135) 

In a procedure modified from Bennett et 

al.,197 a solution of 82 (52 mg, 

0.13 mmol) and 137 (44 mg, 0.1 mmol) 

in DMF (4.4 mL) at 0 °C was treated 

with diethylamine (115 μl, 10 equiv).  

The reaction was stirred for 3 h at 0 °C 

before concentrating under reduced pressure.  The organic layer was extracted with 

EtOAc and washed with 0.1 M HCl and H2O, and then dried (NaSO4) and concentrated 

under reduced pressure.  The residue was purified by column chromatography 

(EtOAc/Hex, 3:2) to furnish the title compound 135 (59 mg, 86 %) in a 1:2 α/β ratio.  Rf 
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= 0.27 (EtOAc/Hexane, 3:2); α-Anomer: 1H NMR (300 MHz, CDCl3) δ 2.03, 2.07 (3 × 

3H, 3 × s, 3 × OC(O)Me), 2.71 − 2.92 (1H, m, H-1′a), 2.94 − 3.12 (1H, m, H-1′b), 

3.60 − 3.70 (2H, m, H-3′), 3.74 (3H, s, CO2Me), 3.84 − 4.00 (1H, m, H-2′), 4.57 (1H, d, 

J1″a,1″b 11.7 Hz, H-1″a), 4.71 (1H, d, J1″b,1″a 11.8 Hz, H-1″b), 4.79 (1H, d, J5,4 8.8 Hz, 

H-5), 5.00 − 5.40 (3H, m, H-2, H-3, H-4), 5.77 (1H, d, J1,2 5.3 Hz, H-1), 6.46 (1H, t, 

JNH,3′ 5.6 Hz, NH), 7.26 − 7.37 (5H, m, CH2Ph), 7.38 − 7.53 (3H, m, H-4′′′, H-5′′′, 

H-6′′′), 7.62 − 7.76 (2H, m, H-3′′′, H-7′′′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 

20.7 (3 × OC(O)Me), 30.9 (C-1′), 41.4 (C-3′), 52.9 (CO2Me), 69.3 (C-3, C-4), 69.4 

(C-5), 69.6 (C-2), 71.8 (C-1″), 76.0 (C-2′), 83.0 (C-1), 127.0, 128.0, 128.5, 131.5 

(CH2Ph, C(O)Ph), 170.0 (C-6), (N.B. some tertiary C signals were missing).  

β-Anomer: 1H NMR (300 MHz, CDCl3) δ 2.03, 2.07 (3 × 3H, 3 × s, 3 × OC(O)Me), 

2.71 − 2.92 (1H, m, H-1′a), 2.94 − 3.12 (1H, m, H-1′b), 3.60 − 3.70 (2H, m, H-3′), 3.74 

(3H, s, CO2Me), 3.84 − 4.00 (1H, m, H-2′), 4.00 (1H, d, J1,2 9.8 Hz, H-1), 4.57 (1H, d, 

J1″a,1″b 11.7 Hz, H-1″a), 4.58 (1H, d, J5,4 9.9 Hz, H-5), 4.71 (1H, d, J1″b,1″a 11.8 Hz, 

H-1″b), 5.00 − 5.40 (3H, m, H-2, H-3, H-4), 6.77 (1H, t, JNH,3′ 5.3 Hz, NH), 7.26 − 7.37 

(5H, m, CH2Ph), 7.38 − 7.53 (3H, m, H-4′′′, H-5′′′, H-6′′′), 7.62 − 7.76 (2H, m, H-3′′′, 

H-7′′′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 20.7 (3 × OC(O)Me), 30.9 (C-1′), 

41.4 (C-3′), 52.9 (CO2Me), 68.1 (C-5), 69.0 (C-2), 69.5 (C-4), 71.4 (C-3), 71.5 (C-1), 

71.8 (C-1″), 76.1 (C-2′), 127.0, 128.0, 128.6, 131.5 (CH2Ph, C(O)Ph), 170.0 (C-6), 

(N.B. some tertiary C signals were missing); LRMS m/z 640 [(M+Na)+, 100 %]. 

 

3-Azido-1-t-butyldimethylsilyloxy-2-(R)-hydroxy-propane (144) 

In a procedure modified from Vourloumis et al.,223 a stirred 

solution of S-(−)-glycidol (10.86 g, 0.15 mol) in anhydrous 

DMF (22 mL) under N2, at 0 °C, was treated with t-butyldimethylsilyl chloride 

(27.34 g, 1.2 equiv) and imidazole (25.21 g, 2.5 equiv).  The reaction was stirred at 4 °C 

for 13 h before concentrating under reduced pressure.  The organic layer was extracted 

with CH2Cl2, washed with H2O, then dried (NaSO4) and concentrated under reduced 

pressure to furnish 31 g of a pale yellow oil.  This was dissolved in anhydrous DMF 

(200 mL) and then treated with NaN3 (14.37, 0.22 mol) and NH4Cl (15.77 g, 0.30 mol).  

The reaction was stirred at 90 °C for 6 h and then for a further 16 h at 60 °C, before 

concentrating under reduced pressure.  The organic layer was extracted with EtOAc, 

washed with H2O, then dried (NaSO4) and concentrated under reduced pressure.  The 

residue was purified by column chromatography (EtOAc/Hex, 1:5) to furnish the title 
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compound 144 (6.92 g, 20 %).  The mono-silylated derivative 147 (0.71 g, 4.0 %) and 

the di-silylated derivatives 146 (2.06 g, 7.8 %) were also isolated from this reaction.  

Rf = 0.25 (EtOAc/Hexane, 1:5); 1H NMR (300 MHz, CDCl3) δ 0.09 (2 × 3H, 2 × s, 

SiMe2), 0.91 (3 × 3H, s, CMe3), 2.44 (1H, d, JOH,2 5.3 Hz, OH), 3.35 (2H, d, J3,2 5.6 Hz, 

H-3), 3.60 (1H, dd, J1a,2 5.7 Hz, J1a,1b 10.0 Hz, H-1a), 3.66 (1H, dd, J1b,2 4.4 Hz, 

J1b,1a 10.1 Hz, H-1b), 3.77 − 3.88 (1H, m, H-2); 13C NMR (75.5 MHz, CDCl3) 

δ -3.3 (SiMe2), 18.3 (CMe3), 25.83 (CMe3), 53.1 (C-3), 64.1 (C-1), 70.8 (C-2); LRMS 

m/z 254 [(M+Na)+, 100 %]. 

 

3-Azido-2-(R)-t-butyldimethylsilyloxy-propanol (147) 

 
Rf = 0.16 (EtOAc/Hexane, 1:5); 1H NMR (300 MHz, CDCl3) δ 0.12, 0.14 (2 × 3H, 

2 × s, SiMe2), 0.92 (9H, s, CMe3), 1.78 (1H, dd, JOH,1a 5.3 Hz, JOH,1b 7.3 Hz, OH), 3.30 

(1H, dd, J3a,2 6.0 Hz, J3a,3b 12.5 Hz, H-3a), 3.38 (1H, dd, J3b,2 5.0 Hz, J3b,3a 12.5 Hz, 

H-3b), 3.53 − 3.61 (1H, m, H-1b), 3.64 (1H, ddd, J1a,1b 9.6 Hz, J1a,2 3.7 Hz, 

J1a,OH 4.5 Hz, H-1a), 3.79 − 3.90 (1H, m, H-2); 13C NMR (75.5 MHz, CDCl3) 

δ -4.8 (SiMe2), 18.0 (CMe3), 25.7 (CMe3), 53.7 (C-3), 64.2 (C-1), 71.7 (C-2); LRMS 

m/z 254 [(M+Na)+, 100 %]. 

 

1,3-di-t-butyldimethylsilyloxy-isopropanol (146) 

Rf = 0.71 (EtOAc/Hexane, 1:5); 1H NMR (300 MHz, 

CDCl3) δ 0.05, 0.06, 0.07, 0.09, 0.11, 0.12 (8 × 3H, 

8 × s, 4 × SiMe2), 0.88, 0.89, 0.90 (4 × 9H, 4 × s, 4 × CMe3), 3.19 (1H, dd, J3a,2 5.5 Hz, 

J3a,3b 12.5 Hz, H-3a), 3.40 (1H, dd, J3b,2 3.5 Hz, J3b,3a 12.5 Hz, H-3b), 3.44 − 3.68 

(3 × 2H, m, 2 × H-1, H-3), 3.76 − 3.90 (2 × 1H, m, 2 × H-2); 13C NMR (75.5 MHz, 

CDCl3) δ -5.5, -5.4 (4 × SiMe2), 25.7, 25.8, 25.9 (4 × CMe3), 46.8, 54.2 (2 × C-3), 64.4, 

64.7 (2 × C-1), 72.5, 73.1 (2 × C-2), (N.B. some tertiary C signals were missing); 

LRMS m/z 343 [(M+Na)+, 100 %]. 
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3-Azido-1-t-butyldimethylsilyloxy-2-(R)-benzyloxy-propane (148) 

A stirred solution of 144 (3.01 g, 13 mmol) in THF (50 mL), at 

0 °C, was treated with NaH (0.78 g, 1.5 equiv) and stirred for 

5 min.  The reaction was then treated with benzyl bromide 

(1.58 mL, 1.5 equiv), then warmed to rt and stirred for 17 h.  

MeOH was then added to the reaction, which was then 

concentrated under reduced pressure.  The organic layer was extracted with EtOAc, 

washed with sat. NaHCO3 then dried (NaSO4) and concentrated under reduced pressure.  

The residue was purified by column chromatography (EtOAc/Hex, 1:15) to furnish the 

title compound 148 (2.78 g, 66 %).  Rf = 0.26 (EtOAc/Hexane, 1:15); 1H NMR 

(300 MHz, CDCl3) δ 0.05 (2 × 3H, 2 × s, SiMe2), 0.88 (9H, s, CMe3), 3.31 − 3.49 (2H, 

m, H-3), 3.58 − 3.77 (3H, m, H-1, H-2), 4.67 (2H, s, CH2Ph), 7.27 − 7.40 (5H, m, 

CH2Ph); 13C NMR (75.5 MHz, CDCl3) δ -5.5 (SiMe2), 18.3 (CMe3)25.8 (CMe3), 51.8 

(C-3), 62.4 (C-1), 72.4 (CH2Ph), 78.7 (C-2), 127.8, 128.4 (CH2Ph), 138.0 (C-2′); LRMS 

m/z 344 [(M+Na)+, 100 %]. 

 

3-Azido-2-(R)-benzyloxy-propanol (149) 

To 148 (2.67 g, 7.1 mmol) was added a solution of glacial acetic acid 

(48 mL), THF (16 mL) and H2O (16 mL).  The reaction mixture was 

stirred at 45 °C for 3.5 h before concentrating under reduced 

pressure.  The organic layer was extracted with EtOAc, washed with 

sat. NaHCO3 and H2O, and then dried (NaSO4) and concentrated 

under reduced pressure.  The residue was purified by column chromatography 

(EtOAc/Hex, 1:3) to furnish the title compound 149 (1.09 g, 75 %).  Rf = 0.08 

(EtOAc/Hexane, 1:5); 1H NMR (300 MHz, CDCl3) δ 1.82 (1H, app t, JOH,3a, 

JOH,3b 6.1 Hz, OH), 3.42 (2H, d, J3,2 5.2 Hz, H-3), 3.60 − 3.80 (3H, m, H-2, H-3), 4.63 

(1H, d, J1′a, 1′b 11.6 Hz, H-1′a), 4.72 (1H, d, J1′b, 1′a11.6 Hz, H-1′b), 7.28 − 7.40 (5H, m, 

CH2Ph); 13C NMR (75.5 MHz, CDCl3) δ 51.4 (C-3), 62.2 (C-1), 72.4 (C-1′), 78.3 (C-2), 

128.1, 128.6 (CH2Ph), (N.B. some tertiary C signals were missing); LRMS m/z 230 

[(M+Na)+, 100 %]. 
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3-Azido-2-(R)-benzyloxy-1-iodo-propane (150) 

According to the procedure from Anilkumar et al.,217 a stirred solution 

of 149 (1.65 g, 7.9 mmol) in anhydrous CH2Cl2 (40 mL) was treated 

with iodine (3.05 g, 1.5 equiv), imidazole (0.764 g, 1.4 equiv) and 

polymer-linked triphenylphosphine (3.97 g, 1.5 equiv).   The reaction 

was stirred at rt for 1 h, before filtering off the polymer-linked 

triphenylphosphine.  The organic layer was washed with 5 % aqueous sodium 

thiosulfate and H2O, and was then dried (NaSO4) and concentrated under reduced 

pressure.  The residue was purified by column chromatography (EtOAc/Hex, 1:15) to 

furnish the title compound 150 (2.26 g, 90 %).  Rf = 0.59 (EtOAc/Hexane, 1:3); 
1H NMR (300 MHz, CDCl3) δ 3.26 − 3.33 (2H, m, H-1), 3.44 − 3.51 (2H, m, H-3), 

3.51 − 3.61 (1H, m, H-2), 4.60 (1H, d, J1′a,1′b 11.2 Hz, H-1′a), 4.70 (1H, d, 

J1′b,1′a 11.4 Hz, H-1′b), 7.29 − 7.45 (5H, m, CH2Ph); 13C NMR (75.5 MHz, CDCl3) δ 4.8 

(C-1), 53.8 (C-3), 72.2 (C-1′), 77.1 (C-2), 128.0, 128.1, 128.6 (CH2Ph), 137.2 (C-2′); 

LRMS m/z 340 [(M+Na)+, 100 %]. 

