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ABSTRACT 

ABSTRACT 

Glycosaminoglycans (GAGs) are the most prevalent hetero-polysaccharides in the body. They are 

usually attached to a protein core, forming proteoglycans (PGs). PGs play crucial roles in a wide range 

of biological processes including cell growth, migration and differentiation. Heparan sulfate 

proteoglycans (HSPGs) are found in the basement membrane and the extracellular matrix (ECM), 

which surrounds cells and is formed by a network of fibrous proteins, glycoproteins and 

proteoglycans. In mammalian cells heparan sulfate (HS) is cleaved by a single β-glucuronidase: 

heparanase. Cleavage of HS-chains changes the integrity of the ECM and releases a variety of 

bioactive molecules such as growth factors, cytokines and enzymes. 

Heparanase is implicated in cancer and inflammation and inhibition of heparanase has been shown to 

reduce tumour metastasis and angiogenesis. Heparanase is therefore regarded as a promising target 

for anti-cancer and anti-inflammatory drug design. As the three dimensional structure of human 

heparanase is still not available, the progress in specific inhibitor development has been impeded.  

In Burkholderia pseudomallei, the causative agent of melioidosis, a heparanase similar to the human 

enzyme was discovered. Melioidosis is a potential deadly, infectious disease endemic in North-

Australia and Southeast-Asia, with no vaccine available to date. The putative heparanase from 

B. pseudomallei displays no significant sequence similarities to bacterial heparinases that are 

known to cleave the same substrates, but has a 24 % sequence homology to the human enzyme. 

The objectives of this thesis  were to investigate whether the putative heparanase from 

B. pseudomallei is functionally comparable to the human enzyme, to identify its biological role in the 

bacterium and to investigate the microbial enzyme by structural methods including NMR 

spectroscopy and protein X-ray crystallography.  

B. pseudomallei heparanase was successfully expressed, purified and crystallised. The crystal 

structure was solved with a resolution of 1.6 Å and reveals a catalytic domain with an (αβ)8 

TIM- barrel fold containing the conserved active site amino acids Glu144 and Glu255 and a C-terminal 

β-sheet domain. Site-directed mutagenesis confirms that the two glutamic acids are required for 

enzyme activity. The active site forms a groove-shaped binding site that can most likely 

accommodate up to four sugar units of the heparan sulfate substrate.  

It is demonstrated that the microbial heparanase cleaves heparan sulfate efficiently, but fails to 

cleave the pentasaccharide fondaparinux, a known substrate for the humane enzyme. The bacterial 

enzyme is also able to cleave in an exolytic fashion under non-physiological conditions; however, it is 
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proposed that B. pseudomallei heparanase is preferentially an endo-glucuronidase under 

physiological conditions.  

Investigations of defined heparan sulfate oligosaccharides with B. pseudomallei heparanase by NMR 

spectroscopy give insight into the binding and cleaving specificities of the bacterial enzyme and 

results are compared to the human enzyme. Moreover, an octasaccharide is established as the first 

well-characterised heparan sulfate substrate for the bacterial enzyme. 

To determine the unknown role of the putative heparanase in B. pseudomallei, the expression and 

localisation of the enzyme in the bacterium is analysed. The native protein could not be detected in 

the bacterium despite the use of various possible inducers. However, heparanase expression on 

a mRNA level is demonstrated for the first time and heparanase activity is detected in the 

periplasmic fluid of B. pseudomallei mutant strains overexpressing the enzyme. A heparanase-

deletion mutant created within this thesis will be of great value to further explore the role of the 

enzyme. 

Bacterial heparinases cleave heparan sulfate in an elimination mechanism, as opposed to the 

hydrolytic cleavage employed by the human and the bacterial heparanase. These enzymes are 

important tools in the generation of low molecular weight heparins (LMWHs) as anticoagulation 

drugs, for HS and heparin analysis and in direct clinical applications. For a more effective utilisation of 

heparinases in these applications, it is essential to understand their substrate specificity. Herein, the 

activity of heparinase II from two different microbial origins towards different heparan sulfate 

compounds is investigated and reveals a distinct specificity for the two enzymes.  

The heparanase from B. pseudomallei could serve as a surrogate model for the human enzyme in 

structure-based drug design, it might offer an alternative or addition to the use of heparinases in 

LMWH production, HS structure analysis and direct clinical applications and could possibly 

constitute a novel target for melioidosis treatment.  
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I INTRODUCTION 

I INTRODUCTION 

1. Preface

β-Glucuronidases are enzymes that cleave carbohydrates containing a glucuronic acid and are 

present in animals, plants and microorganisms. This introduction gives an overview of the type of 

molecules recognised by β-glucuronidases, their biological function and significance and focuses on 

one particular β-glucuronidase: heparanase. This enzyme cleaves glycosaminoglycan heparan sulfate 

and has been shown to be involved in cancer and inflammation, making it a promising drug target. 

The enzyme investigated in this thesis is a bacterial homologue to the mammalian heparanase from 

Burkholderia pseudomallei, the causative agent of melioidosis. This introduction concludes with an 

overview of polysaccharide lyases that act on uronic acid containing carbohydrates, specifically 

concentrating on heparinases, as these are bacterial enzymes also known to cleave heparan sulfates.  

2. Proteoglycans and glycosaminoglycans

2.1 Structure and function 

Proteoglycans (PGs) are an important component of the extracellular matrix (ECM) and can also be found 

on the cell surface and in intracellular vesicles. They display a wide range of functions; they are essential 

for the stability, elasticity and structural organisation of tissues and organs (Esko et al., 2009), regulation 

of cell growth, migration and differentiation (Jackson et al., 1991), and processes like cell-cell 

communication (Fujita et al., 1986), blood coagulation (Bourin and Lindahl, 1990) and inflammation 

(Taylor and Gallo, 2006). Due to their wide distribution and easy accessibility, proteoglycans are also 

known to serve as binding sites for several pathogenic bacteria and viruses (Laquerre et al., 1998; Milho 

et al., 2012). PGs display a great structural diversity and consist of a protein core with one or more 

covalently bound glycosaminoglycan (GAG) chains. The unbranched, negatively charged GAG chains are 

repetitive disaccharide units, containing a N-acetylhexosamine (N-acetyl-D-glucosamine (GlcNAc) or N-

acetyl-D-galactosamine (GalNAc)) and a hexuronic acid (D-glucuronic acid (GlcA) or L-iduronic acid (IdoA)) 

or galactose (Kjellén and Lindahl, 1991). Many proteoglycans have additionally O- or N-glycans like 

glycoproteins, but these glycans (10-12 residues) are very small compared to the GAGs (about 80 

residues) (Esko et al., 2009). Proteoglycans display enormous structural variety since they consist of 

diverse core proteins linked to variable numbers (1 to >100) of GAGs of one or two different types with 

distinct modifications. Furthermore, a particular proteoglycan can carry varying amounts of GAGs with 

variable lengths in different cell types and some proteins are ‘part-time PGs’ as they can exist with or 

without GAGs (Perrimon and Bernfield, 2001). The core proteins in PGs can be transmembrane proteins, 
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glycosylphosphatidylinositol-(GPI)-anchored cell surface proteins or matrix proteins. The most prevalent 

GAGs belong to the following classes: chondroitin sulfate (CS), keratan sulfate (KS), dermatan sulfate (DS), 

heparan sulfate (HS), heparin and hyaluronan (HA) (Jackson et al., 1991). Hyaluronan is an exception as it 

exists as a free GAG and is not covalently linked to a core protein (Jiang et al., 2007). The typical 

glycosaminoglycan structures for the different classes are shown in Figure 1. Despite the relatively small 

differences between the sugar backbones, GAGs display great heterogeneity between, as well as within, 

specific chains. This is due to diverse modifications occurring after the GAGs biosynthesis, including 

sulfate substitution, epimerisation and deacetylation reactions. These differences in structure are of 

exceptional importance for the specific functions of the GAGs (Taylor and Gallo, 2006). 

Figure 1: Typical structures of glycosaminoglycans. 

Except for HA the biosynthesis of all GAGs starts with the synthesis of a tetrasaccharide linker, which 

links the polysaccharide chain to the protein. For HS, heparin, DS and CS this linkage region is 

GlcAβ1-3Galβ1-3Galβ1-4Xylβ1-O-Ser (Gal: galactose, Xyl: xylose, Ser: serine) (Kjellén and Lindahl, 

1991). In KS-proteoglycans KS is either O-linked to serine or threonine via GalNAc or N-linked to 

asparagine via a mannose-GlcNAc-oligosaccharide or O-linked to serine via mannose (Funderburgh, 

2002). 
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2.2 Different types of proteoglycans 

Proteoglycans are ubiquitously expressed by nearly all types of cells and they are localised 

intracellularly in secretory granules, integrated into the plasma membrane or secreted to the 

extracellular matrix (ECM). The most abundant intracellular PG is serglycin, which can be linked to 

heparin and/or CS in endocrine, endothelial and hematopoietic cells. Heparin is mainly present in 

mast cells of the connective tissue and serglycin, found in mast cells, is solely bound to heparin (Esko 

et al., 2009; Rose and Page, 2004). Syndecans are membrane associated proteoglycans found in 

fibroblasts and epithelial cells and primarily exhibit HS chains, although it has been shown that 

syndecan can also be linked to CS (Rapraeger et al., 1985). Syndecans have diverse functions in cell-

cell and cell-matrix adhesion and can bind to various extracellular ligands (Carey, 1997). Whereas 

syndecan is an integral membrane proteoglycan, glypican is an example of a membrane-associated 

proteoglycan with a GPI-anchor (Fransson, 2003). A large number of proteoglycans are present in the 

extracellular matrix. The ECM functions as a scaffold for tissue organisation and controls binding of 

biological active molecules such as cytokines and growth factors (Marastoni et al., 2008). The 

complex network of the ECM consists of many different elements, which are mostly fibrous proteins 

(like collagens), glycoproteins (like laminin), hyaluronan and proteoglycans (Esko et al., 2009).  

A specialised form of the ECM is the basement membrane (BM). It is formed by endothelial, epithelial 

and mesenchymal cells, giving structural support and creating a barrier to cell migration (Yurchenco 

and Schittny, 1990). The primary constituents of basement membranes are type IV collagen, laminin, 

nidogen and perlecan (Liddington, 2001). Perlecan is a large multidomain HS-proteoglycan, that is 

important for cell adhesion, growth factor binding and stability of the basement membrane (Farach-

Carson and Carson, 2007). An overview of the different GAGs and their function and occurrence in 

various tissues is given in Table 1.  
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GAG Tissue Proteoglycans, functions 

Chondroitin 
sulfate 

Central nervous system, bone, 
cartilage, cardiac valves 

-aggrecan (also KS) in cartilage/blood vessel wall 
(mechanical support, solute transport) 
-versican in fibroblasts (mechanical support, cell 
migration) 

Dermatan 
sulfate 

blood vessels, cardiac valves, skin, 
tendons, lungs 

-decorin (sometimes CS) in connective tissue 
(cell adhesion, growth factor binding, 
fibrillogenesis) 

Heparan 
sulfate 

Basement membranes, components 
of cell surfaces 
-contains higher acetylated 
glucosamine than heparin 

-perlecan in basement membranes (stability of 
basement membranes, growth factor binding, 
cell adhesion) 
-syndecan (also CS) in epithelia and fibroblasts 
(morphogenesis, cell adhesion) 

Heparin 
arteries of the lungs, liver and skin, 
intracellular granules of mast cells 
-more sulfated than heparan sulfates 

-serglycin in mast cells/platelets (prevent blood 
coagulation) 

Hyaluronan ECM of connective, epithelial and 
neural tissues (e.g. skin, joints, eye) 

no PG, forms large polymers, shock absorbing 
(e.g. in cartilage in association with aggrecan) 

Keratan 
sulfate bone, cartilage, cornea -fibromodulin in connective tissue (cell adhesion, 

fibrillogenisis) 

Table 1: Occurence of different glycosaminoglycans (Carulli et al., 2005; Esko et al., 2009; Kjellén and Lindahl, 1991; 
Olczyk et al., 2008; Yung and Chan, 2007)  

2.3 Heparan sulfate proteoglycans 

Heparan sulfate proteoglycans (HSPGs) are crucial components of the extracellular matrix, including 

basement membranes and are also located on cell surfaces (Blackhall et al., 2001). HSPGs are 

composed of a protein core with several O-linked heparan sulfate chains, which contain up to 400 

sugar residues (typically 20-100kDa) (Kjellén and Lindahl, 1991; Xu and Esko, 2014). The schematic 

structure of different HSPGs is shown in Figure 2. The synthesis of HS-chains is carried out by a HS 

synthase and starts in the Golgi apparatus. After synthesis a number of modifications are catalysed 

by sulfotransferases, N-deacetylases/N-sulfotransferases, C-5 epimerases, 2-O-sulfotransferases, 6-

O-sulfotransferases and 3-O-sulfotransferases, generating diverse HS-chains with specific binding and 

cleaving sites for different enzymes (McKenzie, 2007).
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HSPGs are involved in processes including cell adhesion, anticoagulation (Bernfield et al., 1999; 

Kjellén and Lindahl, 1991), early 

embryogenesis (Carson et al., 1998), 

and inflammation (Wrenshall et al., 

1999). The heparan sulfate chains are 

responsible for most of these 

functions. The general structure of HS 

has not varied much over the last  

500 million years while a great 

variety of proteins have evolved to 

specifically interact with HS 

(Guerardel et al., 2004; Lawrence et 

al., 2008; Yamada et al., 2007). Their 

polyanionic character enables HS-

chains to work as a molecular filter in 

basement membranes (Parish et al., 

2001). Heparan sulfate is important 

for ECM integrity, because it can bind 

and thus influence the localisation of 

many structural proteins in the ECM, 

including collagen, laminin and 

fibronectin (Dempsey et al., 2000). In addition HS-chains are linked to a great number of biological 

mediators such as growth factors (e.g. basic fibroblast growth factor (bFGF), keratin growth factor 

(KGF), vascular endothelial growth factor (VEGF), transforming growth factor β (TGFβ)), cytokines 

(e.g. interleukin-2 (IL-2)), factors involved in blood coagulation (e.g. heparin cofactor II) and enzymes 

(e.g. matrix metalloproteinase 7 or lipoprotein lipase) and therefore regulate their release and 

activity (Hulett et al., 2000; Simizu et al., 2004a; Vlodavsky and Friedmann, 2001). HS is also 

recognised by a number of different pathogens during infection (Esko and Sharon, 2009). The 

cleavage of HS-chains does not only alter the integrity of the ECM, but also leads to the release of a 

variety of bioactive molecules, providing cells a mechanism to react quickly to changes in the 

extracellular environment. The HS fragments themselves are still able to affect the activity of growth 

factors (e.g. VGEF) or enzymes (e.g. lipoprotein lipase) (Escobar Galvis et al., 2007; Vlodavsky et al., 

2007). The enzymes that cleave heparan sulfate chains and therefore influence the activity of HS-

bound molecules are either polysaccharide lyases as discussed in section 4 (cleavage via an 

elimination mechanism) or hydrolases (see section 3, cleavage via a hydrolysis mechanism (Simizu et

Figure 2: Schematic structure of heparan sulfate proteoglycans 
(adapted from Esko et al., 2009): The major HSPG-families located on 
the cell-surface are syndecans with a transmembrane domain (some 
can also carry CS-chains) and glypicans with a GPI-anchor. The most 
common HSPG of the ECM is perlecan, which consists of a large 
multidomain structure, with HS-chains attached to the terminal 
domain. 