 

Methyl (3-Azido-2-(R)-benzyloxy-prop-1-yl 2,3,4-tri-O-acetyl-1-thio-α,β-D-

glucopyranosid)uronate (143) 

In a procedure modified from Bennett et al.,197 a 

stirred solution of 82 (1.47 g, 3.7 mmol) and 150 

(1.00 g, 3 mmol) in DMF (100 mL), at 0 °C, was 

treated with diethylamine (3.26 mL, 10 equiv).  The 

reaction was stirred at 0 °C for 3.5 h before 

concentrating under reduced pressure.  The organic 

layer was extracted with EtOAc, washed with 0.1 M HCl and H2O, and then dried 

(NaSO4) and concentrated under reduced pressure.  The residue was purified by column 

chromatography (EtOAc/Hex, 2:3) to furnish the title compound 143 (1.52 g, 90 %) in a 

1:1 α/β ratio.  Rf = 0.28 (EtOAc/Hexane, 2:3); α-Anomer: 1H NMR (300 MHz, CDCl3) 

δ 2.05, 2.06 (3 × 3H, 3 × s, 3 × OC(O)Me), 2.73 (1H, dd, J1′a,1′b 13.8 Hz, J1′a,2 6.4 Hz, 

H-1′a), 2.90 (1H, dd, J1′b,1′a 13.7 Hz, J1′b,2 5.6 Hz, H-1′b), 3.32 − 3.52 (2H, m, H-3′), 

3.65 − 3.86 (1H, m, H-2′), 3.74 (3H, s, CO2Me), 4.65 (2H, s, H-1″), 4.70 (1H, d, 

J5,4 9.1 Hz, H-5), 5.03 (1H, app t, J2,1, J2,3 4.8 Hz, H-2), 5.13 − 5.28 (1H, m, H-4), 5.34 

(1H, app t, J3,2, J3,4 9.1 Hz, H-3), 5.72 (1H, d, J1,2 5.0 Hz, H-1), 7.27 − 7.40 (5H, m, 

CH2Ph); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6 (3 × OC(O)Me), 31.4 (C-1′), 52.9 
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(CO2Me), 53.0 (C-3′), 69.0 (C-5), 69.2 (C-4), 69.6 (C-3), 70.0 (C-2), 72.2 (C-1″), 77.3 

(C-2′), 82.0 (C-1), 127.8, 128.0, 128.5 (CH2Ph), 137.7 (C-2″), 169.3 (OC(O)Me/C-6), 

(N.B. some tertiary C signals were missing).  β-Anomer: 1H NMR (300 MHz, CDCl3) 

δ 2.02, 2.05 (3 × 3H, 3 × s, 3 × OC(O)Me), 2.81 (1H, dd, J1′a,1′b 14.0 Hz, J1′a,2 5.2 Hz, 

H-1′a), 2.96 (1H, dd, J1′b,1′a 14.0 Hz, J1′b,2 6.6 Hz, H-1′b), 3.32 − 3.52 (2H, m, H-1′), 

3.65 − 3.86 (1H, m, H-2′), 3.74 (3H, s, CO2Me), 3.94 (1H, d, J1,2 9.3 Hz, H-1), 4.56 

(1H, d, J5,4 10.0 Hz, H-5), 4.65 (2H, s, H-1″), 5.00 (1H, app t, J4,3, J4,5 8.8 Hz, H-4), 

5.13 − 5.28 (2H, m, H-2, H-3), 7.27 − 7.40 (5H, m, CH2Ph); 13C NMR (75.5 MHz, 

CDCl3) δ 20.5, 20.6 (3 × OC(O)Me), 31.2 (C-1′), 52.7 (C-3′), 52.9 (CO2Me), 69.2 (C-3), 

70.0 (C-4), 72.2 (C-1″), 72.9 (C-2), 76.1 (C-1), 77.6 (C-2′), 83.8 (C-5), 127.8, 128.0, 

128.5 (CH2Ph), 137.7 (C-2″), 169.3 (OC(O)Me/C-6), (N.B. some tertiary C signals 

were missing); LRMS m/z 562 [(M+Na)+, 100 %].  Found C, 51.11; H, 5.36; N, 7.61; S, 

5.80 %.  C23H29N3O10S requires C, 51.20; H, 5.42; N, 7.79; S, 5.94 %. 

 

General procedure for the synthesis of triazole derivatives 

In a procedure modified from Lee et al.,227 a stirred solution of the azide (0.2 mmol) and 

alkyne (0.24 mmol) in a DCM/H2O mixture (4 mL, 1:1), was treated with 1 M CuSO4 

(0.2 equiv) and 1 M sodium ascorbate (0.4 equiv) and stirred at rt for 2 h.  The organic 

layer was separated and washed with H2O, and then dried (NaSO4) and concentrated 

under reduced pressure.  The residue was purified by column chromatography to furnish 

the desired triazole compound. 

 

1-N-[2-(R)-Benzyloxy-3-(methyl 2,3,4-tri-O-acetyl-1-thio-α,β-D-

glucopyranosiduronyl)-propyl]-4-hydroxyethyl-1,2,3-triazole (152) 

According to the general procedure for 

synthesis of triazole derivatives, the 

azide 143 (131 mg, 0.24 mmol) was 

reacted with 3-Butyn-1-ol (23 μl, 

0.29 mmol) to furnish the title 

compound 152 (128 mg, 86 %).  

Rf = 0.28 (EtOAc); α-Anomer: 1H NMR (300 MHz, CDCl3) δ 2.02, 2.05 (3 × 3H, 3 × s, 

3 × OC(O)Me), 2.66 (1H, dd, J1′a,1′b 14.0 Hz, J1′a,2′ 6.4 Hz, H-1′a), 2.83 − 2.92 (1H, m, 

H-1′b), 2.93 (2H, br s, H-3′′′), 3.74 (3H, s, CO2Me), 3.93 (2H, br s, H-4′′′), 3.97 − 4.10 

(1H, m, H-2′), 4.38 (1H, d, J1″a,1″b 11.5 Hz, H-1″a), 4.47 (1H, dd, J3′a,2′ 6.6 Hz, 
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J3′a,3′b 13.9 Hz, H-3′a), 4.55 − 4.65 (1H, m, H-3′b), 4.57 (1H, d, J1″b,1″a 11.0 Hz, H-1″b), 

4.69 (1H, d, J5,4 8.9 Hz, H-5), 5.01 (1H, dd, J2,1 4.1 Hz, J2,3 9.5 Hz, H-2), 5.12 − 5.22 

(1H, m, H-4), 5.35 (1H, app t, J3,2, J3,4 8.9 Hz, H-3), 5.72 (1H, d, J1,2 5.1 Hz, H-1), 

7.16 − 7.23 (2H, m, H-3″, H-7″), 7.27 − 7.36 (3H, m, H-4″, H-5″, H-6″), 7.41 (1H, s, 

H-1′′′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 20.7 (3 × OC(O)Me), 28.7 (C-3′′′), 

31.3 (C-1′), 52.5 (C-3′), 52.9 (CO2Me), 61.7 (C-4′′′), 72.5 (C-1″), 127.8, 128.2, 128.6 

(CH2Ph), 137.1 (C-2″), 167.8, 169.5, 169.8 (OC(O)Me, C-6), (N.B. some tertiary C 

signals were missing).  β-Anomer: 1H NMR (300 MHz, CDCl3) δ 2.02, 2.05 (3 × 3H, 

3 × s, 3 × OC(O)Me), 2.77 (1H, dd, J1′a,1′b 14.4 Hz, J1′a,2′ 4.8 Hz, H-1′a), 2.83 − 2.92 

(1H, m, H-1′b), 2.93 (2H, br s, H-3′′′), 3.72 (3H, s, CO2Me), 3.93 (2H, br s, H-4′′′), 3.97 

(1H, d, J1,2 9.8 Hz, H-1), 3.97 − 4.10 (1H, m, H-2′), 4.33 − 4.42 (1H, m, H-3′), 4.38 

(1H, d, J1″a,1″b 11.5 Hz, H-1″a), 4.55 − 4.65 (1H, m, H-3′b), 4.57 (1H, d, J1″b,1″a 11.0 Hz, 

H-1″b), 4.60 (1H, d, J5,4 9.9 Hz, H-5), 5.00 (1H, app t, J4,3, J4,5 9.6 Hz, H-4), 5.12 − 5.22 

(1H, m, H-2), 5.26 (1H, app t, J3,2, J3,4 9.3 Hz, H-3), 7.16 − 7.23 (2H, m, H-3″, H-7″), 

7.27 − 7.36 (3H, m, H-4″, H-5″, H-6″), 7.48 (1H, s, H-1′′′); 13C NMR (75.5 MHz, 

CDCl3) δ 20.5, 20.6, 20.7 (3 × OC(O)Me), 28.6 (C-3′′′), 30.9 (C-1′), 52.3 (C-3′), 53.0 

(CO2Me), 61.7 (C-4′′′), 72.3 (C-1″), 127.8, 128.1, 128.5 (CH2Ph), 137.3 (C-2″), 166.8, 

169.4, 170.0 (OC(O)Me, C-6), (N.B. some tertiary C signals were missing); LRMS 

m/z 610 [(M+H)+, 100 %]. 

 

1-N-[2-(R)-Benzyloxy-3-(methyl 2,3,4-tri-O-acetyl-1-thio-α,β-D-

glucopyranosiduronyl)-propyl]-4-(2-hydroxypropyl)-1,2,3-triazole (153) 

According to the general procedure for 

synthesis of triazole derivatives, the 

azide 143 (101 mg, 0.2 mmol) was 

reacted with 4 pentyn-2-ol (22 μl, 

0.24 mmol) and stirred at rt for 3 h and 

then at 40 °C for 2 h.  Purification by 

column chromatography (EtOAc) furnished the title compound 153 (99 mg, 85 %).  

Rf = 0.28 (EtOAc); α-Anomer: 1H NMR (300 MHz, CDCl3) δ 1.26 (1H, d, 

JMe,CH 6.1 Hz, CHMe), 2.03, 2.05, 2.08 (3 × 3H, 3 × s, 3 × OC(O)Me), 2.62 − 2.98 (4H, 

m, H-1′, H-3′′′), 3.74 (3H, s, CO2Me), 3.94 − 4.20 (2H, m, H-2′, H-4′′′), 4.37 (1H, d, 

J1″a,1″b 11.6 Hz, H-1″a), 4.40 − 4.58 (2H, m, H-3′), 4.60 (1H, d, J1″b,1″a 11.1 Hz, H-″b), 

4.69 (1H, d, J5,4 9.0 Hz, H-5), 5.02 (1H, dd, J2,1 5.2 Hz, J2,3 9.3 Hz, H-2), 5.19 (1H, 
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app t, J3,2, J3,4 8.7 Hz, H-3), 5.35 (1H, app t, J4,3, J4,5 8.7 Hz, H-4), 5.73 (1H, d, 

J1,2 5.3 Hz, H-1), 7.17 − 7.23 (2H, m, H-3″, H-7″), 7.28 − 7.34 (3H, m, H-4″, H-5″, 

H-6″), 7.40 (1H, s, H-1′′′); 13C NMR (75.5 MHz, CDCl3) δ 20.6, 20.7 (3 × OC(O)Me), 

22.9 (CHMe), 31.3 (C-1′), 34.7 (C-3′′′), 52.5 (C-1′), 52.9 (CO2Me), 67.1 (C-4′′′), 68.9 

(C-4), 69.1 (C-3), 69.2 (C-5), 70.0 (C-2), 72.4 (C-1″), 75.9 (C-2′), 82.0 (C-1), 123.2 

(C-1′′′), 127.8, 128.2, 128.6 (CH2Ph), 137.0 (C-2″), 167.8, 169.5, 169.7 (OC(O)Me, 

C-6), (N.B. some tertiary C signals were missing).  β-Anomer: 1H NMR (300 MHz, 

CDCl3) δ 1.22 (3H, d, JMe,CH 5.6 Hz, CHMe), 1.98, 2.04 (3 × 3H, 3 × s, 3 × OC(O)Me), 

2.66 − 2.94 (4H, m, H-1′, H-3′′′), 3.68 (3H, s, CO2Me), 3.93 (1H, d, J1,2 9.7 Hz, H-1), 

3.99 − 4.10 (2H, m, H-2′, H-4′′′), 4.34 (1H, d, J1″a,1″b 11.5 Hz, H-1″a), 4.43 (1H, dd, 

J3′a,2′ 6.7 Hz, J3′a,3′b 13.8 Hz, H-3′a), 4.52 (1H, d, J1″b,1″a 12.1 Hz, H-1″b), 4.56 (1H, d, 

J5,4 10.6 Hz, H-5), 4.54 − 4.66 (2H, m, H-3′b), 4.96 (1H, app t, J4,3, J4,5 9.5 Hz, H-4), 

5.12 (1H, app t, J2,1, J2,3 9.6 Hz, H-2), 5.22 (1H, app t, J3,2, J3,4 9.3 Hz, H-3), 7.17 − 7.23 

(2H, m, H-3″, H-7″), 7.28 − 7.34 (3H, m, H-4″, H-5″, H-6″), 7.47 (1H, s, H-1′′′); 
13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 20.7 (3 × OC(O)Me), 22.8 (CHMe), 30.9 

(C-1′), 34.8 (C-3′′′), 52.3 (C-3′), 52.9 (CO2Me), 67.1 (C-4′′′), 69.2 (C-2), 69.6 (C-4), 

72.3 (C-1″), 72.8 (C-3), 75.9 (C-1), 77.1 (C-2′), 83.4 (C-5), 123.2 (C-1′′′), 127.8, 128.1, 

128.5 (CH2Ph), 137.2 (C-2″), 166.8, 169.4, 170.0 (OC(O)Me, C-6), (N.B. some tertiary 

C signals were missing); LRMS m/z 624 [(M+H)+, 100 %]. 

 

1-N-[2-(R)-Benzyloxy-3-(methyl 2,3,4-tri-O-acetyl-1-thio-α,β-D-

glucopyranosiduronyl)-propyl]-4-isobutyl-1,2,3-triazole (154) 

According to the general procedure for 

synthesis of triazole derivatives, the azide 

143 (100 mg, 0.2 mmol) was reacted with 

4-methyl-1-pentyne (27 μl, 0.24 mmol) 

and stirred at rt for 3 h and then at 40 °C 

for 2 h.  Purification by column 

chromatography (EtOAc/Hex, 3:2) furnished the title compound 154 (105 mg, 91 %).  

Rf = 0.57 (EtOAc); α-Anomer: 1H NMR (300 MHz, CDCl3) δ 0.88 (6H, d, 

JMe,CH 6.6 Hz, CHMe2), 1.84 − 1.96 (1H, m, CHMe2), 1.99, 2.01, 2.04 (3 × 3H, 3 × s, 

3 × OC(O)Me), 2.53 (2H, d, J3′′′,4′′′ 6.9 Hz, H-3′′′), 2.63 (1H, dd, J1′a,1′b 13.9 Hz, 

J1′a,2′ 6.2 Hz, H-1′a), 2.79 (1H, dd, J1′b,1′a 13.9 Hz, J1′b,2′ 5.3 Hz, H-1′b), 3.69 (3H, s, 
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CO2Me), 3.90 − 4.10 (1H, m, H-2′), 4.30 (1H, d, J1″a,1″b 11.5 Hz, H-1″a), 4.30 − 4.60 

(2H, m, H-3′), 4.49 (1H, d, J1″b,1″a 11.5 Hz, H-1″b), 4.66 (1H, d, J5,4 9.0 Hz, H-5), 4.97 

(1H, dd, J2,1 4.6 Hz, J2,3 9.0 Hz, H-2), 5.09 − 5.26 (1H, m, H-4), 5.31 (1H, app t, J3,2, 

J3,4 8.9 Hz, H-3), 5.68 (1H, d, J1,2 5.3 Hz, H-1), 7.12 − 7.30 (5H, m, CH2Ph), 7.32 (1H, 

s, H-1′′′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 20.7 (3 × OC(O)Me), 22.3 

(CHMe2), 28.7 (CHMe2), 31.5 (C-1′), 34.7 (C-3′′′), 52.5 (C-3′), 52.9 (CO2Me), 68.9 

(C-4), 69.1 (C-3), 69.2 (C-5), 70.0 (C2), 72.5 (C-1″), 77.2 (C-2′), 82.1 (C-1), 122.7 

(C-1′′′), 137.1 (C-2″), 167.8 (C-2′′′), 169.3, 169.5, 169.8, 170.0 (3 × OC(O)Me, C-6).  

β-Anomer: 1H NMR (300 MHz, CDCl3) δ 0.88 (6H, d, JMe,CH 6.6 Hz, CHMe2), 

1.84 − 1.96 (1H, m, CHMe2), 1.98, 2.02 (3 × 3H, 3 × s, 3 × OC(O)Me), 2.53 (2H, d, 

J3′′′,4′′′ 7.0 Hz, H-3′′′), 2.73 (1H, dd, J1′a,1′b 14.1 Hz, J1′a,2′ 4.7 Hz, H-1′a), 2.88 (1H, dd, 

J1′b,1′a 14.1 Hz, J1′b,2′ 6.6 Hz, H-1′b), 3.68 (3H, s, CO2Me), 3.93 (1H, d, J1,2 9.6 Hz, H-1), 

3.90 − 4.10 (1H, m, H-2′), 4.30 (1H, d, J1″a,1″b 11.5 Hz, H-1″a), 4.30 − 4.60 (2H, m, 

H-3′), 4.49 (1H, d, J1″b,1″a 11.5 Hz, H-1″b), 4.59 (1H, d, J5,4 10.0 Hz, H-5), 4.97 (1H, 

app t, J4,3, J4,5 9.5 Hz, H-4), 5.09 − 5.26 (2H, m, H-2, H-3), 7.12 − 7.30 (5H, m, 

CH2Ph), 7.22 (1H, s, H-1′′′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 20.7 

(3 × OC(O)Me), 22.3 (CHMe2), 28.7 (CHMe2), 31.1 (C-3′), 34.7 (C-3′′′), 52.3 (C-1′), 

52.9 (CO2Me), 68.9 (C-2), 69.7 (C-4), 72.3 (C-1″), 72.9 (C-3), 76.0 (C-1), 77.2 (C-2′), 

83.5 (C-5), 122.8 (C-1′′′), 127.8, 128.1, 128.5 (CH2Ph), 137.3 (C-2″), 166.8 (C-2′′′), 

169.4, 169.5, 169.8, 170.0 (3 × OC(O)Me, C-6); LRMS m/z 622 [(M+H)+, 100 %]. 

 

1-N-[2-(R)-Benzyloxy-3-(methyl 2,3,4-tri-O-acetyl-1-thio-α,β-D-

glucopyranosiduronyl)-propyl]-4-(N,N-dimethyl-aminomethyl)-1,2,3-triazole (155) 

According to the general procedure for 

synthesis of triazole derivatives, the azide 

143 (101 mg, 0.2 mmol) was reacted with 

3-dimethylamino-1-propyne (25 μl, 

0.24 mmol) and stirred at rt for 3 h.  

Purification by reverse phase column 

chromatography (MeOH/H2O, 1:1) furnished the title compound 155 (105 mg, 90 %).  

Rf = 0.03 (EtOAc); α-Anomer: 1H NMR (300 MHz, CDCl3) δ 2.03, 2.05, 2.08 (3 × 3H, 

3 × s, 3 × OC(O)Me), 2.25 (6H, s, NMe2), 2.66 (1H, dd, J1′a,1′b 13.8 Hz, J1′a,2′ 6.5 Hz, 

H-1′a), 2.83 (1H, dd, J1′b,1′a 13.6 Hz, J1′b,2′ 5.1 Hz, H-1′b), 3.59 (2H, s, H-3′′′), 3.73 (3H, 
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s, CO2Me), 3.96 − 4.13 (1H, m, H-2′), 4.36 (1H, d, J1″a,1″b 12.2 Hz, H-1″a), 4.39 − 4.67 

(2H, m, H-3′), 4.54 (1H, d, J1″b,1″a 12.2 Hz, H-1″b), 4.69 (1H, d, J5,4 9.0 Hz, H-5), 5.01 

(1H, app t, J2,1 4.6 Hz, J2,3 9.0, H-2), 5.13 − 5.29 (1H, m, H-4), 5.34 (1H, app t, J3,2, 

J3,4 8.9 Hz, H-3), 5.72 (1H, d, J1,2 5.2 Hz, H-1), 7.16 − 7.37 (5H, m, CH2Ph), 7.52 (1H, 

s, H-1′′′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 20.7 (3 × OC(O)Me), 31.4 (C-1′), 

45.0 (NMe2), 52.6 (C-3′), 52.9 (CO2Me), 54.2 (C-3′′′), 68.9 (C-3), 69.1 (C-5), 69.2 

(C-4), 70.0 (C-2), 72.5 (C-1″), 77.1 (C-2′), 82.0 (C-1), 127.8 (C-1′′′), 128.1, 128.6 

(CH2Ph), 137.0 (C-2″), 166.8 (C-2′′′), 167.8, 169.3, 169.5 (3 × OC(O)Me), 169.8 (C-6).  

β-Anomer: 1H NMR (300 MHz, CDCl3) δ 2.02, 2.03, 2.05 (3 × 3H, 3 × s, 

3 × OC(O)Me), 2.25 (6H, s, NMe2), 2.77 (1H, dd, J1′a,1′b 14.5 Hz, J1′a,2′ 4.3 Hz, H-1′a), 

2.83 (1H, dd, J1′b,1′a 14.1 Hz, J1′b,2′ 6.7 Hz, H-1′b), 3.61 (2H, s, H-3′′′), 3.72 (3H, s, 

CO2Me), 3.97 (1H, d, J1,2 9.5 Hz, H-1), 3.96 − 4.13 (1H, m, H-2′), 4.36 (1H, d, 

J1″a,1″b 12.2 Hz, H-1″a), 4.39 − 4.67 (2H, m, H-3′), 4.54 (1H, d, J1″b,1″a 12.2 Hz, H-1″b), 

4.62 (1H, d, J5,4 10.1 Hz, H-5), 5.01 (1H, app t, J4,3, J4,5 9.6 Hz, H-4), 5.13 − 5.29 (2H, 

m, H-2, H-3), 7.16 − 7.37 (5H, m, CH2Ph), 7.57 (1H, s, H-1′′′); 13C NMR (75.5 MHz, 

CDCl3) δ 20.5, 20.6, 20.7 (3 × OC(O)Me), 31.0 (C-1′), 45.0 (NMe2), 52.4 (C-3′), 52.9 

(CO2Me), 54.2 (C-3′′′), 69.2 (C-2), 69.7 (C-4), 72.3 (C-1″), 72.8 (C-3), 76.0 (C-1), 77.1 

(C-2′), 83.5 (C-5), 127.8 (C-1′′′), 128.1, 128.5 (CH2Ph), 137.3 (C-2″), 166.8 (C-2′′′), 

167.8, 169.4, 169.5 (3 × OC(O)Me), 170.0 (C-6); LRMS m/z 623 [(M+H)+, 100 %]. 

 

1-N-[2-(R)-Benzyloxy-3-(methyl 2,3,4-tri-O-acetyl-1-thio-α,β-D-

glucopyranosiduronyl)-propyl]-4-(N-benzyl-N-methyl-aminomethyl)-1,2,3-triazole 

(156) 

According to the general 

procedure for synthesis of 

triazole derivatives, the azide 

143 (154 mg, 0.29 mmol) was 

reacted with N-methyl-N-

propargylbenzylamine (60 μl, 

0.35 mmol) to furnish the title compound 156 (175 mg, 88 %).  Rf = 0.15 (EtOAc); 

α-Anomer: 1H NMR (300 MHz, CDCl3) δ 2.08, 2.11, 2.14 (3 × 3H, 3 × s, 

3 × OC(O)Me), 2.27 (3H, s, NMe), 2.73 (1H, dd, J1′a,1′b 13.9 Hz, J1′a,2′ 6.4 Hz, H-1′a), 

2.79 − 2.92 (1H, m, H-1′b), 3.59 (2H, s, H-3′′′), 3.77 (3H, s, CO2Me), 3.78 (2H, s, 
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H-4′′′), 3.99 − 4.20 (1H, m, H-2′), 4.41 (1H, d, J1″a,1″b 11.5 Hz, H-1″a), 4.44 − 4.72 (2H, 

m, H-3′), 4.59 (1H, d, J1″b,1″a 12.1 Hz, H-1″b), 4.75 (1H, d, J5,4 9.1 Hz, H-5), 5.07 (1H, 

app t, J2,1 5.2 Hz, J2,3 9.5 Hz, H-2), 5.19 − 5.36 (1H, m, H-4), 5.41 (1H, app t, J3,2, 

J3,4 8.9 Hz, H-3), 5.78 (1H, d, J1,2 5.2 Hz, H-1), 7.20 − 7.43 (2 × CH2Ph), 7.57 (1H, s, 

H-1′′′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 20.7 (3 × OC(O)Me), 31.4 (C-1′), 

42.1 (NMe), 52.0 (C-3′′′), 52.7 (C-3′), 52.9 (CO2Me), 61.4 (C-4′′′), 68.9 (C-3), 69.1 

(C-5), 69.2 (C-4), 70.0 (C-2), 72.5 (C-1″), 77.1 (C-2′), 82.0 (C-1), 127.0 (C-1′′′), 127.8, 

128.1, 128.6, 129.0 (2 × CH2Ph), 137.0 (C-2″), 138.8 (C-5′′′), 167.8 (C-2′′′), 169.3 

169.5, 169.8 (3 × OC(O)Me), 170.0 (C-6).  β-Anomer: 1H NMR (300 MHz, CDCl3) 

δ 2.08, 2.11, 2.14 (3 × 3H, 3 × s, 3 × OC(O)Me), 2.27 (3H, s, NMe), 2.84 (1H, dd, 

J1′a,1′b 14.1 Hz, J1′a,2′ 4.5 Hz, H-1′a), 2.98 (1H, dd, J1′b,1′a 14.0 Hz, J1′b,2′ 6.6 Hz, H-1′b), 

3.59 (2H, s, H-3′′′), 3.77 (3H, s, CO2Me), 3.78 (2H, s, H-4′′′), 4.03 (1H, d, J1,2 9.6 Hz, 

H-1), 3.99 − 4.20 (1H, m, H-2′), 4.41 (1H, d, J1″a,1″b 11.5 Hz, H-1″a), 4.44 − 4.72 (2H, 

m, H-3′), 4.59 (1H, d, J1″b,1″a 12.1 Hz, H-1″b), 4.68 (1H, d, J5,4 10.0 Hz, H-5), 5.07 (1H, 

app t, J4,3, J4,5 9.3 Hz, H-4), 5.19 − 5.36 (2H, m, H-2, H-3), 7.20 − 7.43 (2 × CH2Ph), 

7.62 (1H, s, H-1′′′); 13C NMR (75.5 MHz, CDCl3) δ 20.5, 20.6, 20.7 (3 × OC(O)Me), 

31.0 (C-1′), 42.1 (NMe), 52.0 (C-3′′′), 52.5 (C-3′), 52.9 (CO2Me), 61.4 (C-4′′′), 69.2 

(C-2), 69.7 (C-4), 72.4 (C-1″), 72.9 (C-3), 76.0 (C-1), 77.2 (C-2′), 83.5 (C-5), 127.0 

(C-1′′′), 127.8, 128.1, 128.3, 128.5 (2 × CH2Ph), 137.2 (C-2″), 138.8 (C-5′′′), 166.7 

(C-2′′′), 169.3 169.5, 169.8 (3 × OC(O)Me), 170.0 (C-6); LRMS m/z 699 [(M+H)+, 

100 %]. 

 

General procedure for the deprotection of the methyl ester and O-acyl protecting 

groups 

A stirred solution of the protected thioglucuronide (0.2 mmol) in MeOH (4 mL), was 

treated with 0.1 M LiOH (12 mL), and stirred at rt for 20 h.  The reaction was adjusted 

to pH 4 with Amberlite IR-120+ resin, which was then removed by filtration.  The 

solution was the adjusted to pH 7 − 8 with dilute NaOH, and the solvent was removed 

under reduced pressure.  Unless otherwise stated, the residue was purified by reverse 

phase chromatography (MeOH/H2O, 1:1) followed by desalting on a sepharose LH-20 

column (1 cm × 1 m) equilibrated with MeOH/H2O, 1:1. 
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Sodium (3-aminobenzyl 1-thio-β-D-glucopyranosid)uronate (97) 

According to the general procedure for the 

deprotection of the methyl ester and O-acyl 

protecting groups, a solution of 85 (112 mg, 

0.25 mmol) in MeOH (5 mL) was reacted with 

0.1 M LiOH (15 mL) to furnish the title compound 97 (81 mg, 98 %).  1H NMR 

(300 MHz, D2O) δ 3.34 − 3.44 (2H, m, H-3, H-4), 3.53 (1H, app t, J2,1, J2,3 9.0 Hz, 

H-2), 3.62 (1H, d, J1,2 9.6 Hz, H-1), 3.85 (1H, d, J1′a,1′b 12.9 Hz, H-1′a), 3.95 (1H, d, 

J1′b,1′a 13.2 Hz, H-1′b), 4.29 (1H, d, J5,4 8.7 Hz, H-5), 6.77 (1H, d, J5′,6′ 7.8 Hz, H-5′), 

6.84 (1H, s, H-3′), 6.86 (1H, d, J7′,6′ 7.8 Hz, H-7′), 7.22 (1H, app t, J6′,5′, J6′,7′ 7.7 Hz, 

H-6′); 13C NMR (75.5 MHz, D2O) δ 33.3 (C-1′), 71.8 (C-3), 72.0 (C-4), 77.1 (C-2), 80.0 

(C-1), 83.6 (C-5), 115.3 (C-5′), 116.9 (C-3′), 120.1 (C-7′), 129.7 (C-6′), 138.9, 146.4 

(C-2′, C-4′), 175.7 (C-6) ; LRMS m/z 314 [(M−Na)−, 100 %]; HRMS calcd for 

C13H16NNaO6S (M−Na) 314.0704, found 314.0704. 