5 



I INTRODUCTION 

al., 2004a). In mammalian cells the HS-degrading endo-glucuronidase is heparanase (Vlodavsky and 

Friedmann, 2001) and this important enzyme will be discussed in the following section.  

3. β-Glucuronidases

β-Glucuronidases are glycosidases that cleave the β-glycosidic bond in glucuronic acid-containing 

glycosides. The β-glucuronidase responsible for the cleavage of heparan sulfate is an endo-β-

glucuronidase and referred to as heparanase. 

3.1 Heparanase 

Höök and co-workers first described heparanase activity in 1975, when they found a HS-cleaving 

endo-glycosidase in rat liver (Höök et al., 1975). Subsequently, heparanase activity has been reported 

in different cell types and tissues, including platelets (Oldberg et al., 1980), T- and B-lymphocytes 

(Laskov et al., 1991; Naparstek et al., 1984) melanoma (Nakajima et al., 1988) and endothelial cells 

(Sewell et al., 1989).  

Heparanase belongs to the glycosyl hydrolase (GH) family 79 from GH clan A and shows similarities to 

glycosyl hydrolase families 10, 39 and 51 (Parish et al., 2001). 

3.1.1 Structure and processing of heparanase 

The progress of heparanase characterisation has been slow due to unstable enzyme activity, absence 

of the recombinant enzyme and lack of an assay method for activity-quantification. Confusion about 

the molecular weight and the number of HS-degrading enzymes was prevalent until the cloning of a 

single mammalian heparanase was reported independently by different groups in 1999 (Fairbanks et 

al., 1999; Hulett et al., 1999; Kussie et al., 1999; Toyoshima and Nakajima, 1999; Vlodavsky et 

al., 1999). Not long after the cloning and expression of heparanase a second heparanase protein 

with 44 % sequence identity was discovered, heparanase 2 (McKenzie et al., 2000). Heparanase 2 

does not possess any enzymatic activity, but interacts with heparanase as well as with heparan 

sulfate (Levy-Adam et al., 2010) and was shown to be involved in the autosomal recessive 

urofacial syndrome (Daly et al., 2010; Pang et al., 2010). This thesis only discusses heparanase 1, 

which will be referred to as heparanase. 

The human heparanase gene has a size of 40 kb with 12 exons interrupted by 11 introns. It is located 

on chromosome 4q21.3 and encodes a 543 amino acid peptide with a molecular weight of 61.2 kDa 

(Baker et al., 1999; Parish et al., 2001). Heparanase is synthesised as a pre-pro-form (Figure 3) and 

the mature enzyme is a heterodimer consisting of a 50 kDa polypeptide (Lys158-Ile543) non-
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covalently bound to a 8 kDa polypeptide (Gln36-Glu109), missing a 6 kDa linker peptide 

(Ser110-Gln157) and a signal peptide (Met1-Ala35) (Fairbanks et al., 1999). The signal peptide directs 

the pre-pro-enzyme to the endoplasmic reticulum (ER) where it is removed by a signal peptidase, 

yielding the pro-enzyme, which appears with a mass of 65 kDa in SDS PAGE (McKenzie, 2007). The 

pro-enzyme is then shuttled to the Golgi apparatus and packed into vesicles (Vlodavsky et al., 

2007). Cleavage of the pro-enzyme into the active heterodimer is performed by the lysosomal 

cysteine proteinase cathepsin L (Abboud-Jarrous et al., 2008). Heparanase also possesses a 

hydrophobic domain at the C-terminus (Pro515-Ile534) and six putative N-glycosylation sites on the 

50 kDa subunit (Parish et al., 2001). Glycosylation is not necessary for enzyme activity, but 

regulates the secretion of heparanase (Simizu et al., 2004b). The critical active site residues in 

human heparanase are glutamic acid 225 (Glu225) and glutamic acid 343 (Glu343), with Glu225 

acting as the proton donor in the hydrolase mechanism and Glu343 as the nucleophile. Mutation 

of these residues abolishes enzymatic activity (Hulett et al., 2000). 

Figure 3: Processing of heparanase (adapted from Vreys and David, 2007): Heparanase is synthesised as a pre-pro-form 
and processed to the pro-form lacking the signal peptide (SP). A 6 kDa intervening peptide is excised and the mature 
enzyme is a heterodimer formed by a 8 kDa and a 50 kDa polypeptide. The 6 glycosylation sites (orange circles), the 
hydrophobic region (HR) and the critical active side residues (asterisks) are indicated. 

To date no atomic resolution structure of the human heparanase is available, but secondary 

structure predictions and structure modelling suggest an (αβ)8 TIM (triosephosphate isomerase)-

barrel fold with an active site cleft on one side of the (αβ)8 TIM-barrel fold (Fux et al., 2009a; Hulett 

et al., 2000; Sapay et al., 2012; Zhou et al., 2006). The (αβ)8 TIM-barrel fold structure motif consists 

of eight alternating β-strands and α-helices and is characteristic for clan A-glycosyl hydrolases (Hulett 

et al., 2000). 

Using a homology modelling approach, several groups have defined structural models of heparanase. 

The first models were based on the known structures of the glycosyl hydrolases xylanase and 

1   35/36  157/158 543

1 35/36  157/158 543

1 35/36   109  157  /158 543

SP HR
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65 kDa8 kDa

processing
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inactive
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162  178        200   217 225 238       343 459    
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glycanase from Penicillium simplicissimum but did not include the 8 kDa subunit of heparanase 

(Ishida et al., 2004; Zhou et al., 2006). Fux and co-workers designed a structural model for the 

complete heparanase enzyme using α–L-arabinofuranosidase from Geobacillus stearothermophilus 

(Fux et al., 2009b). The model supports the prediction of the (αβ)8 TIM-barrel fold and the 

localisation of Glu225 and Glu343 in the active cleft. It also predicts a C-domain adjacent to the TIM-

barrel fold that was shown to be essential for enzyme activity and enzyme secretion. As α–L-

arabinofuranosidase catalyses a reaction quite different from heparanase, Sapay and co-workers 

generated a model of a single chain heparanase analog (GS3) using xylanase from Penicillium 

simplicissimum as a template (Sapay et al., 2012). In the GS3 construct the 50 kDa and the 8 kDa 

subunits are connected by an artificial linker peptide (GSGSGSQ) and were shown to form an active 

enzyme (Nardella et al., 2004). In this model, the active site containing Glu225 and Glu343 forms a 

groove that accommodates the heparan sulfate substrate and the authors suggested that in the pro- 

enzyme the groove is blocked by the longer 6 kDa linker, abolishing enzyme activity (Sapay et al., 

2012). In 2013 Michikawa and co-workers solved the first crystal structure in the glycoside hydrolase 

family 79 for a β-glucuronidase from Acidobacterium capsulatum (Michikawa et al., 2012). In the 

most recent structural model for the human heparanase this structure was used as a template by 

Vinader et al. (Figure 4, Vinader et al., 2013). 

Figure 4: Model-structure of human heparanase (adapted from Vinader et al., 2013): The three-dimensional model of the 
human heparanase (pre-pro-enzyme) was generated using the known structure of β-glucuronidase from Acidobacterium 
capsulatum. Shown are the 50 kDa subunit (green) and the 8 kDa subunit (blue) with the intervening 6 kDa peptide (yellow). 

TIM-barrel C-domain

50 kDa subunit

8 kDa subunit

6 kDa linker
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In agreement with the models of Fux et al., Sapay et al. and Vinader et al. it has been suggested that 

only six of the eight α/β-units of the (αβ)8 TIM-barrel fold are located in the 50 kDa subunit and the 

missing two units are contributed by the 8 kDa subunit (Nardella et al., 2004). The 6 kDa intervening 

peptide inhibits the activity of the enzyme and has to be fully removed (McKenzie et al., 2003). In this 

context, site-directed mutagenesis identified Tyr156 as essential for the correct processing of 

heparanase (Abboud-Jarrous et al., 2005). 

3.1.2 Activity and function of heparanase 

Heparanase displays a pH-optimum between 5 and 6.5 and is deactivated reversibly at higher pH-

values. At a pH of 7.4 heparanase binds HS, but no HS-cleavage occurs (Ihrcke et al., 1998). 

Heparanase cleaves the β1,4-glycosidic bond between D-glucuronic acid and α-D-glucosamine in 

heparan sulfate chains only at specific sites with a defined sulfation pattern, resulting in fragments of 

10-20 sugar units (ca. 5-7 kDa) (Ilan et al., 2006; Vlodavsky and Friedmann, 2001).  

In lysosomes, heparanase is important for HSPG turn-over and metabolism (McKenzie, 2007). Apart 

from this house-keeping role, heparanase was shown to act as a transcription factor in the nucleus by 

altering histone methylation and was reported to be involved in the regulation of signaling pathways 

through enzymatic and non-enzymatic actions (He et al., 2012; Purushothaman et al., 2012; Zetser et 

al., 2006).  

In transgenic mice overexpressing heparanase, augmented embryo-implantation, increased hair 

growth, decreased food consumption and higher levels of creatinine and urinary protein have been 

observed. The mice were fertile and exhibited a normal life span (Zcharia et al., 2004). Heparanase 

was proposed to be important for normal physiological processes like tissue repair, embryo 

implantation and immune surveillance as heparanase expression is primarily found in lymphoid 

organs and the placenta (Dempsey et al., 2000; Vlodavsky et al., 2002). However knock-out mice 

generated by Zcharia et al. (Zcharia et al., 2009) were fertile with a normal life span and did not show 

any marked abnormalities. They explained the lack of a phenotype with elevated levels of different 

matrix metalloproteinases that could compensate for the loss of heparanase due to their ability to 

degrade the ECM. 

The cleavage of HSPGs by heparanase releases a great number of physiologically and pathologically 

important mediators and thus heparanase is implicated in inflammation, tumour metastasis and 

angiogenesis. 
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3.1.3 Substrate specificity of heparanase 

Due to the heterogeneity of heparan sulfate and difficulties in obtaining homogenous 

oligosaccharide substrates the substrate specificity of heparanase is still not fully understood. 

In an extensive study by Okada et al., it was found that a highly sulfated structure is necessary for 

substrate recognition and the minimum recognition sequence was described to be the trisaccharide 

GlcN(6S)β1-4GlcAα1-4GlcN(NS) (GlcN, glucosamine; 6S, sulfated at C-6, NS, sulfated at N; Figure 5). 

However, this trisaccharide was not sufficient for cleavage and other sulfate groups were suggested 

to be essential (Okada et al., 2002).  

Figure 5: Minimal recognition site for cleavage by heparanase in heparan sulfate (adapted from Okada et al., 2002): The 
minimum trisaccharide sequence that is required for cleavage by heparanase, but not sufficient. The red circled groups are 
important for recognition; the cleavage site is indicated by an arrow. The additional sulfate-groups visible seem to have a 
promoting effect on heparanase cleavage and a sulfate group on the GlcN 3-O-sulfate (marked with an asterisk) shows an 
inhibiting effect. 

To study the substrate specificity of heparanase, Peterson and Liu generated different 

synthetic polysaccharide substrates using HS-synthesising enzymes. They could show that 

heparanase cleaves the bond between GlcA and either GlcN(NS,3S) (3S, sulfated at C-3) or 

GlcN(NS,6S), but did not cleave polysaccharides with repeating units of -GlcAα1-4GlcN(NAc,6S)-. 

Heparanase also cleaved -GlcAα1-4GlcN(NS)- when located in proximity to GlcA(2S) (2S, sulfated 

at C-2) and not IdoA(2S) and compounds with repeating units of -IdoA(2S)α1-4GlcN(NS)- were 

shown to be completely resistant to cleavage (Peterson and Liu, 2010). 

In a more recent study by Peterson and Liu the substrate specificity of mammalian heparanase was 

investigated in more detail using structurally defined oligosaccharides consisting of –

GlcAα1-4GlcN(NS,6S)- and -GlcAα1-4GlcN(NAc,6S)-units (Peterson and Liu, 2012). They found that 

heparanase cleaved heparan sulfate only in an endolytic fashion, but did not cleave the glycosidic 

bond at the end of the substrate (exolytic) and that heparanase can cleave -GlcAα1- 

4GlcN(NAc,6S)- as well as –GlcAα1-4GlcN(NS,6S)-. Two different cleavage mechanisms for heparanase
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were proposed: gapped and consecutive cleavage, and are each employed by the enzyme 

depending on the first cleavage product (Figure 6). These findings highlight the importance of the 

saccharide structures surrounding the cleavage site in controlling and regulating the available 

cleavage sites and the extent of cleavage by heparanase.  

Figure 6: Gapped and consecutive cleavage by heparanase (adapted from Peterson and Liu, 2013): Heparanase cleaves the 
trisaccharide at the non-reducing end in a first digestion step. Depending on the sulfation pattern of that trisaccharide 
heparanase cleaves the rest of the substrate in the consecutive or the gapped mode. 