 

Sodium (N-benzoyl-3-aminobenzyl 1-thio-β-D-glucopyranosid)uronate (98) 

 According to the general procedure 

for the deprotection of the methyl ester 

and O-acyl protecting groups, a 

solution of 86 (65 mg, 0.12 mmol) in 

MeOH (2 mL) was reacted with 0.1 M LiOH (6 mL) to furnish the title compound 98 

(52 mg, quant.).  1H NMR (300 MHz, D2O) δ 3.36 − 3.45 (2H, m, H-3, H-4), 3.53 (1H, 

app t, J2,1, J2,3 9.0 Hz, H-2), 3.62 (1H, d, J1,2 9.6 Hz, H-1), 3.95 (1H, d, J1′a,1′b 13.2 Hz, 

H-1′a), 4.05 (1H, d, J1′b,1′a 13.2 Hz, H-1′b), 4.31 (1H, d, J5,4 8.7 Hz, H-5), 7.27 - 7.60 

(5H, m, H-3″, H-4″, H-5″, H-6″, H-7″), 7.58 (1H, app t, J6′,5′, J6′,7′ 7.3 Hz, H-6′), 7.66 

(1H, d, J7′,6′ 7.1 Hz, H-7), 7.87 (1H, s, H-3′), 7.89 (1H, d, J5′,6′ 7.2 Hz, H-5′); 13C NMR 

(75.5 MHz, D2O) δ 33.2 (C-1′), 71.8, (C-2), 72.0 (C-4), 77.1 (C-3), 80.0 (C-1), 83.6 

(C-5), 121.6, 123.2, 126.6 (C-4″, C-5″, C-6″), 127.4 (C-3′, C-5′), 128.8 (C-6′), 129.5 

(C-3″, C7″), 132.4 (C-7′), 133.9, 137.2, 138.9 (C-2′, C-4′, C-2″), 175.6 (C-6); LRMS 

m/z 418 [(M−Na)−, 100 %]; HRMS calcd for C20H20NNaO7S (M−Na) 418.0966, found 

418.0963. 
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Sodium (N-benzyl-3-aminobenzyl 1-thio-β-D-glucopyranosid)uronate (99) 

According to the general procedure 

for the deprotection of the methyl 

ester and O-acyl protecting groups, a 

solution of 87 (65 mg, 0.05 mmol) in 

MeOH (1 mL) was reacted with 0.1 M LiOH (3 mL) to furnish the title compound 99 

(24 mg, quant.).  1H NMR (300 MHz, CDCl3) δ  3.30 − 3.40 (2H, m, H-3, H-4), 

3.50 − 3.53 (2H, m, H-1, H-2), 3.80 (1H, d, J1′a,1′b 13.5 Hz, H-1′a), 3.92 (1H, d, 

J1′b,1′a 13.2 Hz, H-1′b), 4.19 (1H, d, J5,4 9.6 Hz, H-5), 4.37 (2H, s, H-1″) 6.72 − 6.84 

(3H, m, H-3′, H-5′, H-7′), 7.21 (1H, app t, J6′,5′, J6′,7′ 8.1 Hz, H-6′), 7.32 - 7.43 (5H, m, 

H-3″,  H-4″, H-5″, H-6″, H-7″); 13C NMR (75.5 MHz, CDCl3) δ 33.2 (C-1′), 47.3 

(C-1″), 71.7 (C-2), 72.0 (C-4), 77.0 (C-3), 79.7 (C-1), 83.3 (C-5), 113.7, 115.1, 119.4 

(C-3′, C-5′, C-7′), 127.2 (C-5″), 127.6 (C-3″, C-7″), 128.7 (C-4″, C-6″), 129.8 (C-6′), 

138.9, 139.3, 148.0 (C-2′, C-4′, C-2″), (N.B. some tertiary C signals were missing); 

LRMS m/z 404 [(M−Na)−, 100 %]; HRMS calcd for C20H22NNaO6S (M−Na) 404.1173, 

found 404.1188. 

 

Sodium (benzyl 1-thio-β-D-glucopyranosid)uronate (96) 

According to the general procedure for the 

deprotection of the methyl ester and O-acyl protecting 

groups, a solution of 94 (81 mg, 0.18 mmol) in MeOH 

(4 mL) was reacted with 0.1 M LiOH (12 mL) to 

furnish the title compound 96 (53 mg, 89 %).  1H NMR (300 MHz, D2O) δ 3.38 − 3.43 

(2H, m, H-3, H-4), 3.53 (1H, app t, J2,1, J2,3 9.6 Hz, H-2), 3.62 (1H, d, J1,2 9.6 Hz, H-1), 

3.96 (1H, d, J1′a,1′b 12.9 Hz, H-1′a), 4.05 (1H, d, J1′b,1′b 13.2 Hz, H-1′b), 4.28 (1H, d, 

J5,49.6 Hz, H-5), 7.31 − 7.46 (5H, m, H-3′, H-4′, H-5′, H-6′, H-7′); 13C NMR 

(75.5 MHz, D2O) δ 33.4 (C-1′), 71.8 (C-2), 72.0 (C-4), 77.1 (C-3), 80.0 (C-1), 83.6 

(C-5), 127.4 (C-5′), 128.8 (C-4′, C-6′), 129.2 (C-3′, C-7′), 137.7 (C-2′), 175.7 (C-6); 

LRMS m/z 299 [(M−Na)−, 100 %]; HRMS calcd for C13H15NaO6S (M−Na) 299.0595, 

found 299.0591. 
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Sodium (3-aminonaphthalen-1-yl methylene 1-thio-β-D-glucopyranosid)uronate 

(116) 

According to the general procedure for the 

deprotection of the methyl ester and O-acyl 

protecting groups, a solution of the mixture 110 

and 111/112 (18 mg, 0.04 mmol) in MeOH 

(1 mL) was reacted with 0.1 M LiOH (3 mL) to 

furnish the title compound 116 (6.3 mg) and 165 (3.4 mg) (74 % overall yield).  

Following purification and separation of 116 and 165 by HPLC on a Unison UK amino 

column using an isocratic mobile phase of 92 % acetonitrile, 8 % ammonium formate 

(0.1 M), 116 reacted with the ammonium formate to give 117 in a 1:3 ratio with the free 

amine.  1H NMR (300 MHz, D2O) δ 3.29 − 3.41 (2H, m, H-3, H-4), 3.46 − 3.56 (2H, m, 

H-1, H-2), 4.23 (1H, d, J5,4 7.7 Hz, H-5), 4.32 (1H, d, J1′a,1′b 13.2 Hz, H-1′a), 4.42 (1H, 

d, J1′b,1′a 13.7 Hz, H-1′b), 7.41 (1H, s, H-5′), 7.47 − 7.62 (2H, m, H-8′, H-9′), 

7.82 − 7.93 (1H, m, H-7′), 8.04 (1H, s, H-3′), 8.09 − 8.18 (1H, m, H-10′); 13C NMR 

(75.5 MHz, D2O) δ 30.8 (C-1′), 71.7 (C-2), 71.9 (C-3), 77.1 (C-4), 79.7 (C-1), 83.8 

(C-5), 118.4 (C-3′), 122.0 (C-5′), 123.8 (C-10′), 127.0, 127.1 (C-8′, C-9′), 127.6 (C-7′); 

LRMS m/z 364 [(M−Na)−, 100 %]; HRMS calcd for C17H18NNaO6S (M−Na) 364.0860, 

found 364.0843. 

 

Sodium (3-amino-4-methoxy-naphthalen-1-yl methylene 1-thio-β-D-

glucopyranosid)uronate (165) 

Sodium (3-amino-2-methoxy-naphthalen-1-yl methylene 1-thio-β-D-

glucopyranosid)uronate (165) 

 
1H NMR (300 MHz, D2O) δ 3.36 (2H, m, H-3, H-4), 3.53 (2H, m, H-1, H-2), 3.92 (3H, 

s, OMe), 4.23 (1H, d, J5,4 9.7 Hz, H-5), 4.31 (1H, d, J1′a,1′b 13.3 Hz, H-1′a), 4.40 (1H, d, 

J1′b,1′a 13.4 Hz, H-1′b), 7.21 (1H, s, H-3′/H-5′), 7.45 (1H, app t, J8′,7′, J8′,9′ 7.6 Hz, H-8′), 

7.60 (1H, app t, J9′,8′, J9′,10′ 7.6 Hz, H-9′), 8.01 (1H, d, J7′,8′ 8.2 Hz, H-7′), 8.12 (1H, d, 

J10′,9′ 8.4 Hz, H-10′); 13C NMR (75.5 MHz, D2O) δ 30.5 (C-1′), 60.4 (OMe), 71.7 (C-2, 
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C-3), 71.9 (C-4), 77.1 (C-1), 83.6 (C-5), 120.5 (C-7′), 121.3 (C-3′/C-5′), 122.6 (C-8′), 

123.6 (C-10′), 124.5 (C-9′), (N.B. some tertiary C signals were missing); LRMS 

m/z 394 [(M−Na)−, 100 %]; HRMS calcd for C18H20NNaO7S (M−Na) 394.0966, found 

394.0967. 

 

Sodium (N-formyl 3-aminonaphthalen-1-yl methylene 1-thio-β-D-

glucopyranosid)uronate (117) 
1H NMR (300 MHz, D2O) δ 3.29 − 3.41 

(2H, m, H-3, H-4), 3.46 − 3.56 (2H, m, H-1, 

H-2), 4.23 (1H, d, J5,4 7.7 Hz, H-5), 4.32 

(1H, d, J1′a,1′b 13.2 Hz, H-1′a), 4.42 (1H, d, 

J1′b,1′a 13.7 Hz, H-1′b), 7.25 (1H, s, H-5′), 

7.47 − 7.62 (3H, m, H-8′, H-9′, NHC(O)H), 7.82 − 7.93 (1H, m, H-7′), 8.09 − 8.18 (1H, 

m, H-10′), 8.33 (1H, s, H-3′); 13C NMR (75.5 MHz, D2O) δ 30.8 (C-1′), 71.7 (C-2), 

71.9 (C-3), 77.1 (C-4), 79.7 (C-1), 83.8 (C-5), 113.2 (C-5′), 115.3 (NHC(O)H), 121.1 

(C-3′),  123.7 (C-10′), 127.0, 127.1 (C-8′, C-9′), 127.6 (C-7′); LRMS m/z 392 

[(M−Na)−, 100 %]; HRMS calcd for C18H18NNaO7S (M−Na) 392.0810, found 

392.0821. 

 

Sodium (N-benzoyl-3-amino-2-methoxy-naphthalen-1-yl methylene 1-thio-β-D-

glucopyranosid)uronate (118) 

According to the general procedure for 

the deprotection of the methyl ester 

and O-acyl protecting groups, a 

solution of the mixture 113 and 114 

(36 mg, 0.06 mmol) in MeOH (2 mL) 

was reacted with 0.1 M LiOH (6 mL) to furnish the title compound 118 (11 mg) and 

164 (24 mg) (76 % overall yield), which were purified and separated by HPLC on a 

Synergi Hydro reverse phase column using an isocratic mobile phase of aqueous 

acetonitrile (27 % v/v).  1H NMR (300 MHz, MeOD) δ 3.24 − 3.48 (2H, m, H-3, H-4), 

3.52 − 3.67 (1H, m, H-2), 3.74 − 3.88 (1H, m, H-1), 4.29 − 4.36 (1H, m, H-5), 4.36 (1H, 

d, J1′a,1′b 12.9 Hz, H-1′a), 4.45 (1H, d, J1′b,1′a 13.0 Hz, H-1′b), 7.43 − 7.64 (5H, m, H-8′, 

H-9′, H-4″, H-5″, H-6″), 7.72 (1H, s, H-5′), 7.80 − 7.88 (1H, m, H-7′), 7.96 − 8.04 (2H, 

m, H-3″, H-7″), 8.16 − 8.23 (1H, m, H-10′), 8.27 (1H, s, H-3′); 13C NMR (75.5 MHz, 
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MeOD) δ 31.8 (C-1′), 74.0 (C-2, C-3, C-4), 86.1 (C-1, C-5), 119.2 (C-3′), 123.8 (C-5′), 

125.3 (C-10′), 126.4 (C-8′), 127.4 (C-9), 128.7 (C-3″, C-7″), 129.5 (C-7′), 129.7 (C-4″, 

C-6″), 130.4 (C-1″), 132.9 (C-5″), 135.8, 136.0, 136.3, 136.7 (C-2′, C-4′, C-6′, C-11′, 

C-2″), 169.1 (C-6); LRMS m/z 468 [(M−Na)−, 100 %]; HRMS calcd for C24H22NNaO7S 

(M−Na) 468.1122, found 468.1121. 

 

Sodium (N-benzoyl-3-amino-4-methoxy-naphthalen-1-yl methylene 1-thio-β-D-

glucopyranosid)uronate (164) 

Sodium (N-benzoyl-3-amino-2-methoxy-naphthalen-1-yl methylene 1-thio-β-D-

glucopyranosid)uronate (164) 
1H NMR (300 MHz, MeOD) δ 3.45 

− 3.60 (1H, m, H-4), 3.62 − 3.85 

(2H, m, H-2, H-3), 3.94 (OMe), 4.30 

− 4.44 (1H, m, H-1), 4.46 − 4.68 

(3H, m, H-5, H-1′), 7.50 − 7.66 (5H, 

m, H-8′, H-9′, H-4″, H-5″, H-6″), 

7.88 (1H, s, H-3′/5′), 7.99 − 8.09 

(2H, m, H-3″, H-7″), 8.12 − 8.20, 

(1H, m, H-7′),  8.24 − 8.34 (1H, m, 

H-10′); 13C NMR (75.5 MHz, MeOD) δ 31.5 (C-1′), 62.1 (OMe), 70.7 (C-2, C-3), 74.6 

(C-4), 78.9 (C-1), 80.8 (C-5), 123.5 (C-7′), 126.1 (C-10′), 127.2 (C-8′), 127.3 (C-9′, 

C-3′/5′), 128.8 (C-3″, C-7″), 129.8 (C-4″, 6″), 130.0 (C-1″), 133.1 (C-5″), 160.9 (C-6), 

(N.B. some tertiary C signals were missing); LRMS m/z 498 [(M−Na)−, 100 %]; HRMS 

calcd for C25H24NNaO8S (M−Na) 498.1228, found 498.1219. 

 

Sodium (3-amino-N-benzoyl-2-benzyloxy-prop-1-yl 1-thio-α,β-D-

glucopyranosid)uronate (142) 

According to the general procedure for 

the deprotection of the methyl ester and 

O-acyl protecting groups, a solution of 

135 (44 mg, 0.07 mmol) in MeOH 

(2 mL) was reacted with 0.1 M LiOH 

(6 mL) to furnish the title compound 142 

(22 mg, 62 %).  The α- and β-anomers were purified and separated by HPLC on a 
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Unison UK amino column using an isocratic mobile phase of 92 % acetonitrile, 8 % 

ammonium formate (0.1 M).  α-Anomer: 1H NMR (300 MHz, D2O) δ 2.88 (1H, dd, 

J1′a,1′b 14.4 Hz, J1′a,2′ 6.0 Hz, H-1′a), 3.02 (1H, dd, J1′b,1′a 14.2 Hz, J1′b,2′ 5.7 Hz, H-1′b), 

3.46 − 3.76 (4H, m, H-3, H4, H-3′), 3.90 (1H, dd, J2,1 5.6 Hz, J2,3 9.7 Hz, H-2), 

3.94 − 4.04 (1H, m, H-2′), 4.32 (1H, d, J5,4 9.5 Hz, H-5), 4.63 (1H, d, J1″a,1″b 11.9 Hz, 

H-1″a), 4.74 (1H, d, J1″b,1″a 11.7 Hz, H-1″b), 5.50 (1H, d, J1,2 5.5 Hz, H-1), 7.24 − 7.44 

(5H, m, CH2Ph), 7.48 − 7.72 (5H, m, C(O)Ph); 13C NMR (75.5 MHz, D2O) δ 32.0 

(C-1′), 42.3, 42.5 (2 × C-3′), 70.9 (C-2), 71.9, 72.0 (2 × C-1″), 72.1 (2 × C-3, 2 × C-4), 

73.3, 73.4 (2 × C-2′), 76.5, 76.6 (2 × C-1), 85.8, 86.1 (2 × C-5), 127.1, 128.3, 128.7, 

128.8, 132.1 (CH2Ph, C(O)Ph), (N.B. some tertiary C signals were missing); LRMS 

m/z 476 [(M−Na)−, 100 %]; HRMS calcd for C23H26NNaO8S (M−Na) 476.1385, found 

476.1398.  β-Anomer: 1H NMR (300 MHz, D2O) δ 2.95 (1H, dd, J1′a,1′b 14.4 Hz, 

J1′a,2′ 5.5 Hz, H-1′a), 3.11 (1H, dd, J1′b,1′a 14.2 Hz, J1′b,2′ 5.6 Hz, H-1′b), 3.37 (1H, app t, 

J4,3, J4,5 8.7 Hz, H-4), 3.45 − 3.60 (2H, m, H-2, H-3), 3.61 − 3.67 (2H, m, H-3′), 3.70 

(1H, d, J1,2 8.4 Hz, H-1), 3.95 − 4.06 (1H, m, H-2′), 4.58 (1H, d, J5,4 9.4 Hz, H-5), 4.66 

(1H, d, J1″a,1″b 12.1 Hz, H-1″a), 4.75 (1H, d, J1″b,1″a 12.7 Hz, H-1″b), 7.28 − 7.42 (5H, m, 

CH2Ph), 7.50 − 7.72 (5H, m, C(O)Ph); 13C NMR (75.5 MHz, D2O) δ 31.7, 31.8 

(2 × C-1′), 42.0, 42.2 (2 × C-3′), 71.5 (C-2, C-4), 71.8, 72.1 (2 × C-1″), 72.2, 72.3 

(2 × C-3), 76.6 (C-1), 76.8 (C-2′), 85.4, 85.8 (2 × C-5), 127.1, 128.4, 128.7, 128.8, 

132.1 (CH2Ph, C(O)Ph), 133.4 (C-2′′′), 137.2 (C-2″), (N.B. some tertiary C signals 

were missing); LRMS m/z 476 [(M−Na)−, 100 %]; HRMS calcd for C23H26NNaO8S 

(M−Na) 476.1385, found 476.1363.   

 

1-N-[2-(R)-Benzyloxy-3-(sodium 1-thio-α,β-D-glucopyranosiduronyl)-propyl]-4-(2-

hydroxyethyl)-1,2,3-triazole (158) 

According to the general procedure for 

the deprotection of the methyl ester and 

O-acyl protecting groups, a solution of 

152 (67 mg, 0.11 mmol) in MeOH 

(2 mL) was reacted with 0.1 M LiOH 

(6 mL) to furnish the title compound 158 

(56 mg, quant.).  The α- and β-anomers were purified and separated by HPLC on a 

Unison UK amino column using an isocratic mobile phase of 85 % acetonitrile, 15 % 

ammonium formate (0.1 M).  α-Anomer: 1H NMR (300 MHz, D2O) δ 2.81 − 2.94 (4H, 
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m, H-1′, H-3′′′), 3.55 (1H, app t, J4,3, J4,5 8.9 Hz, H-4), 3.64 (1H, app t, J3,2, J3,4 8.9 Hz, 

H-3), 3.91 (1H, dd, J2,1 4.9 Hz, J2,3 9.3 Hz, H-2), 4.07 − 4.18 (3H, m, H-2′, H-4′′′), 4.32 

(1H, d, J5,4 9.3 Hz, H-5), 4.38 (1H, d, J1″a,1″b 11.6 Hz, H-1″a), 4.50 (1H, dd, J3′a,2′ 8.3 Hz, 

J3′a,3′b 14.4 Hz, H-3′a), 4.62 (1H, d, J1″b,1″a 11.4 Hz, H-1″b), 4.66 − 4.78 (1H, m, H-3′b), 

5.50 (1H, d, J1,2 5.0 Hz, H-1), 7.14 − 7.24 (2H, m, H-3″, H-7″), 7.32 − 7.40 (3H, m, 

H-4″, H-5″, H-6″), 7.78 (1H, s, H-1′′′); 13C NMR (75.5 MHz, D2O) δ 27.6 (C-3′′′), 31.5 

(C-1′), 52.6 (C-3′), 60.5 (C-4′′′), 70.9 (C-2), 72.0 (C-4), 72.2 (C-1″), 73.4 (C-3), 76.6 

(C-1, C-2′), 85.9 (C-5), 128.4, 128.6, 128.7 (CH2Ph), 136.5 (C-2″), (N.B. some tertiary 

C signals were missing); LRMS m/z 468 [(M−Na)−, 100 %]; HRMS calcd for 

C20H26N3NaO8S (M−Na) 468.1446, found 468.1445.  β-Anomer: 1H NMR (300 MHz, 

D2O) δ 2.79 (2H, t, J3′′′,4′′′ 6.3 Hz, H-3′′′), 2.90 (1H, dd, J1′a,1′b 14.6 Hz, J1′a,2′ 5.3 Hz, 

H-1′a), 2.96 (1H, dd, J1′b,1′a 13.0 Hz, J1′b,2′ 4.8 Hz, H-1′b), 3.28 (1H, app t, J4,3, 

J4,5 9.2 Hz, H-4), 3.38 − 3.49 (2H, m, H-2, H-3), 3.60 (1H, d, J1,2 9.4 Hz, H-1), 

3.68 − 3.82 (2H, m, H-4′′′), 4.00 − 4.10 (1H, m, H-2′), 4.30 (1H, d, J1″a,1″b 11.8 Hz, 

H-1″a), 4.42 (1H, dd, J3′a,2′ 8.6 Hz, J3′a,3′b 14.7 Hz, H-3′a), 4.50 (1H, d, J1″b,1″a 11.9 Hz, 

H-1″b), 4.51 (1H, d, J5,4 9.8 Hz, H-5), 4.65 (1H, dd, J3′b,2′ 2.1 Hz, J3′b,3′a 14.5 Hz, H-3′b), 

7.02 − 7.08 (2H, m, H-3″, H-7″), 7.21 − 7.30 (3H, m, H-4″, H-5″, H-6″), 7.60 (1H, s, 

H-1′′′);  13C NMR (75.5 MHz, D2O) δ 27.7 (C-3′′′), 31.5 (C-1′), 52.1 (C-3′), 60.4 

(C-4′′′), 71.6 (C-2), 71.7 (C-1″), 72.2 (C-4), 76.5 (C-3), 76.8 (C-1, C-2′), 86.2 (C-5), 

128.3, 128.6, 128.7 (CH2Ph), 136.4 (C-2″), (N.B. some tertiary C signals were missing); 

LRMS m/z 468 [(M−Na)−, 100 %]; HRMS calcd for C20H26N3NaO8S (M−Na) 

468.1446, found 468.1462. 

 

1-N-[2-(R)-Benzyloxy-3-(sodium 1-thio-α,β-D-glucopyranosiduronyl)-propyl]-4-(2-

hydroxypropyl)-1,2,3-triazole (159) 

According to the general procedure for 

the deprotection of the methyl ester and 

O-acyl protecting groups, a solution of 

153 (56 mg, 0.09 mmol) in MeOH 

(2 mL) was reacted with 0.1 M LiOH 

(6 mL) to furnish the title compound 159 

(35 mg, 78 %).  The α- and β-anomers were purified and separated by HPLC on a 

Unison UK amino column using an isocratic mobile phase of 88 % acetonitrile, 12 % 
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ammonium formate (0.1 M).  α-Anomer: 1H NMR (300 MHz, D2O) δ 1.19 (1H, d, 

JMe,CH 5.5 Hz, CHMe), 2.83 (2H, d, J3′′′,4′′′ 5.8 Hz, H-3′′′), 2.90 (2H, d, J1′,2′ 5.9 Hz, 

H-1′), 3.54 (1H, app t, J4,3, J4,5 9.4 Hz, H-4), 3.64 (1H, app t, J3,2, J3,4 9.1 Hz, H-3), 3.91 

(1H, dd, J2,1 5.4 Hz, J2,3 9.5 Hz, H-2), 4.08 − 4.19 (2H, m, H-2′, H-4′′′), 4.31 (1H, d, 

J5,4 9.5 Hz, H-5), 4.39 (1H, d, J1″a,1″b 11.7 Hz, H-1″a), 4.51 (1H, dd, J3′a,2′ 5.4 Hz, 

J3′a,3′b 9.5 Hz, H-3′a), 4.63 (1H, d, J1″b,1″a 11.7 Hz, H-1″b), 4.68 − 4.74 (1H, m, H-3′b), 

5.50 (1H, d, J1,2 5.4 Hz, H-1), 7.16 − 7.24 (2H, m, H-3″, H-7″), 7.32 − 7.42 (3H, m, 

H-4″, H-5″, H-7″), 7.74 (1H, s, H-1′′′); 13C NMR (75.5 MHz, D2O) δ 31.5 (C-1′), 33.9 

(C-3′′′), 52.6 (C-3′), 70.9 (C-2), 72.0 (C-4), 72.2 (C-1″), 73.4 (C-3), 76.7 (C-1, C-2′), 

85.9 (C-5), 128.4, 128.6, 128.7 (CH2Ph), 136.5 (C-2″), (N.B. some tertiary C signals 

were missing); LRMS m/z 482 [(M−Na)−, 100 %]; HRMS calcd for C21H28N3NaO8S 

(M−Na) 482.1603, found 482.1618.  β-Anomer: 1H NMR (300 MHz, D2O) δ 1.17 (1H, 

d, JMe,CH CHMe), 2.79 (2H, d, J3′′′,4′′′ 5.1 Hz, H-3′′′), 2.95 (1H, dd, J1′a,1′b 14.6 Hz, 

J1′a,2′ 5.3 Hz, H-1′a), 3.30 (1H, dd, J1′b,1′a 14.6 Hz, J1′b,2′ 6.8 Hz, H-1′b), 3.35 (1H, app t, 

J4,3, J4,5 9.1 Hz, H-4), 3.45 − 3.55 (2H, m, H-2, H-3), 3.66 (1H, d, J1,2 9.1 Hz, H-1), 

3.99 − 4.19 (2H, m, H-2′, H-4′′′), 4.36 (1H, d, J1″a,1″b 11.7 Hz, H-1″a), 4.50 (1H, dd, 

J3′a,2′ 8.4 Hz, J3′a,3′b 14.5 Hz, H-3′a), 4.55 (1H, d, J1″b,1″a 11.7 Hz, H-1″b), 4.56 (1H, d, 

J5,4 10.2 Hz, H-5), 4.71 (1H, dd, J3′b,2′ 2.6 Hz, J3′b,3′a 14.6 Hz, H-3′b), 7.10 − 7.19 (2H, 

m, H-3″, H-7″), 7.29 − 7.37 (3H, m, H-4″, H-5″, H-6″), 7.69 (1H, s, H-1′′′); 13C NMR 

(75.5 MHz, D2O) δ 31.5 (C-1′), 33.9 (C-3′′′), 52.2 (C-3′), 71.7 (C-2), 71.9 (C-1″), 72.3 

(C-4), 73.4 (C-3), 76.9 (C-1, C-2′), 86.1 (C-5), 128.3, 128.4, 128.7 (CH2Ph), 136.5 (C-

2″), (N.B. some tertiary C signals were missing); LRMS m/z 482 [(M−Na)−, 100 %]; 

HRMS calcd for C21H28N3NaO8S (M−Na) 482.1603, found 482.1594. 

 

1-N-[2-(R)-Benzyloxy-3-(sodium 1-thio-α,β-D-glucopyranosiduronyl)-propyl]-4-

isobutyl-1,2,3-triazole (160) 

According to the general procedure for the 

deprotection of the methyl ester and O-

acyl protecting groups, a solution of 154 

(44 mg, 0.07 mmol) in MeOH (2 mL) was 

reacted with 0.1 M LiOH (6 mL) to furnish 

the title compound 160 (35 mg, quant.).  