3.1.4 Regulation of heparanase 

Given the diverse effects of HS-cleavage it is obvious that heparanase activity has to be 

strictly regulated (see Figure 7). Different transcription factors, including early growth response 1 

(egr1), SP1 (specificity protein 1) and Ets (E26 transformation-specific)-transcription factors (Ets1, 

Ets2 and GA (guanine-adenine)-binding protein (GABP)) are involved in the basal regulation 

of heparanase expression (Jiang et al., 2002; de Mestre et al., 2003, 2005). 
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Figure 7: Regulation of heparanase expression (adapted from 
Simizu et al., 2004a): The basal heparanase expression is 
regulated by Ets-transcription factors and transcription factor 
Sp1. Egr1, IFNγ and TNFα are important for the inducible 
regulation of heparanase transcription. In breast carcinoma 
cells estrogen was shown to induce heparanase expression. 
p53 and methylation in the promotor region of the 
heparanase gene negatively regulate heparanase expression. 

CpG-islands (sequences with methylated 

cytosines followed by guanine) are often 

found in the 5’-region of housekeeping-

genes. Hypomethylation in the heparanase 

promoter region was shown to be 

accompanied by an increase of heparanase 

transcription (Ogishima et al., 2005). In 

malignant tissues methylation of the 

heparanase promotor is lower compared to 

normal tissues. This suggests that the 

methylation regulation mechanism is 

defective in tumour cells, leading to 

hypomethylation and therefore 

overexpression of heparanase (Nasser, 

2008). Hormonal regulation of heparanase 

expression is also involved as estrogen 

response elements are present in the heparanase promoter and expression of heparanase in breast 

carcinoma cells is increased when treated with estrogen (Elkin et al., 2003; Xu et al., 2007). Additionally, 

the important inflammation mediators, interferon-γ (IFNγ) and tumour necrosis factor (TNF), induce 

heparanase expression and computer analysis revealed two interferon stimulated response elements in 

the heparanase promoter region (Edovitsky et al., 2006). The tumour suppressor p53 that is mutated in 

many human cancers was also shown to bind the heparanase promoter. Binding of p53 suppresses the 

transcription of the heparanase gene (Baraz et al., 2006). Molecules that directly inhibit heparanase 

activity include heparin, heparanase 2 (hpa2) and eosinophilic major basic protein (MBP) (Levy-Adam et 

al., 2010; Matzner et al., 1985; Temkin et al., 2004).   

Despite the degrading environment of the lysosomes, heparanase has a relatively long half life of about 

30 h (Gingis-Velitski et al., 2004a) compared to HSPGs with only 25 min- to 6 h. Another level of 

regulation for heparanase activity are post-translational modifications. Pro-heparanase needs to be 

cleaved by cathepsin L to form the active heterodimer. Heparanase is not only located in lysosomes, 

but can also be detected at the cell surface and in the nucleus (McKenzie, 2007). The storage of 

heparanase in late endosomes and lysosomes provides another regulatory mechanism facilitating 

heparanase secretion only upon stimulation (Vlodavsky et al., 2007). Consistent with this, it was 

reported that dendritic cells possess an intracellular reservoir of heparanase that is secreted upon LPS-

stimulation (Benhamron et al., 2006).  Cytokines like TNF and interleukin-1β (IL-1β)  can induce 

secretion of heparanase in endothelial cells  (Chen et al., 2004).  Moreover,  many cell types are capable 
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of internalising extracellular latent heparanase, enabling them to influence their local  heparanase 

levels (Vreys et al., 2005). 

3.2 Heparanase in cancer and disease 

3.2.1 The role of heparanase in cancer 

Heparanase was shown to be overexpressed in virtually all human tumours analysed, including colon 

carcinoma (Friedmann et al., 2000), breast cancer (Elkin et al., 2003), pancreatic tumours (Koliopanos et 

al., 2001), hepatocellular carcinoma (El-Assal et al., 2001), bone tumour (Shafat et al., 2011), 

oesophageal carcinomas (Mikami et al., 2001) and neck and head tumours (Simizu et al., 2003). 

Additionally, post-operative survival of tumour patients with enhanced heparanase expression is 

significantly lower compared to patients with lower levels of heparanase (Koliopanos et al., 2001; 

Vlodavsky et al., 2012). As mentioned above, heparanase does not cleave HS at a physiological pH. 

However, heparanase actively cleaves HS at a low pH found in the hypoxic core of malignant tumours 

(Nasser, 2008). 

3.2.1.1 Heparanase in cell invasion and metastasis 

Figure 8: Heparanase in tumour metastasis: For tumour metastasis, tumour cells can migrate to other parts of the body via 
the bloodstream. In order to do so, the tumour cells have to degrade the extracellular matrix and the basement membrane. 
Heparan sulfate proteoglycans are major components of the extracellular matrix. Therfore cleavage of HS by heparanase 
can facilitate the dissemination of tumour cells. 

Degradation of the ECM and the basement membrane are the basic requirements for tumour cells to 

invade tissues and to metastasise (Figure 8). To degrade the ECM the combined activity of different 

degrading enzymes, including metalloproteinases, serine and cysteine proteases and endo-glycosidases 

is essential (Vlodavsky et al., 2002). It is well known that the expression of the HS-degrading 
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heparanase correlates with the metastatic potential of tumour cells (Nakajima et al., 1983) and cells 

transfected with heparanase show higher metastatic potential (Vlodavsky et al., 2000). In normal 

tissues high heparanase expression is only observed when cell invasion is needed, as in the placenta or 

lymphoid organs (Parish et al., 2001). Heparanase can cleave HS-chains in the subendothelial ECM, 

facilitating the dissemination of blood-borne tumour cells (Nasser, 2008). Furthermore, inhibition 

of heparanase in animal models has been shown to reduce the number of metastases by more than 

90 %, supporting the important role of heparanase in tumour metastasis (Borsig, 2007; Nakajima et 

al., 1988; Vlodavsky et al., 2002). The tumour promoting effects of heparanase are not only due the 

direct effect on the tumour, but also due to its actions toward the tumour microenvironment 

(Vlodavsky et al., 2012). Heparanase is consequently thought to be of major importance for tumour 

cell invasion and metastasis.  

3.2.1.2 Heparanase in angiogenesis 

In angiogenesis new capillaries are generated through sprouting of the existent capillary-system. The 

forming of new blood vessels is essential for a tumour to ensure a sufficient supply of nutrients and 

oxygen. In order to form new vascular sprouts, endothelial cells have to degrade the surrounding ECM 

and the subendothelial basement membrane. HSPGs are major components of blood vessels and in 

capillaries HSPGs are mainly located in the subendothelial basement membrane, where they stabilise 

the capillary wall. Thus the action of heparanase can facilitate the sprouting of angiogenic endothelial 

cells in collaboration with other degrading enzymes (Vlodavsky and Friedmann, 2001, Figure 9). In fact, 

Cleaved HS

Perlecan

bFGF

VEGF

HS

ECM

Heparanase

Syndecan
FGFR

EC
BM

Figure 9: Heparanase in angiogenesis (adapted from Vlodavsky and Friedmann, 2001): Forming new vessels, endothelial 
cells (EC) degrade the subendothelial basement membrane (BM) and the ECM. Heparanase (red circles) is needed to 
cleave HS-chains, resulting in the release of growth factors (VEGF and bFGF) and HS-fragments, which can promote bFGF-
FGFR interaction. 
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high amounts of heparanase-mRNA have been measured in proliferating endothelial cells and, in 

breast and colon carcinomas, elevated heparanase levels have been reported in sprouting capillaries 

surrounding the tumour (Elkin et al., 2001; Vlodavsky and Friedmann, 2001). In addition, the actions 

of different growth factors like bFGF and VEGF are essential for angiogenesis. These growth factors 

are bound to HS-chains in the ECM and are released upon cleavage through heparanase (Parish et al., 

2001). HS-chains can also act as coreceptors supporting the formation of the complex between 

growth factor and receptor (Iozzo and San Antonio, 2001). Furthermore, the HS fragments generated 

by heparanase cleavage were shown to stimulate cell migration and angiogenesis (Roy and 

Marchetti, 2009). It was shown that heparanase induces syndecan-1 expression and leads to 

augmented syndecan-1 shedding (Mahtouk et al., 2007; Yang et al., 2007). Purushothaman and co-

workers could show that the shed syndecan-1, in collaboration with VEGF, is essential for efficient 

stimulation of angiogenesis (Purushothaman et al., 2010). 

An additional role of heparanase has been described, in which heparanase contributes to 

angiogenesis via non-enzymatic actions. Heparanase can mediate cell adhesion in a non-enzymatic 

fashion as demonstrated by Goldshmidt and co-workers, who noted that overexpression of 

heparanase in murine lymphoma cells led to their adhesion to endothelial cells or to the ECM 

(Goldshmidt et al., 2003). It was shown that heparanase can markedly stimulate phosphorylation of 

the serine/threonine protein kinase Akt, presenting a way for tumour cells to avoid apoptosis (Gingis-

Velitski et al., 2004b). Heparanase can also modulate VEGF expression. Overexpression of 

heparanase in breast cancer and embryonic kidney cells led to elevated VEGF expression at the 

mRNA and protein level by a factor of three to six, and knock-down of heparanase resulted in 

reduction of VGEF expression by 75 % (Ilan et al., 2006; Zetser et al., 2006). Concurrent with the 

increase in VEGF expression is the activation of the protein kinases p38 and Src. Inhibition of Src 

eliminated the heparanase-stimulated VEGF induction, suggesting that Src is the critical downstream 

kinase (Zetser et al., 2006). It is likely that these non-enzymatic functions of heparanase involve a 

potential cell surface heparanase receptor (Vlodavsky et al., 2007).  

3.2.2 Heparanase in inflammation 

HS proteoglycans have an important role in the inflammation process. In inflammation leukocytes 

are continuously invading from blood vessels to the side of inflammation and degrade the 

subendothelial basement membrane in that process (Parish et al., 2001). HS on cell surface of 

endothelial cells present chemokines to leukocytes to recruit and immobilise them to the inflamed 

side (Parish, 2006; Weber et al., 1999). HSPGs act as a barrier for the leukocyte migration through 

the subendothelial BM; therefore leukocytes and nearby endothelial cells start producing 
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heparanase to initiate the cleavage of heparan sulfate and enable them to pass through the 

BM (Benhamron et al., 2006; Chen et al., 2004). In addition, cleavage of HS by heparanase releases 

HS-bound cytokines and chemokines that recruit more leukocytes and enhance the 

inflammatory reaction (Parish, 2006).  

The ability of sensitised T-cells to induce inflammation has been shown to correlate with heparanase 

expression and different pro-inflammatory cytokines have been reported to induce heparanase 

expression (Chen et al., 2004; Naparstek et al., 1984). In that context high expression of heparanase 

have been reported in delayed-type hypersensitivity (DTH), rheumatoid arthritis, atherosclerosis, 

inflammatory lung disease, ulcerative colitis, Crohn’s disease, autoimmune Type 1 diabetes, 

experimental autoimmune encephalomyelitis and adjuvant arthritis (Edovitsky et al., 2006; Lerner et 

al., 2011; Li et al., 2008; Lider et al., 1989; Osterholm et al., 2013; Parish et al., 1998; Schmidt et al., 

2012; Simeonovic et al., 2013; Vlodavsky et al., 1992; Waterman et al., 2007). 

Chronic inflammation commonly occurrs in the area around tumours and was reported to further 

stimulate tumour growth, metastasis, angiogenesis and cell invasion (Goldberg et al., 2013; 

Grivennikov and Karin, 2010; Hanahan and Weinberg, 2011). 

3.2.3 Heparanase as a drug target 

The fact that mammals express a single 

functional heparanase and the involvement of 

heparanase in tumour cell invasion, metastasis, 

angiogenesis and inflammation have made 

heparanase an attractive target for drug design 

(Ferro et al., 2004). There are different 

approaches to inhibit heparanase action (Figure 

10). An inhibitor could target the processing of 

the inactive pro-enzyme, preventing the 

formation of the mature enzyme or target the 

active enzyme (Vlodavsky et al., 2007). Several 

heparanase inhibiting molecules have been 

identified to date including heparin and low 

weight heparins, polysulfated polysaccharides 

and neutralising antibodies (McKenzie, 

2007; Miao et al., 2006). 
Figure 10: Therapeutic targeting of heparanase (adapted from 
McKenzie, 2007): Most approaches to inhibit heparanase 
activity target the active enzyme (indicated by an asterisk). 
Other strategies are to interfere with the cleavage of the pro-
heparanase and the adhesion domain of the enzyme. 
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The anti-metastatic effect of sulfated polysaccharides like heparin and dextran sulfate was long 

attributed to their anticoagulant properties. Later it was discovered that they affect metastasis 

because of their ability to inhibit heparanase (Coombe et al., 1987). 

It is documented that heparins (especially low molecular weight heparins) increase the survival of 

patients with advanced tumours (Klerk et al., 2005). Heparin inhibits heparanase by binding with high 

affinity as an alternative substrate while displaying a limited susceptibility to degradation. However 

the use of heparins is limited due to their anticoagulant side effects. Heparin activates anti-thrombin, 

which inhibits the proteases thrombin and factor Xa (Bourin and Lindahl, 1993). In order to avoid that, 

modified variants of heparin were produced without the ability to bind anti-thrombin and therefore 

without anticoagulant properties (Ilan et al., 2006; Naggi et al., 2005). These heparin derivatives are a 

promising therapeutic approach to inhibit tumour metastasis.  

The following HS mimetics are currently in different phases of clinical trials: phosphomannopentaose 

sulfate PI-88, PG545, SST0001 and M402 (Dredge et al., 2011; Khasraw et al., 2010; Ritchie et al., 

2011; Zhou et al., 2011). 