The α- and β-anomers were purified and separated by HPLC on a Unison UK amino 
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column using an isocratic mobile phase of 93 % acetonitrile, 7 % ammonium formate 

(0.1 M).  α-Anomer: 1H NMR (300 MHz, D2O) δ 0.88 (6H, d, JMe,CH 6.7 Hz, CHMe2), 

1.80 − 1.97 (1H, m, CHMe2), 2.57 (2H, d, J3′′′,4′′′ 7.0 Hz, H-3′′′), 2.90 (2H, d, 

J1′,2′ 6.2 Hz, H-1′), 3.57 (1H, app t, J4,3, J4,5 9.1 Hz, H-4), 3.64 (1H, app t, J3,2, 

J3,4 9.3 Hz, H-3), 3.91 (1H, dd, J2,1 5.4 Hz, J2,3 9.3 Hz, H-2), 4.09 − 4.20 (1H, m, H-2′), 

4.36 (1H, d, J1″a,1″b 11.1 Hz, H-1″a), 4.37 (1H, d, J5,4 9.9 Hz, H-5), 4.50 (1H, dd, 

J3′a,2′ 8.0 Hz, J3′a,3′b 14.5 Hz, H-3′a), 4.61 (1H, d, J1″b,1″a 11.2 Hz, H-1″b), 4.72 (1H, dd, 

J3′b,2′ 2.7 Hz, J3′b,3′a 14.5 Hz, H-3′b), 5.50 (1H, d, J1,2 5.5 Hz, H-1), 7.14 − 7.23 (2H, m, 

H-3″, H-7″), 7.32 − 7.41 (3H, m, H-4″, H-5″, H-6″), 7.70 (1H, s, H-1′′′); 13C NMR 

(75.5 MHz, D2O) δ 21.4 (CHMe2), 28.1 (CHMe2), 31.4 (C-3′), 33.5 (C-3′′′), 52.6 (C-1′), 

70.9 (C-2), 72.0 (C-4), 72.2 (C-1″), 73.3 (C-3), 76.8 (C-1, C-2′), 85.8 (C-5), 128.4 

(C-1′′′), 128.6 (CH2Ph), 136.5 (C-2″), 170.9 (C-6), (N.B. some tertiary C signals were 

missing); LRMS m/z 480 [(M−Na)−, 100 %]; HRMS calcd for C22H30N3NaO7S (M−Na) 

480.1810, found 480.1789.  β-Anomer: 1H NMR (300 MHz, D2O) δ 0.89 (6H, d, 

JMe,CH 6.7 Hz, CHMe2), 1.80 − 1.97 (1H, m, CHMe2), 2.55 (2H, d, J3′′′,4′′′ 7.0 Hz, H-3′′′), 

2.97 (1H, dd, J1′a,1′b 14.2 Hz, J1′a,2′ 5.3 Hz, H-1′a), 3.07 (1H, dd, J1′b,1′a 14.1 Hz, 

J1′b,2′ 6.5 Hz, H-1′b), 3.36 (1H, app t, J4,3, J4,5 9.0 Hz, H-4), 3.45 − 3.59 (2H, m, H-2, 

H-3), 3.66 (1H, d, J1,2 8.9 Hz, H-1), 4.12 − 4.23 (1H, m, H-2′), 4.37 (1H, d, 

J1″a,1″b 11.5 Hz, H-1″a), 4.54 (1H, dd, J3′a,2′ 8.8 Hz, J3′a,3′b 14.7 Hz, H-3′a), 4.58 (1H, d, 

J5,4 9.8 Hz, H-5), 4.58 (1H, d, J1″b,1″a 11.3 Hz, H-1″b), 4.72 (1H, dd, J3′b,2′ 2.9 Hz, 

J3′b,3′a 14.4 Hz, H-3′b), 7.11 − 7.20 (2H, m, H-3″, H-7″), 7.31 − 7.40 (3H, m, H-4″, 

H-5″, H-6″), 7.69 (1H, s, H-1′′′); 13C NMR (75.5 MHz, D2O) δ 21.4 (CHMe2), 28.1 

(CHMe2), 31.4 (C-3′), 33.5 (C-3′′′), 52.3 (C-1′), 71.7 (C-2), 72.0 (C-1″), 72.4 (C-4), 

76.8 (C-3), 76.9 (C-1, C-2′), 86.0 (C-5), 128.4 (C-1′′′), 128.6, 128.7 (CH2Ph), 136.5 (C-

2″), 170.9 (C-6), (N.B. some tertiary C signals were missing); LRMS m/z 480 

[(M−Na)−, 100 %]; HRMS calcd for C22H30N3NaO7S (M−Na) 480.1810, found 

480.1794. 
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1-N-[2-(R)-Benzyloxy-3-(sodium 1-thio-α,β-D-glucopyranosiduronyl)-propyl]-4-

(N,N-dimethyl-aminomethyl)-1,2,3-triazole (161) 

According to the general procedure for the 

deprotection of the methyl ester and 

O-acyl protecting groups, a solution of 155 

(151 mg, 0.22 mmol) in MeOH (5 mL) 

was reacted with 0.1 M LiOH (15 mL) to 

furnish the title compound 161 (63 mg, 

50 %).  The α- and β-anomers were purified and separated by HPLC on a Unison UK 

amino column using an isocratic mobile phase of 92 % acetonitrile, 8 % ammonium 

formate (0.1 M).  α-Anomer: 1H NMR (300 MHz, D2O) δ 2.84 (6H, s, NMe2), 2.88 

(1H, dd, J1′a,1′b 14.9 Hz, J1′a,2′ 6.6 Hz, H-1′a), 2.95 (1H, dd, J1′b,1′a 14.9 Hz, J1′b,2′ 7.3 Hz, 

H-1′b), 3.54 (1H, app t, J4,3, J4,5 9.3 Hz, H-4), 3.63 (1H, app t, J3,2, J3,4 9.1 Hz, H-3), 

3.91 (1H, dd, J2,1 5.3 Hz, J2,3 9.4 Hz, H-2), 4.12 − 4.24 (1H, m, H-2′), 4.30 (1H, d, 

J5,4 9.5 Hz, H-5), 4.40 (2H, s, H-3′′′), 4.45 (1H, d, J1″a,1″b 11.5 Hz, H1″a), 4.61 (1H, dd, 

J3′a,2′ 7.9 Hz, J3′a,3′b 14.9 Hz, H-3′a), 4.68 (1H, d, J1″b,1″a 11.2 Hz, H-1″b), 4.80 − 4.85 

(1H, m, H-3′b), 5.51 (1H, d, J1,2 5.2 Hz, H-1), 7.18 − 7.28 (2H, m, H-3″, H-7″), 

7.31 − 7.40 (3H, m, H-4″, H-5″, H-6″), 8.11 (1H, s, H-1′′′); 13C NMR (75.5 MHz, D2O) 

δ 31.6 (C-1′), 42.0 (NMe2), 50.9 (C-3′), 52.7 (C-3′′′), 70.8 (C-2), 71.9 (C-4), 72.2 

(C-1″), 73.4 (C-3), 76.8 (C-1, C-2′), 86.1 (C-5), 128.4 (C-1′′′), 128.6, 128.7 (CH2Ph), 

136.6 (C-2″), (N.B. some tertiary C signals were missing); LRMS m/z 481 [(M−Na)−, 

100 %]; HRMS calcd for C21H29N4NaO7S (M−Na) 481.1762, found 481.1786.  

β-Anomer: 1H NMR (300 MHz, D2O) δ 2.83 (6H, s, NMe2), 2.98 (1H, dd, J1′a,1′b 

14.3 Hz, J1′a,2′ 7.8 Hz, H-1′a), 3.10 (1H, dd, J1′b,1′a 14.5 Hz, J1′b,2′ 4.5 Hz, H-1′b), 

3.31 − 3.41 (1H, m, H-4), 3.46 − 3.57 (2H, m, H-2, H-3), 3.64 − 3.74 (1H, m, H-1), 4.08 

− 4.20 (1H, m, H-2′), 4.35 (2H, s, H-3′′′), 4.40 (1H, d, J1″a,1″b 12.0 Hz, H-1″a), 4.57 (1H, 

dd, J3′a,2′ 8.4 Hz, J3′a,3′b 14.5 Hz, H-3′a), 4.61 (1H, d, J5,4 10.6 Hz, H-5), 4.62 (1H, d, 

J1″b,1″a 12.0 Hz, H-1″b), 4.86 (1H, dd, J3′b,2′ 2.6 Hz, J3′b,3′a 14.7 Hz, H-3′b), 7.07 − 7.18 

(2H, m, H-3″, H-7″), 7.27 − 7.40 (3H, m, H-4″, H-5″, H-6″), 8.04 (1H, s, H-1′′′); 
13C NMR (75.5 MHz, D2O) δ 31.9 (C-1′), 42.0 (NMe2), 50.9 (C-3′), 52.5 (C-3′′′), 71.6 

(C-1″), 71.7 (C-2), 72.3 (C-4), 76.6 (C-3), 76.9 (C-1, C-2′), 86.6 (C-5), 128.4 (C-1′′′), 

128.7, 128.8 (CH2Ph), 136.5 (C-2″), 170.9 (C-6), (N.B. some tertiary C signals were 
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missing); LRMS m/z 481 [(M−Na)−, 100 %]; HRMS calcd for C21H29N4NaO7S (M−Na) 

481.1762, found 481.1765. 

 

1-N-[2-(R)-Benzyloxy-3-(sodium 1-thio-α,β-D-glucopyranosiduronyl)-propyl]-4-(N-

benzyl-N-methyl-aminomethyl)-1,2,3-triazole (162) 

According to the general 

procedure for the deprotection 

of the methyl ester and O-acyl 

protecting groups, a solution of 

156 (37 mg, 0.06 mmol) in 

MeOH (2 mL) was reacted 

with 0.1 M LiOH (6 mL) to furnish the title compound 162 (24 mg, 81 %).  The α- and 

β-anomers were purified and separated by HPLC on a Unison UK amino column using 

an isocratic mobile phase of 92 % acetonitrile, 8 % ammonium formate (0.1 M).  

α-Anomer: 1H NMR (300 MHz, D2O) δ 2.69 (3H, s, NMe), 2.88 (1H, dd, 

J1′a,1′b 14.5 Hz, J1′a,2′ 6.1 Hz, H-1′a), 2.95 (1H, dd, J1′b,1′a 15.2 Hz, J1′b,2′ 6.8 Hz, H-1′b), 

3.54 (1H, app t, J4,3, J4,5 9.4 Hz, H-4), 3.63 (1H, app t, J3,2, J3,4 9.3 Hz, H-3), 3.90 (1H, 

dd, J2,1 5.5 Hz, J2,3 9.4 Hz, H-2), 4.12 − 4.22 (1H, m, H-2′), 4.24 (2H, s, H-3′′′), 4.30 

(1H, d, J5,4 9.6 Hz, H-5), 4.34 (2H, s, H-4′′′), 4.43 (1H, d, J1″a,1″b 11.6 Hz, H-1″a), 4.59 

(1H, dd, J3′a,2′ 7.5 Hz, J3′a,3′b 14.4 Hz, H-3′a), 4.67 (1H, d, J1″b,1″a 11.8 Hz, H-1″b), 

4.71 − 4.85 (1H, m, H-3′b), 5.50 (1H, d, J1,2 5.5 Hz, H-1), 7.16 − 7.24 (2H, m, H-3″, 

H-7″), 7.26 − 7.34 (3H, m, H-4″, H-5″, H-6″), 7.41 − 7.48 (2H, m, H-6′′′, H-10′′′), 7.49 

− 7.57 (3H, m, H-7′′′, H-8′′′, H-9′′′), 8.01 (1H, s, H-1′′′); 13C NMR (75.5 MHz, D2O) 

δ 31.6 (C-1′), 39.3 (NMe), 49.2 (C-3′), 52.7 (C-3′′′), 58.5 (C-4′′′),  70.8 (C-2), 72.0 

(C-4), 72.2 (C-1″), 73.3 (C-3), 76.8 (C-1, C-2′), 86.0 (C-5), 127.4 (C-2′′′), 128.3 

(C-1′′′), 128.6, 128.7, 129.3, 129.9, 130.8 (2 × CH2Ph), 136.6 (C-2″), (N.B. some 

tertiary C signals were missing); LRMS m/z 557 [(M−Na)−, 100 %]; HRMS calcd for 

C27H33N4NaO7S (M−Na) 557.2076, found 557.2075.  β-Anomer: 1H NMR (300 MHz, 

D2O) δ 2.72 (3H, s, NMe), 2.99 (1H, dd, J1′a,1′b 14.7 Hz, J1′a,2′ 8.1 Hz, H-1′a), 3.11 (1H, 

dd, J1′b,1′a 14.4 Hz, J1′b,2′ 4.4 Hz, H-1′b), 3.37 (1H, app t, J4,3, J4,5 9.3 Hz, H-4), 

3.46 − 3.57 (2H, m, H-2, H-3), 3.70 (1H, d, J1,2 9.5 Hz, H-1), 4.09 − 4.21 (1H, m, H-2′), 

4.32 (2H, s, C-3′′′), 4.37 (2H, s, C-4′′′), 4.39 (1H, d, J1″a,1″b 12.2 Hz, H-1″a), 4.55 (1H, 

dd, J3′a,2′ 9.1 Hz, J3′a,3′b 14.5 Hz, H-3′a), 4.62 (1H, d, J5,4 9.7 Hz, H-5), 4.62 (1H, d, 

J1″b,1″a 11.7 Hz, H-1″b), 4.86 (1H, dd, J3′b,2′ 1.9 Hz, J3′b,3′a 14.3 Hz, H-3′b), 7.08 − 7.17 
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(2H, m, H-3″, H-7″), 7.24 − 7.33 (3H, m, H-4″, H-5″, H-6″), 7.44 − 7.60 (5H, m, 

H-6′′′ − H-10′′′), 8.00 (1H, s, H-1′′′); 13C NMR (75.5 MHz, D2O) δ 31.8 (C-1′), 39.0 

(NMe), 49.1 (C-3′), 52.5 (C-3′′′), 59.2 (C-4′′′), 71.6 (C-1″), 71.7 (C-2), 72.3 (C-4), 76.7 

(C-3), 77.0 (C-1, C-2′), 86.5 (C-5), 128.3, 128.6, 128.7, 129.4, 131.0 (2 × CH2Ph), 

128.9 (C-2′′′), 130.2 (C-1′′′), 136.3 (C-5′′′), 136.5 (C-2″), (N.B. some tertiary C signals 

were missing); LRMS m/z 557 [(M−Na)−, 100 %]; HRMS calcd for C27H33N4NaO7S 

(M−Na) 557.2076, found 557.2093. 

 

5.4 Biological Evaluation of Probes and Potential Inhibitors 

of β-Glucuronidase 

5.4.1 Materials 

All materials were purchased from the Sigma-Aldrich Co., including bovine 

β-glucuronidase (type B-10), 4-methylumbelliferyl β-D-glucopyranosiduronic acid (52), 

suramin (51), and Greiner polystyrene high binding black 96 well microplates. 

 

5.4.2 β-Glucuronidase Activity Assay 

The activity assay of commercially available bovine β-glucuronidase with MUG was 

based on the method of Mead et al.136  The procedure was modified so the reaction 

could be performed in a black 96-well microplate.  The general reaction consisted of a 

total volume of 50 μL of assay buffer, containing enzyme and MUG in a final 

concentration of 1 mM.  The reaction was incubated in an eppendorf Thermomixer 

comfort at 37 °C for an appropriate period and stopped by the addition of 200 μL of 

0.2 M glycine buffer (pH 10.7).  Fluorescence measurements were performed using a 

Wallac Victor3 1420 multilabel plate reader with excitation and emission values of 

355 nm and 460 nm, respectively.  A 4-methyumbelliferone standard curve ranging 

from 0.1 μM to 1 μM was used to relate fluorescence to enzyme activity.  The optimum 

pH for cleavage of MUG by bovine β-glucuronidase was determined using the five 

buffers described in Section 5.1.12.  The determination of Michaelis-Menten constants 

for the cleavage of MUG by bovine β-glucuronidase was performed using optimized 

conditions.  The reaction was performed using a 20 mM citrate-phosphate buffer (pH 6), 

containing 2 ng of bovine β-glucuronidase and incubated at 37 °C for 25 min.  The 
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reaction velocities at various molar concentrations of MUG ranging from 0.1 – 4 M 

were used for the determination of enzyme kinetic parameter. 

 

5.4.3 Inhibition Assays 

The cleavage of MUG by bovine β-glucuronidase and B. pseudomallei heparanase was 

investigated in the presence of the synthesised glucuronide-based compounds 

(Section 5.3).  The reactions were performed under optimised conditions as described 

Section 5.1.12 and Section 5.1.13, in the presence of various inhibitor concentrations 

(10 mM, 5 mM, 1 mM, 0.1 mM, etc) to produce appropriate dose response curves. 
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Appendix A:  Input Parameter Files 
 
GRID  
 
GRID input parameter file 
:                      MOLECULAR DISCOVERY LIMITED 
:                      *************************** 
:   
:                    Command File for Programme GRID 
:   
:   
:   
:  Assign Channel Numbers and Output File names: 
:  ---------------------------------------------  
:   
 LONT      6 
 LONT  pro1.lont                                                                
 KONT     20 
 KONT  pro1.kont                                                                
:   
:  Assign Channel Numbers and Input File names: 
:  --------------------------------------------  
:   
 INPT     10 
 INPT  bhgb_h_mod_in.kout 
:   
:  Provide Control Parameters: 
:  ---------------------------  
:   
 CLER      5.000 
 DEEP      5.000 
 DPRO      4.000 
 DWAT     80.000 
 EACH      5.000 
 EMAX      5.000 
 FARH      5.000 
 FARR      8.000 
 ALMD      1 
 KWIK      0 
 LEAU      0 
 LENG     30 
 LEVL      1 
 LIST      1 
 MOVE      0 
 NETA      0 
 NPLA      2 
 NUMB      1 
 VALU      0.000 
 OH2  
 TOPX     99.58 
 TOPY     51.09 
 TOPZ     121.51 
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 BOTX     79.58 
 BOTY     31.09 
 BOTZ     101.51 
 IEND 
 OH2                                                                          
       0    1 
: 
:Record the name of the execuTable Programme and the name of 
:the Default Directory as comment lines starting with a colon: 
: 
:PROG:  /programs/grid21/grid                                                   
:DEFA:                                                                          
 
AutoGroup 
 
Cage.txt 
TOPX 88.75 
TOPY 90.54 
TOPZ 98.77 
BOTX 68.75 
BOTY 70.54 
BOTZ 78.77 
 
DOCK 
 
GRID Input Parameter File 
compute_grids                  yes 
grid_spacing                   0.3 
output_molecule                no 
contact_score                  yes 
contact_cutoff_distance        4.5 
chemical_score                 yes 
energy_score                   yes 
energy_cutoff_distance         10 
atom_model                     a 
attractive_exponent            6 
repulsive_exponent             12 
distance_dielectric            yes 
dielectric_factor              4 
bump_filter                    yes 
bump_overlap                   0.75 
receptor_file                  bhgmonomer.mol2 
box_file                       box.pdb 
vdw_definition_file            /programs/dock/4.0.1/parameter/vdw.defn 
chemical_definition_file       /programs/dock/4.0.1/parameter/chem.defn 
score_grid_prefix              grid 
 
DOCK Input Parameter File 
flexible_ligand                yes 
orient_ligand                  yes 
score_ligand                   yes 
minimize_ligand                yes 



 251

multiple_ligands               no 
random_seed                    0 
anchor_search                  no 
torsion_drive                  yes 
clash_overlap                  0.5 
conformation_cutoff_factor     5 
torsion_minimize               yes 
match_receptor_sites           yes 
random_search                  no 
ligand_centers                 no 
automated_matching             yes 
maximum_orientations           500 
write_configurations           yes 
write_configuration_total      100 
intramolecular_score           yes 
intermolecular_score           yes 
gridded_score                  yes 
grid_version                   4 
bump_filter                    yes 
bump_maximum                   2 
contact_score                  no 
chemical_score                 no 
energy_score                   yes 
energy_cutoff_distance         10 
distance_dielectric            yes 
dielectric_factor              4 
attractive_exponent            6 
repulsive_exponent             12 
atom_model                     a 
vdw_scale                      1 
electrostatic_scale            1 
energy_minimize                yes 
initial_translation            1 
initial_rotation               0.1 
initial_torsion                10 
maximum_iterations             100 
energy_convergence             0.1 
maximum_cycles                 1 
ligand_atom_file               bglucuronic_acid.mol2 
receptor_site_file             ../struct/bhgmonomer.sph 
score_grid_prefix              ../grid/grid 
vdw_definition_file            /programs/dock/4.0.1/parameter/vdw.defn 
flex_definition_file           /programs/dock/4.0.1/parameter/flex.defn 
flex_drive_file                /programs/dock/4.0.1/parameter/flex_drive.tbl 
ligand_energy_file             dock_nrg.mol2 
 
AutoDock 
 
AutoGrid Input Parameter File 
receptor bhgmonomer.pdbqs            # macromolecule 
gridfld bhgmonomer.maps.fld          # grid_data_file 
npts 50 50 50                        # num.grid points in xyz 
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spacing 0.375                        # spacing(A) 
gridcenter 80.771 81.112 87.718      # xyz-coordinates or auto 
types COH                            # atom type names 
smooth 0.5                           # store minimum energy w/in rad(A) 
map bhgmonomer.C.map                 # atom-specific affinity map 
nbp_r_eps  4.00 0.0222750 12  6   # C-C lj 
nbp_r_eps  3.75 0.0230026 12  6   # C-N lj 
nbp_r_eps  3.60 0.0257202 12  6   # C-O lj 
nbp_r_eps  4.00 0.0257202 12  6   # C-S lj 
nbp_r_eps  3.00 0.0081378 12  6   # C-H lj 
nbp_r_eps  3.00 0.0081378 12  6   # C-H lj 
nbp_r_eps  3.00 0.0081378 12  6   # C-H lj 
sol_par  12.77 0.6844    # C atomic fragmental volume, solvation parameters 
constant  0.000      # C grid map constant energy 
map bhgmonomer.O.map                 # atom-specific affinity map 
nbp_r_eps  3.60 0.0257202 12  6   # O-C lj 
nbp_r_eps  3.35 0.0265667 12  6   # O-N lj 
nbp_r_eps  3.20 0.0297000 12  6   # O-O lj 
nbp_r_eps  3.60 0.0297000 12  6   # O-S lj 
nbp_r_eps  1.90 0.3280000 12 10   # O-H hb 
nbp_r_eps  1.90 0.3280000 12 10   # O-H hb 
nbp_r_eps  1.90 0.3280000 12 10   # O-H hb 
sol_par   0.00 0.0000    # O atomic fragmental volume, solvation parameters 
constant  0.236      # O grid map constant energy 
map bhgmonomer.H.map                 # atom-specific affinity map 
nbp_r_eps  3.00 0.0081378 12  6   # H-C lj 
nbp_r_eps  2.75 0.0084051 12  6   # H-N lj 
nbp_r_eps  1.90 0.3280000 12 10   # H-O hb 
nbp_r_eps  3.00 0.0093852 12  6   # H-S lj 
nbp_r_eps  2.00 0.0029700 12  6   # H-H lj 
nbp_r_eps  2.00 0.0029700 12  6   # H-H lj 
nbp_r_eps  2.00 0.0029700 12  6   # H-H lj 
sol_par   0.00 0.0000    # H atomic fragmental volume, solvation parameters 
constant  0.118      # H grid map constant energy 
elecmap bhgmonomer.e.map             # electrostatic potential map 
dielectric -0.1146                   # <0, distance-dep.diel;>0, constant 
# 
 
AutoDock Input Parameter File 
seed pid time                        # seeds for random generator 
types COH                            # atom type names 
fld bhgmonomer.maps.fld              # grid_data_file 
map bhgmonomer.C.map                 # atom-specific affinity map 
map bhgmonomer.O.map                 # atom-specific affinity map 
map bhgmonomer.H.map                 # atom-specific affinity map 
map bhgmonomer.e.map                 # electrostatics map 
move bglua.out.pdbq                  # small molecule 
about 16.9086 -8.4719 36.6698        # small molecule center 
tran0 random                         # initial coordinates/A or random 
quat0 random                         # initial quaternion 
ndihe 5                              # number of active torsions 
dihe0 random                         # initial dihedrals (relative) or random 
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tstep 2.0                            # translation step/A 
qstep 50.0                           # quaternion step/deg 
dstep 50.0                           # torsion step/deg 
torsdof 1 0.3113                     # torsional degrees of freedom and coeffiecent 
intnbp_r_eps  4.00 0.0222750 12 6    # C-C lj 
intnbp_r_eps  3.60 0.0257202 12 6    # C-O lj 
intnbp_r_eps  3.00 0.0081378 12 6    # C-H lj 
intnbp_r_eps  3.20 0.0297000 12 6    # O-O lj 
intnbp_r_eps  2.60 0.0093852 12 6    # O-H lj 
intnbp_r_eps  2.00 0.0029700 12 6    # H-H lj 
# 
outlev 1                             # diagnostic output level 
rmstol 0.5                           # cluster_tolerance/A 
extnrg 1000.0                        # external grid energy 
e0max 0.0 10000                      # max initial ernergy; max number of retries 
ga_pop_size 50                       # number of individuals in population 
ga_num_evals 2000000                   # maximum number of energy evaluations 
ga_num_generations 27000             # maximum number of generations 
ga_elitism 1                         # number of top individuals to survive to next generation 
ga_mutation_rate 0.02                # rate of gene mutation 
ga_crossover_rate 0.8                # rate of crossover 
ga_window_size 10                    #  
ga_cauchy_alpha 0.0                  # Alpha parameter of Cauchy distribution 
ga_cauchy_beta 1.0                   # Beta parameter Cauchy distribution 
set_ga                               # set the above parameters for GA or LGA 
sw_max_its 300                       # iterations of Solis & Wets local search 
sw_max_succ 4                        # consecutive successes before changing rho 
sw_max_fail 4                        # consecutive failures before changing rho 
sw_rho 1.0                           # size of local search space to sample 
sw_lb_rho 0.01                       # lower bound on rho 
ls_search_freq 0.06                  # probability of performing local search on individual 
set_psw1                             # set the above pseudo-Solis & Wets parameters 
ga_run 10                            # do this many hybrid GA-LS runs 
analysis                             # perform a ranked cluster analysis 
 
Consensus Scoring 
 
XScore Input Parameter File 
###################################################################### 
#                            XTOOL/SCORE                             #  
###################################################################### 
### 
FUNCTION        SCORE 
### 
### set up input and output files ------------------------------------ 
### 
# 
RECEPTOR_PDB_FILE    /usr/compchem/greg/pdb/bhgmonomerb_h.pdb 
#REFERENCE_MOL2_FILE none  
#COFACTOR_MOL2_FILE  none  
LIGAND_MOL2_FILE     ./lig1final.mol2 
# 



 254

OUTPUT_TABLE_FILE    ./xscore.table 
OUTPUT_LOG_FILE      ./xscore.log 
### 
### how many top hits to extract from the LIGAND_MOL2_FILE? 
### 
NUMBER_OF_HITS       10  
HITS_DIRECTORY       ./hits.mdb  
### 
### want to include atomic binding scores in the resulting Mol2 files? 
### 
SHOW_ATOM_BIND_SCORE    YES             [YES/NO] 
### 
### set up scoring functions ----------------------------------------- 
### 
APPLY_HPSCORE         YES               [YES/NO] 
        HPSCORE_CVDW  0.004  
        HPSCORE_CHB   0.053 
        HPSCORE_CHP   0.011 
        HPSCORE_CRT  -0.061 
        HPSCORE_C0    3.448 
APPLY_HMSCORE         YES               [YES/NO] 
        HMSCORE_CVDW  0.004 
        HMSCORE_CHB   0.094 
        HMSCORE_CHM   0.394 
        HMSCORE_CRT  -0.099 
        HMSCORE_C0    3.585 
APPLY_HSSCORE         YES               [YES/NO] 
        HSSCORE_CVDW  0.004 
        HSSCORE_CHB   0.069 
        HSSCORE_CHS   0.004 
        HSSCORE_CRT  -0.092 
        HSSCORE_C0    3.349 
### 
### set up chemical rules for pre-screening ligand molecules --------- 
### 
APPLY_CHEMICAL_RULES    NO            [YES/NO]   
        MAXIMAL_MOLECULAR_WEIGHT      600.0 
        MINIMAL_MOLECULAR_WEIGHT      200.0 
        MAXIMAL_LOGP                  6.00 
        MINIMAL_LOGP                  1.00 
        MAXIMAL_HB_ATOM               8  
        MINIMAL_HB_ATOM               2  
### 
### 
 
LigBuilder 
 
Pocket.index 
# input files  
# 
RECEPTOR_FILE    ../struct/bhgb.pdb  
LIGAND_FILE   ../struct/bglua.mol2  
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PARAMETER_DIRECTORY 
 /programs/ligbuilder/LigBuilderv1.2/parameter/ 
# 
# output files  
# 
POCKET_ATOM_FILE  bhgb_pocket.txt  
POCKET_GRID_FILE  bhgb_grid.txt 
# 
# key interaction sites and pharmacophore  
# 
KEY_SITE_FILE   bhgb_key_site.pdb 
PHARMACOPHORE_TXT_FILE  bhgb_pharmacophore.txt 
PHARMACOPHORE_PDB_FILE  bhgb_pharmacophore.pdb 
MINIMAL_FEATURE_DISTANCE 3.50 
MAXIMAL_FEATURE_NUMBER  8 
# 
# 
 