Inhibition by PI-88 (Figure 11) is 

comparable to heparin (IC50: 

2 µg/mL), but PI-88 additionally 

interferes with the action of HS-

bound growth factors needed for

angiogenesis (Ferro et al., 2007; 

McKenzie, 2007). PI-88 has been 
R= SO3Na or H   OR           shown to efficiently inhibit tumour

growth, metastasis and 

angiogenesis in vitro and in vivo and 

is in Phase III clinical trials in patients 

with postoperative hepatocellular carcinoma (Hudachek et al., 2010). The synthetic fully sulfated 

tetrasaccharide PG545 inhibited metastasis and tumour progression in preclinical studies with an 

IC50: 2 µg/mL for angiogenesis inhibition in vitro. It entered Phase I clinical trials for solid tumours but 

trials were stopped due to unexpected reactions at the injection site (Ferro, 2013; Ferro et al., 2012). 

SST0001 is currently in Phase I/II clinical trials in myeloma patients. It is a modified heparin that is 100 % 

N-acetylated and 25 % glycol split with an average molecular weight of 20 kDa; glycol splitting is the 

periodate oxidation/borohydride reduction of heparins. SST0001 is able to effectively inhibit 

Figure 11: Structure of the heparanase inhibitor 
phosphomannopentaose sulfate, PI-88 (adapted from Parish et al., 
2001). 
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heparanase and was shown to markedly decrease myeloma growth in vivo (Naggi et al., 2005; Ritchie 

et al., 2011). M402 is also a synthetically designed glycol-split heparan sulfate mimetic with a smaller 

molecular weight (6 kDa) and N-sulfation instead of acetylation. It proved to reduce metastasis and led 

to prolonged survival in animal models. M402 in combination with the nucleoside analogue 

gemcitabine is in Phase I/II clinical trials in patients with metastatic pancreatic cancer (Zhou et al., 

2011). 

A number of small, non-carbohydrate inhibitors have been identified, for example 1-[4-(1H-

benzoimidazol-2-yl)-phenyl]-3-[4-(1H-benzoimidazol-2-yl)-phenyl]-urea derivatives, which display 

strong heparanase inhibition (e.g. compound 7a: 1,3-bis-[4-(1H-benzoimidazol-2-yl)-phenyl]-urea 

IC50: 0.27 µM) and high efficiency in animal metastasis assays (Pan et al., 2006). Neutralising antibodies 

and natural products analysed in high throughput screens are other approaches to inhibit heparanase 

(Ishida et al., 2004; Myler and West, 2002).  

4. Polysaccharide Lyases: heparinases

Polysaccharide lyases are mostly of microbial origin and can be found in a wide variety of pathogenic 

and non-pathogenic bacteria and fungi. They cleave acidic polysaccharides at specific glycosidic linkages 

(Linhardt et al., 1986). As previously 
Eliminative cleavage (Lyases)       Hydrolytic cleavage (Hydrolases)

mentioned, acidic polysaccharides are 

and microorganisms. In animals these 

polysaccharides are called glycosaminoglycans 

and are (with the exception of hyaluronan) 

attached to a protein core. In plants acidic 

polysaccharides (for example pectin) have 

important roles for structure and protection 

(Linhardt et al., 1986). The acidic 

polysaccharides in microorganisms have 

structural functions in cell walls and capsular 

structures and are important virulence factors 

(Linhardt et al., 1986). Polysaccharide lyases 

cleave their substrates endolytically via a β-

elimination mechanism yielding a double bond at the newly formed non-reducing end; in contrast 

hydrolases, such as heparanase, cleave via a hydrolytic mechanism (Figure 12). Lyases usually display 

an alkaline pH optimum between pH 7.5 and 11 (Sutherland, 1995). 

Figure 12: The eliminative cleavage compared to the 
hydrolytic cleavage (adapted from Sutherland, 1995): 
Polysaccharide lyases cleave via a β-elimination 
mechanism, whereas hydrolases cleave via a hydrolysis 
mechanism. 
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The polysaccharide lyases cleaving heparin and heparan sulfate in bacteria are termed heparinases. 

There are three well-characterised heparinases: heparinase I, II and III, that have been identified in 

several bacterial species, including Bacteroides stercoris (Ahn et al., 1998), Prevotella heparinolyticus 

(Watanabe et al., 1998) and Pedobacter heparinus (Galliher et al., 1981). They can cleave heparin and 

heparan sulfate chains at specific sites (Jandik et al., 1994). The three heparinases were first isolated 

from the Gram-negative, facultative anaerobe P. heparinus (formerly Flavobacterium heparinum) 

(Galliher et al., 1981). This bacterium uses heparinases to utilise heparins as a source for carbon and 

nitrogen. Heparinase I (EC 4.2.2.7) has a molecular mass of 43.8 kDa and cleaves heparin at specific 

linkages (Desai et al., 1993a, 1993b). Heparinase II (no EC number) with a molecular mass of 84.5 kDa 

can cleave heparin as well as heparan sulfate (Nader et al., 1990). The third heparinase, heparinase III 

(EC 4.2.2.8) has a mass of 73 kDa and prefers undersulfated heparan sulfate linkages (Desai et al., 

1993a, 1993b). Although cleaving the same substrate, the heparinases show no significant sequence 

similarity to heparanase. 

Another substrate for heparinases from B. stercoris is acharan sulfate, a glycosaminoglycan similar to 

heparin and heparan sulfate consisting of the repeating disaccharide unit: α-D-N-acetylglucosaminyl-2-

O-sulfo-α-L-iduronic acid (Kim et al., 1996). 

Heparin interferes with blood coagulation primarily by binding to antithrombin III, leading to inhibition 

of the proteases factor Xa and thrombin. For thrombin inactivation, its binding to heparin at a different 

site is necessary in addition to antithrombin binding, with a minimum of 18 saccharide units required 

for this interaction (Petitou et al., 1999). The binding site for antithrombin has been determined as a 

specific pentasaccharide sequence within heparin (Thunberg et al., 1982). Due to the diverse, 

sometimes severe side-effects of heparin recent trends have been to develop more specific low 

molecular weight heparins (LMWH) or even synthetic heparin derivates, like fondaparinux (Arixtra™), 

that inhibit factor Xa more effectively than thrombin (Herbert et al., 1997). Fondaparinux is the O-

methylated glycoside form of the antithrombin-binding pentasaccharide (Figure 13). 
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Figure 13: Chemical structure of fondaparinux. 

LMWHs are obtained through enzymatic or chemical depolymerisation of heparin. Heparinases are 

valuable tools for enzymatic heparin depolymerisation; therefore it is of great significance to 

understand their substrate specificity in detail. Apart from their role in LMWH production, heparinases 

have also been used in more direct applications such as neutralisation of heparin (Heres et al., 2001) 

and wound healing (Silver, 1998) . 

The best characterised heparinases are those from P. heparinum. It was shown that heparinase II 

from P. heparinum cleaves the pentasaccharide fondaparinux at one site, but upon removal of the O-

sulfate on the central glucosamine, it cleaves fondaparinux at two sites (Shriver et al., 2000). 

5. Burkholderia pseudomallei

Burkholderia pseudomallei is an aerobic, rod-shaped, Gram-negative bacterium and the causative agent 

of melioidosis (Wiersinga et al., 2006). Melioidosis is a potentially fatal infectious disease with a diverse 

clinical picture and occurs in humans, most other mammals and some birds.  

B. pseudomallei can be isolated from stagnant water and soil in tropical or subtropical climates, and 

is endemic mainly in Southeast-Asia and North-Australia causing up to 50 cases of melioidosis in 

100 000 people a year (Chambon, 1955; Currie et al., 2010; Limmathurotsakul et al., 2010; Wiersinga 

et al., 2012). The most severe symptom of melioidosis is septic shock, which is often associated with 

dissemination of bacteria to distant sites (Wiersinga et al., 2006). Prevalent clinical 

manifestations in Australia are pneumonia in 51 % of the patients, genitourinary infection for 14 % and 

skin infection for 13 % of the patients (Currie et al., 2010). In contrast, in Thailand 40 % of the children 

with melioidosis develop suppurative parotitis, which is only rarely observed in Australian patients 
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(Pagnarith et al., 2010). No vaccine is currently available and B. pseudomallei has been classified as a 

category B biowarfare agent (Rotz et al., 2002). The only available treatment for melioidosis is an 

extensive antibiotic therapy. Correct and early diagnosis is crucial since B. pseudomallei is resistant to 

many antibiotics. Front line antibiotics are ceftazideme or meropenem (Silva and Dow, 2013).  

More than 30 species belong to the genus Burkholderia, including the pathogenic members 

Burkholderia mallei, Burkholderia cepacia and the avirulent strain Burkholderia thailandensis, that 

coexists with Burkholderia pseudomallei in the soil (Wiersinga et al., 2006).  

B. pseudomallei can survive in distilled water for several years, presumably reflecting its capacity to 

survive in the environment (Wuthiekanun et al., 1995). Infection can occur via inhalation of water 

droplets during the rainy season, when infections spike, by aspiration or by cutaneous inoculation with 

infected soil or water. The risk of getting melioidosis increases with pre-existing conditions such as 

diabetes mellitus, renal insufficiency, pulmonary diseases, tumours or drug and alcohol misuse. There 

can be a long time between exposure to the bacterium and symptoms; the longest incubation period 

reported was 62 years (Ngauy et al., 2005) and the shortest was less than a day after inhalation of the 

bacterium during a near drowning event (Chierakul et al., 2005). It has been found that 80 % of all 

children in Thailand under 4 years are seropositive for B. pseudomallei (Kanaphun et al., 1993).  

The mortality for melioidosis is around 40 % in Thailand and around 14 % in North-Australia (Currie et 

al., 2010; Limmathurotsakul et al., 2010). For deaths caused by infectious diseases in northeast 

Thailand, melioidosis is the third most common cause (Limmathurotsakul et al., 2010). Reoccurrence 

of melioidosis after successful treatment of a first episode is observed in around 1 in 16 patients, 

frequently within the first year (Limmathurotsakul et al., 2006).  

The genome of B. pseudomallei (strain K96243) contains two chromosomes with sizes of 4.07 Mb and 

3.17 Mb (Holden et al., 2004). B. pseudomallei can invade different cell types through phagocytosis, 

including epithelial cells, fibroblasts and macrophages. It is capable of surviving and proliferating 

within the cytosol of the various phagocytes without initiating a bactericidal reaction (Jones et al., 

1996). After invasion, the bacterium can escape from intracellular vesicles and induce actin 

polymerisation to form membrane protrusions (Figure 14). These protrusions can be internalised by 

neighbour cells through phagocytosis, allowing B. pseudomallei to spread without getting into 

contact with the extracellular environment. B. pseudomallei can also induce cell-cell fusion, resulting 

in characteristic multinucleated giant cells (Toesca et al., 2014; Wiersinga and van der Poll, 2009; 

Wiersinga et al., 2006).  
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In melioidosis, localised infections, bacteremia and dissemination of the bacterium to distant sites like 

spleen, liver, and brain is common (White, 2003). Dissemination may be by haematogenous spread and 

possibly also via infected phagocytes (Lazar Adler et al., 2009; Silva and Dow, 2013). Infection of the 

central nervous system, resulting in neurological melioidosis, is considered to occur via the nasal 

olfactory epithelium and the olfactory and/or the trigeminal nerve (Owen et al., 2009; St John et al., 

2014). 

B. pseudomallei possesses a broad spectrum of potential virulence factors. However, only a few have 

been experimentally demonstrated to be important in virulence in animal models. The carbohydrate 

capsule is a major virulence factor, as is the lipoplolysaccharide to a lesser extent (Reckseidler et al., 

2001; Steinmetz et al., 1995). The type III and type VI secretion systems of B. pseudomallei are 

important for invasion, escape from phagosomes and intercellular spread of the bacteria. They have 

syringe-like structures that allow the bacterium to secrete proteins into the host cell (Stevens et al., 

2003; Toesca et al., 2014).  

5.1 Heparanase in B. pseudomallei 

The Carbohydrate-Active Enzymes database (CAZY) lists a number of bacterial enzymes in GH-family 79, 

which have sequence identity to the human heparanase (http://www.cazy.org, Table 2). As previously 

mentioned, bacteria are known to express heparinases that degrade heparan sulfates and cleave via an 

Figure 14: Infection of host cells by B. pseudomallei (Wiersinga et al., 2006): a, invasion of host cells by B. 
pseudomallei. b, escape from vesicles and proliferation. c, cell-to-cell spread, B. pseudomallei induces actin-polymerisation 
to form protrusions, which can be phagocytosed by neighbour cells. d, formation of multinucleated giant cells. 
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eliminative mechanism (Linhardt et al., 1986; Sutherland, 1995). It is therefore of considerable 

interest that a putative heparanase was found in several bacteria. One of the bacteria from that 

group is Burkholderia pseudomallei. The putative heparanase from B. pseudomallei (BPSL2070) 

shows a 24 % sequence identity to the human enzyme and contains the characteristic hydrolase 

domain (Holden et al., 2004; Tredwell, G, 2008). Tredwell reported that the protein sequence for 

BPSL2070 contains 489 amino acids and not 463 amino acids, as found in the NCBI database 

(http://www.ncbi.nlm.nih.gov/), including a 26 amino acid signal peptide at the N-terminus. The 

sequence of BPSL2070 includes the conserved active site residues Glu225 and Glu343 (Hulett et al., 

2000) and is likely to possess the (αβ)8 TIM-barrel fold motive (Tredwell, G, 2008).   

It was shown that recombinant B. pseudomallei heparanase is able to cleave heparan sulfate via a 

hydrolytic mechanism (Tredwell, G, 2008). The role of this microbial β-glucuronidase is not clear, but it 

could be important for the dissimilation of heparin sulfates as sources of carbon, sulfur and energy. 

Alternatively, or additionally, it could be involved in tissue invasion during human or animal infection. 

There is also the potential for the bacterial enzyme to have non-catalytic functions, similar to the 

human heparanase as mentioned in section 3.1.2.

Only one crystal structure for the enzymes in GH-family 79 is available to date, the structure for a β-

glucuronidase from Acidobacterium capsulatum (Michikawa et al., 2012). The enzyme has the (αβ)8 

TIM-barrel fold predicted for GH-family 79 and the two conserved active site glutamic acids in a pocket-

shaped active site that is common for exo cleaving enzymes (Michikawa et al., 2012).  

Protein Name EC# Organism GenBank 
β-glucuronidase 
(ACP_2665;AcGlcA79A) (GlcA79A) 

3.2.1.31 Acidobacterium capsulatum ATCC 51196 ACO32043.1

AciX9_4610 Acidobacterium sp. MP5ACTX9 ADW71540.1
AFR_11775 Actinoplanes friuliensis DSM 7358 AGZ40644.1
Bfae_27850 Brachybacterium faecium DSM 4810 ACU86551.1

blr6802 Bradyrhizobium japonicum USDA 110
NP_773442.1 
BAC52067.1 

BJ6T_26070 Bradyrhizobium japonicum USDA 6 BAL07885.1
S58_20950 (fragment) Agromonas oligotrophica S58 BAM88102.1
BMA10299_A0523 Burkholderia mallei NCTC 10229 ABN03255.1
BMA10247_0632 Burkholderia mallei NCTC 10247 ABO04032.1
BMASAVP1_A1351 Burkholderia mallei SAVP1 ABM52247.1
BP1026B_I2052 Burkholderia pseudomallei 1026b AFI66667.1
BURPS1106A_1579 Burkholderia pseudomallei 1106a ABN91084.1
BURPS1710b_1742 Burkholderia pseudomallei 1710b ABA47936.1
BURPS668_1554 Burkholderia pseudomallei 668 ABN81774.1
BPC006_I1626 Burkholderia pseudomallei BPC006 AFR15502.1
BPSL2070 Burkholderia pseudomallei K96243 CAH36071.1
BBN_2075 Burkholderia pseudomallei MSHR146 AHG66293.1
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BDL_609 Burkholderia pseudomallei MSHR305 AGR70863.1
GBP346_A1594 Burkholderia pseudomallei MSHR346 ACQ95264.1
BBQ_1949 Burkholderia pseudomallei MSHR511 AHG33243.1
BBX_2548 Burkholderia pseudomallei MSHR520 AHK63896.1
BBS_14 Burkholderia pseudomallei NAU20B-16 AHE35274.1
BBJ_1481 Burkholderia pseudomallei NCTC 13178 AHE29041.1
BBK_114 Burkholderia pseudomallei NCTC 13179 AGZ29599.1
Acid_3120 Solibacter usitatus Ellin6076 ABJ84098.1
Acid_5025 Solibacter usitatus Ellin6076 ABJ85981.1
Caci_4316 Catenulispora acidiphila DSM 44928 ACU73180.1
Caci_5166 Catenulispora acidiphila DSM 44928 ACU74025.1
CCALI_02711 Chthonomonas calidirosea T49 CCW36500.1
CH75_13835 Dyella jiangningensis SBZ 3-12 AHX14156.1
KTR9_1052 Gordonia sp. KTR9 AFR47695.1
AciX8_4089 Granulicella mallensis MP5ACTX8 AEU38370.1
AciX8_4797 Granulicella mallensis MP5ACTX8 AEU39066.1
KALB_2332 Kutzneria albida DSM 43870 AHH95700.1
Marme_2892 Marinomonas mediterranea MMB-1 ADZ92114.1
Mar181_2151 Marinomonas posidonica IVIA-Po-181 AEF55189.1
Mmwyl1_1639 (possible fragment) Marinomonas sp. MWYL1 ABR70566.1
NIASO_05750 Niabella soli DSM 19437 JS13-8; DSM 19437 AHF14814.1

Saro_3674 
Novosphingobium aromaticivorans DSM 
12444

ABP64533.1

Rta_06210 Ramlibacter tataouinensis TTB310 AEG91699.1
RHOM_14650 Roseburia hominis A2-183 AEN98036.1
Sde_3124 (possible fragment) Saccharophagus degradans 2-40 ABD82381.1

NX02_01280 
Sphingomonas sanxanigenens DSM 19645 
NX02 

AHE52022.1

Spirs_0259 Spirochaeta smaragdinae DSM 11293 ADK79415.1
K710_0674 Streptococcus iniae SF1 AGM98451.1
SGPB_0956 Streptococcus pasteurianus ATCC 43144 BAK30028.1
SUB1200 (possible fragment) Streptococcus uberis 0140J CAR42634.1
TERTU_3487 Teredinibacter turnerae T7901 ACR13280.1
Terro_0351 Terriglobus roseus DSM 18391 AFL86700.1
AciPR4_4030 Terriglobus saanensis SP1PR4 ADV84779.1
AciPR4_3381 Terriglobus saanensis SP1PR4 ADV84135.1
Spica_0071 Spirochaeta caldaria DSM 7334 AEJ18243.1

Table 2: Bacteria with GH-family 79 proteins (http://www.cazy.org). 
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6. Significance and Scope of thesis

Human heparanase, a β-glucuronidase cleaving heparan sulfate, is known to be involved in cancer and 

inflammation. It is overexpressed in most tumours and inhibition of heparanase leads to reduced 

metastasis and angiogenesis. The lack of a crystal structure of heparanase hampers the development of 

specific inhibitors. In Burkholderia pseudomallei, the causative agent of melioidosis, a putative 

heparanase with similarities to the human enzyme was found. The determination of its tertiary structure 

could facilitate selective inhibitor design for the similar human enzyme. The aims of this project were (1) 

to characterise the microbial enzyme; (2) to undertake structural studies of the putative heparanase using 

NMR spectroscopy and X-ray crystallography and (3) to investigate the physiological role of the bacterial 

heparanase.  
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1. Materials

1.1 Reagents and kits 

100 bp DNA ladder New England Biolabs 

1 kb DNA ladder New England Biolabs 

6x His antibody from mouse   Abcam 

Acrylamide/Bis solution  Bio-rad 

Agarose Scientifix 

Ammonium persulfate (APS)  Sigma-Aldrich 

Ampicillin  Sigma-Aldrich 

Anti-DYKDDDDK Tag antibody from rabbit  Cell Signaling 

Anti-GST from mouse   Cell Signaling 

Anti-mouse HRP-conjugated antibody   Cell Signaling 

Anti-rabbit HRP-conjugated antibody   Cell Signaling 

Azure A  Sigma-Aldrich 

BCA-protein assay kit   Pierce 

BD OptEIA  BD Biosciences 

Benzamidine column (HiTrap benzamidine FF)  GE Healthcare 

Bovine serum albumin (BSA)  Sigma-Aldrich 

BugBuster 10X Protein Extraction Reagent Merck Millipore 

Costar 96-Well EIA/RIA Plates  Fisher Scientific 

Crystal Screen 1 and Crystal Screen 2 reagent kits   Hampton Research 

Deuterium oxide Cambridge Isotope Laboratories Inc. 

Dulbecco's Modified Eagle Medium (DMEM)  Gibco 

DNaseI   Roche 

ECM Gel from Engelbreth-Holm-Swarm murine sarcoma Sigma-Aldrich 
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Merck Millipore 

Gibco 

Sigma-Aldrich 

GE Healthcare 

Celsus Laboratories 

Sigma-Aldrich 

New England Biolabs 

Sigma-Aldrich 

GE Healthcare 

GE Healthcare 

Creative biomart 

Cell Signaling 

Sigma-Aldrich 

AppliChem 

Bio-rad 

Sigma-Aldrich 

Sigma-Aldrich 

Ethanol  

Foetal calf serum (FCS)  

Glycerol 

GST-affinity column (GSTrap FF)  

Heparan sulfate  

Heparin  

Heparinase II (B. eggerthii) 

Heparinase II (F. heparinum)  

HiLoad 16/600 Superdex 75 pg column   

HisTrap HP column 

Human heparanase  

IgG HRP-linked antibody  

Imidazole 

Isopropyl β-D-thiogalactopyranoside (IPTG) 

iTaq Universal SYBR Green Supermix  

Kodak GBX developer/replenisher 

Kodak GBX fixer/replenisher  

L-glutathione reduced  Sigma-Aldrich  

Lysozyme Fluka  

M9 broth Amresco 

Methanol Merck Millipore 

4-methylumbelliferyl β-D-glucuronide (MUG) Sigma-Aldrich 

MUG supplement Sigma-Aldrich 

NucleoBond PC kit  Machery-Nagel 

Phusion High-Fidelitly DNA Polymerase  New England Biolabs 

Protease inhibitors  Roche 

PureLink DNase set Life technologies 
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PureLink RNA Mini Kit  Life technologies 

Thrombin  Sigma-Aldrich  

TiterMax Gold Adjuvant  Sigma-Aldrich 

Urea  Sigma-Aldrich 

PageBlue protein staining solution  Fermentas 

Precision plus protein standards  Bio-rad 

PVDF (Immobilon-PSQ Membrane) Merck Millipore 

RedSafe Nucleic Acid Staining Solution   Scientifix 

Restriction endonucleases New England Biolabs 

Quick Change II XL Site-Directed Mutagenesis Kit Agilent Technologies 

Sodium dodecylsulfate (SDS)  Bio-rad 

SuperSignal chemiluminescent substrate  Pierce 

Superscript III First strand synthesis superMix  Invitrogen 

Tetramethylethylenediamine (TEMED)  Sigma-Aldrich 

Trypsin-EDTA  Gibco 

UltraPure DNase⁄RNase-Free Distilled Water  Life-technologies 

All other chemicals were obtained from Sigma Aldrich unless noted otherwise. 

1.2 Consumables 

0.22 µm filter   Millipore 

6-well plates  Gibco 

Amicon centrifugal filter units  Millipore 

Black 96 well plates  Corning 

Cell culture flasks Gibco 

Clear 96-well plates  Corning 

Clear high-binding 96-well plates Corning 

Crystal plates (24 well Comboplate with lid) Interpath services 
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Siliconised circle cover slides (18 mm x 0.22 mm) Hampton research 

Falcon tubes (15 and 50 mL)  Invitrogen 

Grease (Dow Corning Vacuum Grease)  Hampton research 

Needle (21-gauge) BD Biosciences 

PVDF membrane  Merck Millipore 

Syringes BD Biosciences 

X-ray film (CL-Xposure film) Thermo Scientific 

1.3 Primers, plasmids and cells 

Primers 

All primers were generated by Geneworks Pty Ltd 

CL1:  CATATGCCGCAGCAGCCGCCGCCCGGGGGGGCCGAGC 

GT3: GGATCCTCACGCGAAGTCGACCAGCAACGC 

LB7: AGCATCGAAAAGGCGGCGTT 

LB8: CACGAAGCCCGGATAGGTGTT 

LB19: GTAATGAATTCGCAAGGCGTTCGTTCTAG 

LB20: CATTAGAATTCATCCTCGCTTGCCCGTT 

LB29: CTTTCGTCTCGCGGCGACGAACAGCTATTG 

LB30: CAATAGCTGTTCGTCGCCGCGAGACGAAAG 

Bp_16S_F:  GAATTACTGGGCGTAAAGCG 

Bp_16S_R: CCACATCTCTAGCATTTCAC 

HepHis Fwd: ATGAAGATCTATCGCCGACGAAGCCGCGTATGCG 

HepHis Rev:  CTTAATACTAGTTCAATGGTGATGGTGATGGTGCGCGAAGTCGACCAGCAACGCCGCGCT 

ΔHep1 Fwd:  TCGTTACAACGACAGGAGACAT 

ΔHep1 Rev:  ACCTTGTCCCGAGTTCTTGA  

ΔHep2 Fwd:  CAAGGCGTTCGTTCTAGAAAGA 

ΔHep2 Rev:  GAATTTACCTTGTCCCGAGTTC 
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Plasmids 

pGEX-4T-1 Amersham Biosciences 

pDM4-Tp was kindly provided by Prof Ifor 
Beacham, Institute for Glycomics, 
Griffith Universtiy 

pUC57  Genescript 

pUC18T mini Tn/-omp1lux was kindly provided by Prof Ifor 
Beacham, Institute for Glycomics, 
Griffith Universtiy 

Cells 

NIH 3T3 (mouse embryonic fibroblast cell line) was kindly provided by Dr Joe 
Tiralongo, Institute for Glycomics, 
Griffith Universtiy 

RAW 264.7 (mouse leukaemic monocyte macrophage cell line) was kindly provided by Dr Rachel 
Horton, Institute for Glycomics, 
Griffith Universtiy 

B. pseudomallei MSHR520, MSHR668, MSHR1153, K96243 was kindly provided by Prof Ifor 
Beacham, Institute for Glycomics, 
Griffith Universtiy 

E. coli BL21  Invitrogen 

E. coli DH5α   Invitrogen 

E. coli S17.1 (λpir) was kindly provided by Prof Ifor 
Beacham, Institute for Glycomics, 
Griffith Universtiy 

1.4 Buffers and media 

4 x Laemmli buffer 0.25 M Tris, pH 6.8 
6 % SDS 
40 % Glycerol 
0.04 % Bromphenol blue 

6 x DNA loading buffer 30 % Glycerol 
0.25 % Bromphenol blue 
0.25 % xylene cyanol FF 

10 x SDS Running buffer  250 mM Tris 
1.92 M Glycine 
1 % SDS 
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Blocking buffer 5 % Skim milk powder 
in TBS 

M9 minimal medium 1 x M9 broth 
1 mM MgSO4 
100 µM CaCl2 
0.2 % Glucose 

LB-(Luria broth) medium 10 g Bacterial tryptone 
5 g Yeast extract 
5 g NaCl -> to 1 L 

LB agar 10 g Bacterial tryptone 
5 g Yeast extract 
5 g NaCl 
1.5 % Agar -> to 1 L 

PBS 140 mM NaCl 
2.7 mM KCl 
1.8 mM KH2PO4 
10 mM Na2HPO4 -> pH 7.4 

1 x TAE 40 mM Tris acetate 
1 mM EDTA  -> pH 8.2 

TBS 10 mM Tris base 
150 mM NaCl  -> pH 7.5 

TBS-Tween 0.1 % Tween 20 in TBS 

Toubin transfer buffer 25 mM Tris 
150 mM Glycine 
10 % Methanol 
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2. Methods

2.1 Cloning, expression and purification methods for B. pseudomallei heparanase 

2.1.1 Cloning of B. pseudomallei heparanase construct (∆N2070) 

The gene for BPSL2070 from B. pseudomallei strain K9624 was amplified without the first 51 N-

terminal base pairs with Phusion polymerase from genomic DNA using the following primers: CL1

CATATGCCGCAGCAGCCGCCGCCCGGGGGGGCCGAGC and GT3 

GGATCCTCACGCGAAGTCGACCAGCAACGC. It was cloned into the expression vector pGEX-4T-1 at the 

Sma1 restriction site. 