Grow.index 
# input files  
# 
SEED_LIGAND_FILE   ../struct/bglua_grow2.mol2 
POCKET_ATOM_FILE   ../pocket/bhgb_pocket.txt  
POCKET_GRID_FILE   ../pocket/bhgb_grid.txt 
# 
# force field directory 
# 
PARAMETER_DIRECTORY             /programs/ligbuilder/LigBuilderv1.2/parameter/ 
# 
# fragment libraries 
# 
BUILDING_BLOCK_LIBRARY  
 /programs/ligbuilder/LigBuilderv1.2/fragment.mdb/ 
FORBIDDEN_STRUCTURE_LIBRARY 
 /programs/ligbuilder/LigBuilderv1.2/forbidden.mdb/ 
TOXIC_STRUCTURE_LIBRARY  
 /programs/ligbuilder/LigBuilderv1.2/toxicity.mdb/ 
# 
# structural construction parameters 
# 
GROWING_PROBABILITY   1.00 
LINKING_PROBABILITY   0.50 
MUTATION_PROBABILITY   0.50 
# 
# chemical viability rules  
# 
APPLY_CHEMICAL_RULES   NO 
APPLY_FORBIDDEN_STRUCTURE_CHECK  YES  
APPLY_TOXIC_STRUCTURE_CHECK  YES  
MAXIMAL_MOLECULAR_WEIGHT  600 
MINIMAL_MOLECULAR_WEIGHT  300 
MAXIMAL_LOGP    6.00 
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MINIMAL_LOGP    3.00 
MAXIMAL_HB_DONOR_ATOM   6 
MINIMAL_HB_DONOR_ATOM   2  
MAXIMAL_HB_ACCEPTOR_ATOM  6 
MINIMAL_HB_ACCEPTOR_ATOM  2  
MAXIMAL_PKD    10.00 
MINIMAL_PKD    5.00 
# 
# genetic algorithm parameters  
# 
NUMBER_OF_GENERATION   20  
NUMBER_OF_POPULATION   3000 
NUMBER_OF_PARENTS   200 
ELITISM_RATIO    0.10 
SIMILARITY_CUTOFF   0.90 
# 
# output files  
# 
POPULATION_RECORD_FILE   population.lig 
LIGAND_COLLECTION_FILE   ligands.lig 
# 
 
Process.index 
# input files  
# 
LIGAND_COLLECTION_FILE   ligands.lig 
# 
# chemical rules 
# 
MAXIMAL_MOLECULAR_WEIGHT  600 
MINIMAL_MOLECULAR_WEIGHT  30 
MAXIMAL_LOGP    6.00 
MINIMAL_LOGP    -6.00 
MAXIMAL_PKD    10.00 
MINIMAL_PKD    5.00 
# 
# similarity threshhold 
# 
SIMILARITY_CUTOFF   0.90  
# 
# output files  
# 
NUMBER_OF_OUTPUT_MOLECULES  200 
OUTPUT_DIRECTORY   results.mdb/ 
# 
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Appendix B: BCL Macros, Nawk/awk  and Perl Programs 
 
Viewautodock.bcl 
define_macro viewautodock \ 
 Sstring Dock_name \ 
 Int filenum  
Delete Object * 
Restore_folder act_surf.psv Unique 
Change_directory $Dock_name 
str = "000" 
x = 1 
while ($x <= $filenum) 
 If ($x >= 10) 
  $str = "00" 
 End 
 mol_name = ($Dock_name // $str // $x // ".mol2") 
 obj_name = ($Dock_name // "_" // $x) 
 Get Molecule Sybyl_Mol2 $mol_name $obj_name Reference_Object 
BHGMONOMER 
 Render Molecule Stick $obj_name 0.1 Medium 
 Display Molecule Off Atoms Specified $obj_name 
 x = $x + 1 
End 
Change_directory ../ 
Center World Atom BHGMONOMER:A540:CD 
End_macro 
Add_To_Pulldown viewautodock Custom 
 
Hydnamefix2.nawk 
nawk ' 
{lnstr = $0}; 
{if ($1 == "ATOM" && $3 == "1HE2") { sub( /1HE2/, "HE21", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HE2") { sub( /2HE2/, "HE22", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HD1") { sub( /1HD1/, "HD11", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HD1") { sub( /2HD1/, "HD12", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "3HD1") { sub( /3HD1/, "HD13", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HD2") { sub( /1HD2/, "HD21", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HD2") { sub( /2HD2/, "HD22", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "3HD2") { sub( /3HD2/, "HD23", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HH2") { sub( /1HH2/, "HH21", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HH2") { sub( /2HH2/, "HH22", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HH1") { sub( /1HH1/, "HH11", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HH1") { sub( /2HH1/, "HH12", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HG1") { sub( /1HG1/, "HG11", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HG1") { sub( /2HG1/, "HG12", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "3HG1") { sub( /3HG1/, "HG13", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HG2") { sub( /1HG2/, "HG21", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HG2") { sub( /2HG2/, "HG22", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "3HG2") { sub( /3HG2/, "HG23", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1H") { sub( /1H/, "H1", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2H") { sub( /2H/, "H2", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "3H") { sub( /3H/, "H3", lnstr)}}; 
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{if ($1 == "ATOM" && $3 == "1HA") { sub( /1HA/, "HA1", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HA") { sub( /2HA/, "HA2", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HB") { sub( /1HB/, "HB1", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HB") { sub( /2HB/, "HB2", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "3HB") { sub( /3HB/, "HB3", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HD") { sub( /1HD/, "HD1", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HD") { sub( /2HD/, "HD2", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HE") { sub( /1HE/, "HE1", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HE") { sub( /2HE/, "HE2", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "3HE") { sub( /3HE/, "HE3", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HG") { sub( /1HG/, "HG1", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HG") { sub( /2HG/, "HG2", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "1HZ") { sub( /1HZ/, "HZ1", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "2HZ") { sub( /2HZ/, "HZ2", lnstr)}}; 
{if ($1 == "ATOM" && $3 == "3HZ") { sub( /3HZ/, "HZ3", lnstr)}}; 
{print lnstr}; 
' $1 
 
Removeh 
awk ' 
{atmnam = substr($3,1,1)} 
{if ($1 == "ATOM")  
 {if (atmnam != "H") {print}} 
else {if ($1 == "TER") {print}} 
} 
' $1 
# This program prints out all lines of a pdb file which do not have H as the 
# first letter of their atom name. i.e. all hydrogen atoms - hopefully. 
# The file name of the input file is specified on the command line with the 
# output being able to be redirected using normal unix means. e.g. 
# removeh test.pdb > testfix.pdb. 
# Written by jcd, 23/8/90. 
# Modified on 10/2/91 to print only ATOM and TER records. i.e. It will 
# strip out connectivity records. jcd. 
 
Reformat 
awk '{printf "%4s %6d  %-4s%-3s%6d    %8.3f%8.3f%8.3f\n", 
$1,$2,$3,$4,$5,$6,$7,$8}' $1 
 
Splitpdb.nawk 
nawk ' 
BEGIN {firstline = 1; fc = 1 } 
{if ($1 == "MODEL") 
 {if (firstline !=1) 
  { print "TER" >> filen; 
  close(filen); 
  fc = fc + 1; 
  getline; 
  filen = "rank" fc ".pdb"; 
  print >> filen 
  } 
 else 
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  {getline; 
  filen = "rank" fc ".pdb"; 
  print >> filen; 
  firstline = 0 
  } 
 } 
else { if ($1 != "ENDMDL" && NF > 0) {print >> filen}} 
} 
' $1 
# This awk program will split up a autodock pdb file using the 
# MODEL line as a splitting pattern. It will name each file 
# using the compound name in the second line after the above. 
# written by djt by modifying dock mol2 script written by jcd. 
# written on 18/05/01, (jcd script written 27/11/00). 
# usage splitpdb.nawk file.pdb 
 
Splitpocket.nawk 
awk ' 
BEGIN {linec = 0; filec = 1; 
 fname = "out" filec ".pdb"} 
{if (linec < 50) 
  {print $0 >> fname 
  linec = linec + 1} 
 else 
  {linec = 1; filec = filec + 1; 
  fname = "out" filec ".pdb"; 
  print $0 >> fname} 
} 
' $1 
# Written by JCD on 2nd August 2001. 
# Usage: splitpocket.nawk filename 
# Used to split the pocket site.pdb file  
# into pdb files containing 50 atoms. 
 
Splitpockt.nawk 
awk ' 
BEGIN {linec = 0; filec = 1; 
 fname = "out" filec ".pdb"} 
{if (linec < 50) 
  {print $0 >> fname; 
  linec = linec + 1} 
 else 
  {linec = 1; filec = filec + 1; 
  fname = "out" filec ".pdb"; 
  print $0 >> fname} 
} 
' $1 
# Written by JCD on 2nd August 2001. 
# Usage: splitpocket.nawk filename 
# Used to split the pocket site.pdb file  
# into pdb files containing 50 atoms. 
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Getrankedmol.pl 
#!/bin/perl 
my (@name, @energy, @fileline); 
my $x = 0; 
open INPUT, "docklib_ranked.info" || die "Could not open file\n"; 
while (<INPUT>) { 
 @fileline = split /,/, $_; 
 @name[$x] = @fileline[0]; 
 @energy[$x] = @fileline[1]; 
 print "@name[$x] @energy[$x]"; 
 $x++; 
 print " $x\n"; 
} 
#search through mol2 files and put them all in the one mol2 file 
$/ = "\n\n\n"; 
open IN2, "docklibtotal.mol2" || die "Could not open file\n"; 
open OUTPUT, ">>finalranked.mol2"; 
my $i = 0; 
while (<IN2>) { 
 $x = 0; 
 while ($x <= $#name) { 
  if (/########## Name        : $name[$x]/ and /########## Energy score                             
:     @energy[$x]/) { 
     print OUTPUT "$_\n"; 
   $i++; 
  } 
 $x++; 
 } 
} 
print "$i\n"; 
 
Libsort.pl 
#!/bin/perl 
use strict; 
my ($name, $energy, $x); 
my %docklib; 
my (@fileline, @energy, @name); 
open INPUT , "docklib.info"; 
open OUTPUT, ">temp.info"; 
#read compound name and energy into a hash  
while (<INPUT>) { 
 unless (/(Compounds)|(Elapsed)|(Time)|(Current)|("")/) { 
  @fileline = split / /, $_; 
  if (@fileline[2] == "") { 
   $name = @fileline[4]; 
   $energy = @fileline[3]; 
  } else { 
   $name = @fileline[3]; 
   $energy = @fileline[2]; 
  } 
  unless (exists $docklib{$name}) { 
   $docklib{$name} = $energy; 
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  } 
 } 
} 
#change hash to two arrays 
delete $docklib{''}; 
$x = 0; 
foreach my $key (keys %docklib) { 
 @energy[$x] = $docklib{$key}; 
 @name[$x] = $key; 
 $x++; 
} 
#sort the array 
$x = 0; 
my ($temp_energy, $temp_name); 
while ($x <= $#energy) { 
 $x++; 
 if (@energy[$x] < @energy[$x - 1]) { 
  $temp_energy = @energy[$x - 1]; 
  @energy[$x - 1] = @energy[$x]; 
  @energy[$x] = $temp_energy; 
  $temp_name = @name[$x - 1]; 
  @name[$x - 1] = @name[$x]; 
  @name[$x] = $temp_name; 
  $x = 0; 
 }  
} 
$x = 0; 
while ($x  < 100) { 
 print OUTPUT "@name[$x],@energy[$x],$#energy\n"; 
 $x++; 
} 
 
Mol2fix.pl 
#!/usr/bin/perl 
open OUTPUT, ">$ARGV[1]" if open INPUT, "$ARGV[0]"; 
while (<INPUT>) { 
 if (/\s+(\d+)\s+(\d+)\s+\d+\s+\d+\s+\d+/) { 
  printf OUTPUT "%5d%6s     1     0     0\n", $1, $2; 
 } elsif  (/(\d+)\s(\w*\d*)\s+(-?\d+\.\d{4})\s+(-?\d+\.\d{4})\s+(-
?\d+\.\d{4})\s+(\w+(\.\w*\d*)?)\s+(\d+)\s+(.+)\s+(-?\d\.\d{4})/) { 
  printf OUTPUT "%7s %-5s%13s%10s%10s %-10s1 LIG%14s\n", $1, 
$2, $3, $4, $5, $6, $10; 
 } elsif (/@<TRIPOS>SUBSTRUCTURE/) { 
  last; 
 } else { 
  print OUTPUT; 
 } 
} 
 
Xscore.pl 
#!/bin/perl 
#Prepare input files for xscore 
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use Cwd; 
$cwd = getcwd(); 
chdir ($ARGV[0]); 
open OUTPUT, ">xscore.in"; 
while (<DATA>) { 
 s"\./conformers.mol2"./${ARGV[0]}_final.mol2"; 
 print OUTPUT; 
} 
chdir ($cwd); 
#Fix the mol2 files that were output from autodock 
$count = 1; 
$str = "000"; 
while ($count <= 10) { 
 $str = "00" if ($count == 10); 
 open OUTPUT, ">${ARGV[0]}${str}${count}_mod.mol2" if (open INPUT, 
"${ARGV[0]}${str}${count}.mol2"); 
 while (<INPUT>) { 
#Changes the number of residues to one 
if (/\s+(\d+)\s+(\d+)\s+\d+\s+\d+\s+\d+/) { 
   printf OUTPUT "%5d%6s     1     0     0\n", $1, $2; 
  }  
#Changes the residue name.  Also changes the atom type of the carboxy oxygen atoms 
O6A and O6B 
elsif  (/(\d+)\s(\w*\d*)\s+(-?\d+\.\d{4})\s+(-?\d+\.\d{4})\s+(-
?\d+\.\d{4})\s+(\w+(\.\w*\d*)?)\s+(\d+)\s+(.+)\s+(-?\d\.\d{4})/) { 
   if ($2 eq "O6A") { 
    $carboxA = $1; 
    $a = "O.co2"; 
    printf OUTPUT "%7s %-5s%13s%10s%10s %-10s1 
LIG%14s\n", $1, $2, $3, $4, $5, $a, $10; 
   } elsif ($2 eq "O6B") { 
    $carboxB = $1; 
    $b = "O.co2"; 
    printf OUTPUT "%7s %-5s%13s%10s%10s %-10s1 
LIG%14s\n", $1, $2, $3, $4, $5, $b, $10; 
   }else { 
    printf OUTPUT "%7s %-5s%13s%10s%10s %-10s1 
LIG%14s\n", $1, $2, $3, $4, $5, $6, $10; 
   } 
  } elsif (/\s+(\d+)\s+(\d+)\s+($carboxA|$carboxB)\s+(.+)/) { 
   $x = "ar"; 
 
   printf OUTPUT "%6s%6s%6s%5s\n", $1, $2, $3, $x; 
  } 
#Strips out the Substructure information 
elsif (/@<TRIPOS>SUBSTRUCTURE/) { 
   last; 
  } else { 
   print OUTPUT; 
  } 
 } 
 $count++;} 
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