2.1.2 Expression of GST-B. pseudomallei heparanase in E.coli 

Recombinant protein expression was performed in E.coli BL21 DE3 cells. To express the microbial 

heparanase with an N-terminal GST-tag in E.coli, the glycerol stock of pGEx∆N2070 was streaked out 

on LB-agar plates with 100 µg/mL ampicillin. These plates were kept for up to one month. Bacteria 

were grown in Luria–Bertani (LB) medium supplemented with 100 µg/mL ampicillin. One colony was 

picked to inoculate 5 mL LB-overnight culture containing 100 µg/mL ampicillin and incubated with 

shaking at 37 °C overnight. 100 mL LB-medium (with 100 µg/mL ampicillin) were inoculated with 

5 mL overnight culture followed by overnight incubation at 37 °C with shaking. That 100 mL over-

night culture was used to inoculate 1 L LB-medium (with 100 µg/mL ampicillin) and incubated at 37 °

C until an OD (600 nm) of 0.6-0.8 was reached (approx 2 h). The cells were incubated at 25 °C for a 

further 60 min and protein expression was induced by addition of 0.1 mM isopropyl α-d-

thiogalactopyranoside (IPTG). After induction the cells were incubated for 4 h at 25 °C and then 

harvested by centrifugation (10 min, 6 000 xg and 4 °C). The pellet was washed with PBS and stored 

at -20 °C. To lyse the cells, they were thawed, resuspended in 10 mL PBS with protease inhibitors 

and incubated with 90 mg lysozyme at 4 °C for 40 min. DNA was removed from the lysate by 

incubation with 3 mg DNaseI at 20 °C for 30 min. To separate the soluble fraction from the insoluble 

fraction, the sample was centrifuged for 30 min at 16 000 x g. The supernatant (soluble fraction) was 

filtered through a 0.22 µm filter before it was used for GST-affinity chromatography. 

2.1.3 Purification of B. pseudomallei heparanase 

2.1.3.1 Purification of GST- B. pseudomallei heparanase with GST-affinity chromatography 

All buffers used were filtered through a 0.22 µm filter; the purification was performed using a 

peristaltic pump with UV-detector (Bio-rad). GST-affinity column (GSTrap FF) was equilibrated with 5 
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column volumes of binding buffer (PBS, pH 7.3). The lysed and filtered bacteria were loaded on a 

GST-affinity column and the column was washed with five or more column volumes binding buffer 

(PBS, pH 7.3) till absorption was back to baseline. 

2.1.3.2 Thrombin digest 

To cleave the GST-tag in an on-column digest, the GST-affinity column containing the GST-tagged 

protein was loaded with 50 U thrombin in PBS (pH 7.3) and incubated at 20 °C for 16 h.  

2.1.3.3 Removal of thrombin using a benzamidine column 

To remove the thrombin from the protein sample a benzamidine column (HiTrap benzamidine FF) 

was used. All buffers used were filtered through a 0.22 µm filter; the purification was performed 

using a peristaltic pump with UV-detector (Bio-rad). The benzamidine column was equilibrated with 

five or more column volumes binding buffer (50 mM Tris-HCl, 0.5 M NaCl, pH 7.4) and connected in a 

row after the GST-affinity column containing the cleaved protein. Both columns were washed with 

binding buffer (50 mM Tris-HCl, 0.5 M NaCl, pH 7.4) and the flow through that contains the cleaved 

protein was collected. The thrombin was eluted from the benzamidine column with elution buffer 

(50 mM glycine, pH 3) and the cleaved, bound GST was eluted from the GST-affinity column with 

elution buffer (50 mM Tris-HCl, pH 8 with 10 mM reduced glutathione freshly added). 

2.1.3.4 Removal of cleaved GST with GST-affinity chromatography 

As the protein sample still contains some of the cleaved GST another GST-affinity chromatography 

was performed. All buffers used were filtered through a 0.22 µm filter; the purification was 

performed using a peristaltic pump with UV-detector (Bio-rad). The GSTrap was equilibrated with 

five or more column volumes binding buffer (PBS, pH 7.3). The protein sample (contaminated with 

cleaved GST) was loaded and the column was washed with binding buffer until the absorption went 

back to the baseline. Elution was carried out with elution buffer (50 mM Tris-HCl, pH 8 with 10 mM 

reduced glutathione freshly added). All fractions of the purification process were analysed with SDS 

PAGE. 

After removal of the cleaved GST-tag with another GST-affinity column the protein was 

concentrated to 5-10 mg/mL using centrifugal filter devices (molecular weight cut-off: 3 kDa). 

2.1.3.5 Fast protein liquid chromatography (FPLC) gel filtration 

Further purification with gel filtration was carried out using the ÄKTA fast protein liquid 

chromatography (FPLC) system (Amersham Biosciences) and a HiLoad 16/600 Superdex 75 pg 
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column. All solutions used for the FPLC system were filtered through a 0.22 µm filter and degassed 

prior to application. The FPLC system was washed with water; the column was inserted and 

equilibrated with at least one column volume of buffer (PBS, pH 7.4) at a flow rate of 0.3 mL/min. 

The sample was applied and eluted with running buffer (PBS, pH 7.4). 1 mL fractions were collected 

throughout the run and the UV was monitored at 280 nm.  

2.2 Crystallisation methods for B. pseudomallei heparanase 

2.2.1 Optimum solubility screen 

To test the most suitable buffer for protein crystallisation an optimum solubility screen (Jancarik et 

al., 2004) was performed using 18 different buffers at a concentration of 100 mM (Table 3). Applying 

the hanging drop method, 0.5 µL of protein solution (20 mg/mL) were added to 0.5 µL buffer on a 

cover-slide. On a crystallisation plate the cover-slide with the drop facing down was sealed with 

grease onto a well containing 500 µL buffer reservoir. After incubation at room temperature for 24 h 

the drops were analysed for precipitates under a light microscope. 

Nr Buffer pH 
1 Glycine 3 
2 Citric acid 3.2 
3 Citric acid 4 
4 Sodium/potassium phosphate 4.5 
5 Sodium acetate 5 
6 Sodium citrate 5.5 
7 Sodium/potassium phosphate 6 
8 Bis-tris 6 
9 MES 6.2 

10 Bis-tris 6.5 
11 Cacodylate 6.5 
12 Ammonium acetate 7 
13 MOPS 7 
14 Sodium/potassium phosphate 7 
15 HEPES 7.5 
16 Tris 8 
17 Imidazole 8 
18 Tris 8.5 

Table 3: Buffers for optimum solubility screening. 
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2.2.2 Dynamic light scattering (DLS) 

Dynamic light scattering measurements were carried out in the DLS detector PD2000 DLS plus 

(Precision detectors). 30 µL of protein sample were centrifuged for 10 min at 13 000 rpm to remove 

dust particles. 20 µL of the sample were transferred into a DLS-cuvette and DLS was measured with 

30 repeats per sample at a desired temperature. Parameters were set to obtain an appropriate 

correlation function.  

2.2.3 Crystallisation of B. pseudomallei heparanase 

Initial crystal screens were performed applying the hanging drop method using Crystal Screen 1 and 

Crystal Screen 2 reagent kits. 0.5 µL of B. pseudomallei heparanase protein solution (10 mg/mL) 

were mixed with 0.5 µL reservoir solution on a glass cover slide over a 500 µL reservoir (sealed with 

grease) and incubated at 20°C. 

After solubility optimisation (see 2.2.1) the recombinant protein was prepared in 100 mM sodium 

acetate buffer (pH 5) in a concentration of 15 mg/mL and was successfully crystallised using a 

reservoir solution of 0.1 M HEPES with 0.8 M potassium sodium tartrate tetrahydrate (pH 7.3). 

2.2.4 Co-crystallisation 

For co-crystallisation experiments different possible ligands were added to a B. pseudomallei 

heparanase solution with a concentration of 10-20 mg/mL using the hanging drop method. The 

ligands were either added to the protein solution and directly sealed over the buffer reservoir or 

pre-equilibrated with the protein solution for 30 min at 4 °C. The ligands investigated included 5 mM 

NG(NH2) (GlcN(NH2,6S)β1-4GlcA; with GlcN(NH2,6S): D-glucosamine, N-protonated and sulfated on C6 

and GlcA: D-glucuronic acid) 5 mM NG(SO3) (GlcN(NS,6S)β1-4GlcA, with GlcN(NS,6S): D-glucosamine, N-

sulfated and sulfated on C6), 5mM NG(Ac) (GlcN(NAc,6S)β1-4GlcA, with GlcN(NAc,6S): D-glucosamine, 

N-acetylated and sulfated on C6), 5 mM and 10 mM NI (GlcN(NS,6S)β1-4doA(2S), with IdoA(2S): L-

iduronic acid, sulfated on C2), 5 mM and 25 mM 4-methylumbelliferyl β-D-glucuronide (MUG), 5 mM 

and 25 mM fondaparinux, 5 mM and 25 mM GlcA and 5 mM and 25 mM NGNI 

(GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)). The reservoir solutions tested were prepared 

around the successful condition found for the apo-crystal with: 0.1 M HEPES, pH 7.2-7.9 and 0.4-1.0 

M potassium sodium tartrate. 
2.2.5 Crystal soaking 

In soaking experiments existing B. pseudomallei heparanase apo-crystals were soaked for 15-

120 min in reservoir solutions containing 25 mM or 50 mM of ligand. Ligands investigated included: 
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GlcA, NG(Ac) (GlcN(NAc,6S)β1-4GlcA), NI (GlcN(NS,6S)β1-4IdoA(2S)) and NGNI 

(GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)).  

2.2.6 Crystal freezing 

Selected B. pseudomallei heparanase crystals were soaked in the reservoir solution (0.1 M HEPES 

with 0.8 M potassium sodium tartrate tetrahydrate (pH 7.3)) with 35 % glycerol as cryo-protectant 

and then frozen by immersing crystals into liquid nitrogen, prior to data collection. 

2.2.7 Structure determination 

X-ray diffraction data sets were collected (with 1° oscillation angle, exposure time of 3 s and crystal-

to-detector distance of 420 mm) at the Australian Synchrotron, Victoria, Australia, using Blu-Ice 

software, at 100 K with a wavelength of 0.9635 Å and a ADSC Quantum detector. The synchrotron 

data sets were integrated by MOSFLM (Leslie, 1992) and scaled with SCALA in the CCP4 program 

suite (Evans, 2006). Refinement of atomic models was carried out using REFMAC (Murshudov et al., 

2011) and visualisation of electron density and model building and manipulation were done using 

COOT (Emsley and Cowtan, 2004). The geometry of the structure was validated using PROCHECK 

(Laskowski et al., 1993). Secondary structure analysis was performed using DSSP (Kabsch and Sander, 

1983). Figures were created using PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4 

Schrödinger, LLC.) and the Ramachandram plot was constructed using RAMPAGE (http://www-

cryst.bioc.cam.ac.uk/rampage, Lovell et al., 2003) 

2.3 Methods for the characterisation of B. pseudomallei heparanase 

2.3.1 Bioinformatics 

Protein sequences of different proteins of the glycoside hydrolase family 79 (http://www.cazy.org) 

were obtained from NCBI (http://www.ncbi.nlm.nih.gov/) and homology comparisons and searches 

were performed using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The multiple sequence 

alignment was done with Clustal W2: (http://www.ebi.ac.uk/Tools/msa/clustalw2/). 

2.3.2 Bicinchoninic acid (BCA) protein assay 

To determine protein concentrations a BCA (bicinchoninic acid) assay was performed with the BCA-

protein assay kit. BSA (Bovine serum albumin) standards with 2, 1, 0.5, 0.25, 0.125, 0.06, 0.03 mg/mL 

were measured as a standard curve. The absorption of a blank without protein was subtracted from 

all standards and samples. The assay was performed in a 96-well plate using 10 µL of 

sample/standard/blank with 100 µL BCA-reaction-mix. Plates were incubated at 37 °C for 30 min and 
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absorption at 595 nm was detected using the Wallac Victor 1420 multilabel reader (Perkin Elmer). All 

measurements were done in duplicates.  

2.3.3 Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS PAGE) for proteins 

For SDS PAGE (Sodium dodecylsulfate polyacrylamide gel electrophoresis) the mini-PROTEAN tetra 

cell-system (Bio-rad) was used. The glass plates for the gel were cleaned with ethanol (70 %) and put 

together. First the separating gel (Table 4) was cast and layered with ethanol (70 %). After 

polymerisation the ethanol was removed, the stacking gel was poured over the separating gel and a 

comb was inserted. For sample preparation one volume of loading buffer (4x Laemmli buffer) was 

added to three volumes of protein solution and the samples were heated to 95 °C for 10 min. The gel 

was transferred into the gel chamber and the chamber was filled with running buffer (1x SDS-

running buffer). 5 µL of precision plus protein standards and 5-40 µL of the samples were loaded into 

the slots. Electrophoresis was performed for 10 min at 90 V, followed by 80 min at 120 V. The gel 

was then either stained with PageBlue protein staining solution or used for a western blot.   

Separating gel (12 %) Stacking gel (4 %) 

Distilled Water 4.4 mL Distilled Water 3.25 mL 

1.5 M Tris-HCl, pH 8.8 2.5 mL 0.5 M Tris-HCl, pH 6.8 1.25 mL 

SDS, 10 % (w/v) 100 µL SDS, 10 % (w/v) 50 µL 

Acrylamide/Bis solution 3 mL Acrylamide/Bis solution 500 µL 

APS, 10 % (w/v) 50 µL APS, 10 % (w/v) 25 µL 

TEMED 5 µL TEMED 5 µL 

Table 4: Separating and stacking gel preparation. 

2.3.4 Western blot 

In a western blot, proteins are transferred from a SDS PAGE gel to a membrane and the specific 

proteins are detected by antibodies. After SDS PAGE the gel was incubated on the orbital shaker for 

15 min in Toubin transfer buffer. The PVDF membrane was activated for 30 s with methanol, washed 

with water and incubated for 15 min in Toubin transfer buffer. Before the assembling of the 

transfer-sandwich (assembling: blotting paper- membrane- gel- blotting paper- lid), the blotting 

paper was soaked with Toubin buffer. Blotting was performed in the trans-blot SD semi-dry transfer 

cell (Bio-rad) at 15 V for 40 min. The membrane was incubated on the orbital shaker with blocking 

buffer for 60 min and then incubated over-night with the primary antibody (diluted as desired in 

blocking buffer, primary antibodies used: anti-BpHep from rabbit (see 2.5.2), anti-GST from mouse, 

37 



II MATERIALS AND METHODS 

anti-6x His antibody from mouse and anti-DYKDDDDK Tag antibody from rabbit). After washing three 

times for 5 min in TBS-Tween, the blot was incubated for one h with the HRP-conjugated secondary 

antibody (anti-rabbit or anti-mouse IgG HRP-linked antibody) at room temperature. The membrane 

was washed again three times for 10 min each with TBS-Tween and then developed using 

SuperSignal chemiluminescent substrate. Solutions A and B were mixed 1:1 and then incubated for 

5 min. In a dark room, a film was applied for 30 s to 10 min and then developed and fixed.  

2.3.5 Heparan sulfate digest and electrophoresis 

Per sample 0.5 mg heparan sulfate were incubated with 1 µg of recombinant B. pseudomallei 

heparanase for different times (5 min, 20 min, 3 h). The enzyme was heat inactivated at 99 °C for 

5min after incubation time and 10 % of that sample was used for electrophoresis. 

For the electrophoresis the mini-PROTEAN tetra cell-system (Bio-rad) was used. The glass plates for 

the gel were cleaned with ethanol (70 %) and put together. The electrophoresis was either 

performed as described under 2.3.3 or as follows: first the separating gel (Table 5) was cast and 

layered with ethanol (70 %). After polymerisation the ethanol was removed, the stacking gel was 

poured over the separating gel and a comb was inserted. For sample preparation one volume of 

loading buffer (80 % glycerol in running buffer, with 0.04 % bromphenol blue) was added to two 

volumes of HS-digest and the samples were heated to 95 °C for 10 min. The gel was transferred into 

the gel chamber and the chamber was filled with running buffer (30 mM Tris and 20 mM MES). 

Electrophoresis was performed for 140 min at 200 V and 4 °C. The gel was stained with 0.1 % 

Azure A staining solution over 24 h and destained with water.    

Separating gel (24 %) Stacking gel (8 %) 

0.5 M Tris-HCl, pH 6.8 1.8 mL 0.5 M Tris-HCl, pH 6.8 0.9 mL 

Ethylene glycol 1.7 mL Ethylene glycol 0.85 mL 

Acrylamide/Bis solution 7 mL Acrylamide/Bis solution 1 µL 

APS, 10 % (w/v) 50 µL APS, 10 % (w/v) 25 µL 

TEMED 5 µL TEMED 5 µL 

Table 5: Separating and stacking gel preparation for HS-electrophoresis. 
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2.3.6 4-methylumbelliferyl β-D-glucuronide (MUG) activity assay 

To analyse exo-activity, the cleavage of 4-methylumbelliferyl β-D-glucuronide (MUG) was measured. 

The MUG assay was carried out in black 96-well plates in a total volume of 50 µL, containing 1 µL of 

sample and 1 mM MUG in reaction buffer (20 mM glycine, pH 2.5). After addition of MUG the plate 

was incubated for 30 min at 37 °C. The reaction was stopped by adding 200 µL stopping buffer 

(200 mM glycine, pH 10.7) and fluorescence was detected using the Wallac Victor 1420 multilabel 

reader (Perkin Elmer) with excitation and emission wavelengths of 355 and 460 nm, respectively. All 

samples were done in triplicates and measured against blanks without enzyme.  

2.3.7 Molecular biology methods 

2.3.7.1 Agarose gel electrophoresis 

Agarose was added to 1x TAE buffer to a final concentration of 1 % (w/v). The mixture was heated in 

a microwave oven until the agarose was dissolved. The agarose solution was cooled to about 60 °C 

and then RedSafe nucleic acid Staining solution was added. The warm agarose was poured into the 

tray with a comb. After the gel was set, it was transferred into the electrophoresis tank and covered 

with 1 x TAE buffer. DNA samples were mixed with 6x DNA loading buffer and loaded into the gel 

pocket. Electrophoresis was performed at 100 V for 30 min. The gel was examined under UV light. 

2.3.7.2 Determination of DNA/RNA concentration 

The concentration of DNA and RNA was determined using a quartz cuvette and a 

spectrophotometer. The absorbance was measured at 260 nm (A260), whereas A260=1 equals 

50 µg/mL DNA or 40 µg/mL RNA. To test for protein contamination the absorbance was also 

measured at 280 nm, for pure DNA A280/ A260 should be around 1.8 and for RNA around 2.0.  

2.3.7.3 Isolation of plasmid DNA 

Highly pure plasmid DNA was obtained by means of the NucleoBond PC kit. This procedure is based 

on alkaline lysis of bacterial cells, followed by purification of the DNA by ion-exchange 

chromatography. After harvesting the cells from an overnight culture by centrifugation, the plasmid 

isolation was carried out according to the manufacturer’s instructions. The elution was performed 

with 50 µL water.  
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2.3.7.4 Generation of chemical competent cells 

An overnight culture of E. coli DH5α ce l l s  was  used  to  inocu late  100  mL LB medium. The 

culture was incubated at 37 °C until an OD600 nm of around 0.4 was reached and then placed on 

ice for 10 min (cells were kept on ice for the rest of the procedure). After centrifugation for 

10 min at 8000 xg for 10 min, cells were resuspended in 20 mL ice-cold 85 mM calcium chloride 

solution with 15 % glycerol and pelleted again at 8000 xg for 5 min. Cells were resuspended in     

4 mL calcium chloride-glycerol solution and snap-frozen in 100 µL aliquots in liquid nitrogen. The 

chemical competent cells were stored at -80 °C. 

2.3.7.5 Transformation by heat shock 

For heat shock transformation, 5 μL of DNA were pipetted into a 100 μL aliquot of DH5α chemical 

competent cells and mixed gently. The mixture was incubated on ice for 10 min, and then 

transferred for exactly 42 s in a preheated 42 °C circulating water bath. After 2 min incubation on 

ice, 1 mL of LB medium was added, and the cells were incubated at 37 °C for 30-60 min in the 

shaking incubator. The mixture was spread on agar plates containing ampicillin (100 µg/mL).  

2.3.7.6 Polymerase chain reaction (PCR) 

To amplify DNA PCRs (Polymerase chain reactions) were carried out using the Phusion High-Fidelitly 

DNA Polymerase. The reaction was performed according to the manufacturer’s instructions using 

the following reaction mixture and PCR program: 

Reaction mixture:  
DNase free water 31.5 µL 
5x GC buffer  10 µL 
dNTPs  1 µL 
forward primer (10 µM)  2.5 µL 
reverse primer (10 µM)  2.5 µL 
DNA  2 µL 
Phusion Polymerase 0.5 µL 

PCR program: 
Initial denaturation 98 °C 30 s 
Denaturation  98 °C 10 s 
Annealing 65 °C 30 s 30 cycles 
Amplification  72 °C 30 s 
Final amplification 72 °C 5 min 
Finish  4 °C for ever 
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2.3.7.7 Generation of E144A and E250A by site-directed mutagenesis 

To generate the point mutants E144A and E251A the Quick Change II XL Site-Directed Mutagenesis 

kit was used according to the manufacturer’s instructions. Primers LB29 

CTTTCGTCTCGCGGCGACGAACAGCTATTG and LB30 CAATAGCTGTTCGTCGCCGCGAGACGAAAG were 

used and the PCR mixture and program were as follows: 

Reaction mixture: 
10x reaction buffer 5 µL 
dNTPs 1 µL 
forward primer 125 ng 
revere primer 125 ng 
DNA 5 ng 
QuickSolution 3 µL 
To final volume of 50 µL with DNAse-free water 
Then added: 1 µL PfuUltra HF DNA polymearase 

PCR program: 
Initial denaturation 95 °C 60 s 
Denaturation  95 °C 50 s 
Annealing 60 °C 50 s 18 cycles 
Amplification  68 °C 6:30 min 
Final amplification 68 °C 7 min 
Finish  4 °C for ever 

After the PCR 1 µL Dpn1 were added to the reaction mixture and incubated at 37 °C for 1 h. The 

Dpn1-treated DNA was then transformed into XL10-Gold Ultracompetent cells and plated on LB agar 

plates. Clones were sequenced to confirm the desired mutation. 

2.3.7.8 DNA sequencing 

To obtain a DNA sequence, samples were sent to the Australian genome research facility (AGFR) 

with the appropriate primers and sequences were analysed using BioEdit version 7.1.3.0. 

2.3.8 Nuclear magnetic resonance (NMR) spectroscopy 

NMR (Nuclear magnetic resonance) spectroscopy was carried out in an Avance 600 MHz Ultrashield 

NMR spectrometer (Bruker) with a 1H/ 13C/ 15N gradient cryoprobe system and data were collected 

and analysed with the TOPSPIN software (Bruker). 

2.3.8.1 1H-NMR spectroscopy 

1H-NMR spectroscopy was performed in 50 or 200 µL Shigemi tubes with 50-200 µg of compound in 

deuterated sodium acetate buffer (40 mM, pH 5 or 100 mM, pH 4) or deuterated Tris buffer (40 mM, 
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pH 8.6 or 20 mM Tris, 100 mM NaCl, pH 7.5). The HDO-signal was suppressed using a 2 s rf-field 

during the relaxation delay. For activity assays, the measurements were performed at 37 °C. 

2.3.8.2 Saturation transfer difference (STD) NMR spectroscopy 

For saturation transfer difference (STD) NMR spectroscopy measurements 1024 scans were 

performed. The protein was saturated at -1 ppm on-resonance and at 33 ppm off-resonance using 

40 50 ms selective Gaussian shaped pulses with 100 µs delay between the pulses. The saturation 

time was 2 s in total. Suppression of the residual HDO signal was accomplished by a WATERGATE 

sequence and for suppression of the protein background a 5 kHz spin-lock filter was used for 10 ms. 

The molecular protein-ligand ratio was between 1:20 and 1:200, depending on the ligand.  

2.3.8.3 1H-NMR spectroscopy inhibition assays 

For the 1H-NMR spectroscopy inhibition assay 400 µM octasacharide NGNGNGNG were incubated 

with 100 µg heparanase from B. pseudomallei in 40 mM sodium acetate buffer, pH 5 with or 

without 400 µM Triplatin NC in a 200 µL Shigemi tube at 37 °C. 1H NMR spectra were measured 

without enzyme and at different time points (5 min, 1 h, 2 h, 4 h, 8 h and 24 h) after addition of 

enzyme. 

2.4 Methods for studies of heparinase II 

2.4.1 1H-NMR spectroscopy activity assays 
1H-NMR spectroscopy was performed in 200 µL Shigemi tubes with 300 µM compound in deuterated 

Tris buffer (20 mM Tris, 100 mM NaCl, pH 7.5). The HDO-signal was suppressed using a 2 s rf-field 

during the relaxation delay. Measurements were performed at 37 °C before and at different 

time points after addition of 0.4 U heparinase II from B. eggerthii or P. heparinus. 

2.4.2 1H-NMR spectroscopy inhibition assays 

For 1H-NMR spectroscopy inhibition assays 300 µM fondaparinux were incubated with 0.4 U 

heparinase II from B. stecoris in Tris buffer (20 mM Tris, 100 mM NaCl, pH 7.5) with or without 3 mM 

NG or NGNI in a 200 µL Shigemi tube at 37 °C. 1H NMR spectra were measured without enzyme and 

at different time points after enzyme addition. 
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2.4.3 Spectrophotometric inhibition assays 

To measure a possible inhibition of cleavage by heparinase II from B. stecoris, 10 µg heparan sulfate 

or 60 nM fondaparinux were incubated with or without 600 nM NG or NGNI at 37 °C and the 

reaction was followed spectrophotometrically at 232 nm for up to 10 min.  

2.5 Methods for work with B. pseudomallei 

2.5.1 Growth and maintenance of B. pseudomallei 

Work with B. pseudomallei was carried out in a PC III facility. Liquid cultures of B. 

pseudomallei strains were grown in LB medium at 37 °C in an orbital shaker. Strains were 

maintained on LB agar plates with 100 µg/mL streptomycin at room temperature. Plates were kept 

for up to 6 weeks and for long term storage at -80 °C glycerol stocks of bacteria were prepared 

containing 20 % glycerol. 

2.5.2 Production of polyclonal B. pseudomallei heparanase antibody in rabbits 

The polyclonal antibody against B. pseudomallei heparanase (anti-BpHep) was generated at Griffith 

University (Animal facility). Two rabbits were injected with 20 µg BpHep in 200 µL PBS mixed with 

200 µL TiterMax Gold Adjuvant, each. After 4 and 8 weeks the injections were repeated. The quality 

of the antisera was tested using an Enzyme-linked immunosorbent assay (ELISA, see 2.5.12). 

2.5.3 Generating a B. pseudomallei heparanase knock-out mutant 

Unmarked in-frame deletion mutagenesis was used to create a ∆Hep mutant in B. pseudomallei 

MSHR520 (O8) by allelic exchange (Logue et al., 2009). The mutant allele was synthesised and cloned 

in pUC57. The deletions encompassed the following nucleotide positions, with reference to the 

genome sequence of K96243 (Milton et al., 1996): BPSL2070, 2476552–2478021; deletion between 

2476660 and 2478003. The mutant allele, which contained about 1 kb upstream and downstream of 

the deleted region (Figure 15), was subcloned into pDM4-Tp between the Spe1 and Sac1 sites 

(Logue et al., 2009; Milton et al., 1996) and then conjugatively mobilised from E. coli S17.1 (λpir) into 

B. pseudomallei MSHR520 (previously referred to as strain 08). Single cross-over integrants were 

selected on chloramphenicol and screened for trimethoprim resistance. Clones in which the 

integrated deletion construct was excised by a second recombination event were then selected as 

sucrose-resistant. This was confirmed by chloramphenicol and trimethoprim sensitivity and clones 

with the deleted allele determined by PCR analysis with appropriate primers (ΔHep2 Fwd: 

CAAGGCGTTCGTTCTAGAAAGA and ΔHep2 Rev: GAATTTACCTTGTCCCGAGTTC).  
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Figure 15: Mutant allele of heparanase knock-out strain. Start and stop of the deleted BpHep gene are shown in bold. 

2.5.4 Construction of a B. pseudomallei strain expressing heparanase under an artificial promotor 

To facilitate a higher expression of heparanase, the promotor region of the B. pseudomallei ompA 

gene (outer membrane protein A, BPSL2522) was cloned infront of the heparanase gene. The 

heparanase gene was amplified using PCR and primers LB19 

(GTAATGAATTCGCAAGGCGTTCGTTCTAG) and LB20 (CATTAGAATTCATCCTCGCTTGCCCGTT), 

containing terminal EcoR1 sites (Figure 16). The PCR product was then cloned into the EcoR1-

digested Tn7 transposition vector pUC18T mini-Tn7-omp1lux, which excised the lux operon, and 

resulted in pUC18T mini-Tn7-omp1hep (Choi et al., 2005; Owen et al., 2009). A Pst1-generated TpR 

(Trimethorpim) cassette was then cloned into the Pst1 site of this plasmid, following digest with Pst1 

and treatment with calf intestinal phosphatase (CIP). The resulting plasmid, pUC18T mini-Tn7-

omp1hep-TpR was then transformed into E. coli S17λpir and conjugated to B. pseudomallei 

MSHR520 (O8) in a triparental mating, together with E. coli SM10λpir(pTNS2-1), with selection for 

trimethoprim resistance and counterselection with gentamycin; pTNS2-1 encodes the transposase 

which catalyses the transposition of the omp1hep cassette into the chromosome. One of the 
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ACTAGTAAGCGCTGATCGACGGCGTGACGCGCGGGTTGGCACGCACGGATGCGATGCCATGATTCGCTGT 
CGCTGTCGCTGTCGCTGTCGCTGTCGTGATGGCTGTTGCCATCGCCATCGTCATCGCTATCGCTGTCGTC 
ATCGCTATCGCGAACCACATCGCGCGCTTCGACGAGCACTTCGTCAAGCACTTCGTCAAGCACTTCGTCA 
AGCACTTCGTCAAGCGATCGCCGGATGCTTCGTGGAACGAATCGAATGTCGTGACGGGCGCCATGTGCGC 
CGGCCGGTGACAATTGTTCAGATTGCCGGCGGGTGACGTCCGTATAGTCGATACCGAACCGACAGGACGA 
CGCGAATGTCTCGAGTCCGCACCGCGGCATTTCGCCATGCATCGGCCGTGAGGAGATCTCGAAGCGATGC 
GCGCTCCGGTGCACTGTCGGATCTTGCCGATTCGGCGGCACGGATCGCGAACGCCGCGTACATCGCGAAT 
CGCCACATGCTTCGTGTTCCGCGTTGCGGGCGCAACCGGTTTCGAATGGACATCGTCGACGAACCGGCCG 
CACGTGCATCGCGAAGTGCGGAACGCAAGAAGCGCAAGAAGCGCGACGCCCGTCGGATTCCAGGCGCGCC 
GCGCGATCGTTCGTCGCGCGGCAGCCGAAACGGACTCGATCGCCTCTCGGATCGAGTCGCCGGCCGAGCG 
GCGTCCGCGTTCGTCGCGTGACGTGTGTCGGGCCGCTCGTTTCTCTCGTTCCTCGGCAAACCCCCCGTCC 
GTGGGACTTTCGCACCGTCACTCGTGGCGGTGTTTTTTTTTGTTGCGCCGGATGTCCCGCGCGATCCGCG 
CGTGGCGGCGGGCGTGGACGCACGCTACATCCGGTAACGAAAGTAACGATTTGCGCGTCGGCGTGGCACG 
CAAGGCGTTCGTTCTAGAAAGAGTTCGTTACAACGACAGGAGACATAGCATGCCCCACGAATCCCCCCCG 
TCGTCGAAATCGCGGCGCCTTGTTTTGAAGCTGGGTCTGGTCGACTTCGCGTGAGCGGGACGCACGCCGT 
GCGGCGCGCACGCGCGAACCGAGACGTCTCGCAGCCATCGCTCGCCCATCGGCGCAACGCGGCGGGCATG 
CTGCTGCGCGACAAGAGCGGCCGACGTTCGCGCGTCGCGGCGGGATCCGGGCGGCAACGGGCAAGCGAGG 
ATGGTTGAGGGCGCGGCGCGATGCTAGTATCAAGAACTCGGGACAAGGTAAATTCATGGCCGGTTGGACG 
TTTGGCGGTGCAATGAGCGCGGTGTCGCAAAGGCGGGCTCATGGCCGCTGAATGGATGGGCTGCGACCGG 
TTTCGCGCAAATTCGATGAAAGTATCGCTGCGTCATTTACGTGCGTTCGTGGCGGTGGCTCGGGAAGGCA 
GCTTCACGGCCGCCGCGGGCGCGCTGTGCCTCACGCAGTCGACGCTGACGAAGACGATCCGCGAGTTCGA 
ACAGGCGCTCGGCGTGCACGTGTTCGAGCGCAATACGCGGCGCATCGCGCTCACGCCGTACGGCGCGGCG 
TTCCTCGTCGACGCGGTGAGAATCCTGAACGACCTCGATCTCGCGCTCGACGGCGTCAACCAGCAACTCC 
TCGGAAACAGCGGCACCGTACGCGTCGCAAGCGGCCTCGCGTTCGCGTCGACGGTCATGCCGTGCGTGAT 
CCGGGCCTTGCACGCGCAGGAGCCCGGCATTCACGTGGACTTGCTCGACGACACGAGTGGCGGCGTGATC 
CGGCGGATCGAATCCGGCGAGGTCGACGTGGGGATCGGCTCGTACGTCGGCATGGCCGGCAACGCGCTGA 
GCGTGAGGCGCATCCTGAGCGCGCGTCTGGGCGTGCTGTTTCCGGTCGGCTATCCGAAGATTCCGTCGCG 
GCCCACGCTCGCCAGCCTGAACGAGATTCCGATCCTGCGCGACTCGGACGAGTCGAGCATCGCCGCCGCG 
TTCCGGCAGCAGGCGCCCGATCTCTGGGAGCGGATGAGGCGAAAGGTGTCCGTCACGAATCTCGATTTGC 
AGCTCGCGCTGGTTCGCGAGGGCATCGGCGCGTGCATCGTGTCGGCATTGGAGCTC 

resulting exconjugants was retained and used in experiments on the expression of heparanase. 

Trimethorpim was used at 100 µg/mL and gentamycin at 15 µg/mL.  
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Figure 16: Construction of a B. pseudomallei strain expressing heparanase under an artifical promotor. Start 
and stop of the heparanase gene are in bold, the region annealing to primers LB19 and LB20 are underlined.  

2.5.5 Construction of a B. pseudomallei strain expressing a His-tagged heparanase 

In this approach, a linear fragment of about 1 kb of the heparanase gene is amplified by PCR 

containing 6 histidine codons at the C-terminus to generate O8 HepHis. This fragment is then cloned 

into pDM4 and allowed to recombine with the heparanase gene following conjugal transfer to B. 

pseudomallei. The following primers were used to amplify the 1 kb fragment: 

HepHis Fwd: ATGAAGATCTATCGCCGACGAAGCCGCGTATGCG and HepHis Rev: 

CTTAATACTAGTTCAATGGTGATGGTGATGGTGCGCGAAGTCGACCAGCAACGCCGCGCT. 

The 1015 bp fragment was cleaved with BglII and SpeI and the enzymes were heat inactivated after 

the digest. The fragment was then recovered from the agarose gel, and cloned into pDM4-Tp with 

selection for chloramphenicol sensitivity. Recombinants were checked with the above primers 

using colony PCR and further confirmed by isolation of the plasmid and digest with BglII and SpeI.  
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GGCACGCACGGATGCGATGCCATGATTCGCTGTCGCTGTCGCTGTCGCTGTCGCTGTCGTGATGGCTGTT 
GCCATCGCCATCGTCATCGCTATCGCTGTCGTCATCGCTATCGCGAACCACATCGCGCGCTTCGACGAGC 
ACTTCGTCAAGCACTTCGTCAAGCACTTCGTCAAGCACTTCGTCAAGCGATCGCCGGATGCTTCGTGGAA 
CGAATCGAATGTCGTGACGGGCGCCATGTGCGCCGGCCGGTGACAATTGTTCAGATTGCCGGCGGGTGAC 
GTCCGTATAGTCGATACCGAACCGACAGGACGACGCGAATGTCTCGAGTCCGCACCGCGGCATTTCGCCA 
TGCATCGGCCGTGAGGAGATCTCGAAGCGATGCGCGCTCCGGTGCACTGTCGGATCTTGCCGATTCGGCG 
GCACGGATCGCGAACGCCGCGTACATCGCGAATCGCCACATGCTTCGTGTTCCGCGTTGCGGGCGCAACC 
GGTTTCGAATGGACATCGTCGACGAACCGGCCGCACGTGCATCGCGAAGTGCGGAACGCAAGAAGCGCAA 
GAAGCGCGACGCCCGTCGGATTCCAGGCGCGCCGCGCGATCGTTCGTCGCGCGGCAGCCGAAACGGACTC 
GATCGCCTCTCGGATCGAGTCGCCGGCCGAGCGGCGTCCGCGTTCGTCGCGTGACGTGTGTCGGGCCGCT 
CGTTTCTCTCGTTCCTCGGCAAACCCCCCGTCCGTGGGACTTTCGCACCGTCACTCGTGGCGGTGTTTTT 
TTTTGTTGCGCCGGATGTCCCGCGCGATCCGCGCGTGGCGGCGGGCGTGGACGCACGCTACATCCGGTAA 
CGAAAGTAACGATTTGCGCGTCGGCGTGGCACGCAAGGCGTTCGTTCTAGAAAGAGTTCGTTACAACGAC 
AGGAGACATAGCATGCCCCACGAATCCCCCCCGTCGTCGAAATCGCGGCGCCTTGTTTTGAAGCTGGGTG 
GCGGCACCGTTCTCGGCACGTTGCTCGCCGCATGCGGGGGCGGTGGCGGGGCGGACGCAGCCGCCGCCGC 
GCCGCAGCAGCCGCCGCCCGCGGGGCCGAGCTCGAGCGCGAACGTCGCGATGACGCTGCCGGCCGACGCG 
CCGCGCATCGCTCGCGATTTCGCGGGGCTCAGCATCGAAAAGGCGGCGTTGAGCTATCCGCTGCTGAGCG 
GCGAGAACGGCAACATGGTCGGCCTGTTCAACCGGCTCGGCGCCGGCGTGTTGCGCATCGGCGGCAATAG 
CAGCGACGCGTCCGGCTGGCAGCGCACCGGTCCGGACGAGACGTCGGGCGTCATCACGCCCGCCGCCGTG 
GACCGGCTCGCGAGCTTCGTTCAGGCTTGCCGCTGGCGCGTGATCTACGGGCTCAATTTCGTCGGCAACG 
ACCCCGCGACGATCGCCGACGAAGCCGCGTATGCGGCCCAAGCGCTGGGCGTCCAGCTCGCGGGCTTCGA 
GATCGGCAACGAGCCCGATCTCTACGCGCAGCATGGCCTCGCGCCGAACGCGAACACCTATCCGGGCTTC 
GTGAGCCGCTGGACCACATTCGCGAATGCGATCCGGGCGGCGGTGCCCGATGCGGTGTTCACGGGCCCGG 
CGACCGCGTGGAACTATCAGCGTTACACCGTGCCGTTCGCAAGCGATGCGGCGGGCTTGGTGTCGTTGCT 
GACGCAGCACCACTACCGCAACCCCGATAGCGCGACGATCGAGGCGATGCTGAGCCCCGATCCGAGCCTC 
GCGCCGATGCTGCAAGCGTTGCAGGGTGCGGCGAGCGCGCGCGGCATCGGCTTTCGTCTCGCGGAGACGA 
ACAGCTATTGGGGCGGCGGCAAGCCGGGCGTGAGCGATGCGCACGCATCCGCGCTCTGGGTGATCAACTT 
CCTGTTCGCCGTGGCGCAAGGGGGCGCTTCGGGCGTGAACCTGCATACCGGCGGCGGAGCGTCGTATTCG 
GCGATCAAGACGAACAAGACCGCCGGGACGGTCGCGGCGATCGGGCCGGAGTACTACGGCATCTATCTGT 
TCAACCAGGCCGCGGGCGGGCGACTGATGCAAACCCGCGTCGATTCGGCGGGTACCACGCTGTTCGCGCA 
TGCGGTCGCGGCCGACGGCGGCGGCGTGCGCCTCATCCTCGTGAATACCGATGCGAACAGCGGCTATGAC 
GTCGCCGTCGATTGCAGCAGCGTGCCGAACGCGCGCGCCGGCATCGTCACGACGCTCGGCGGGCCGTCGC 
TCGGCAGCCTGACGGGCACGCAGATCGACGGCGCGACGTTTGCGCTCGACGGGAGCGGGGCGCCGCAGGG 
CGGCCGGCCGGTCGCTTGCGTGAACGGCGTGCTCGGCGTGCATGTCGCGTCCGCGAGCGCGTTGCTGGTC 
GACTTCGCGTGAGCGGGACGCACGCCGTGCGGCGCGCACGCGCGAACCGAGACGTCTCGCAGCCATCGCT 
CGCCCATCGGCGCAACGCGGCGGGCATGCTGCTGCGCGACAAGAGCGGCCGACGTTCGCGCGTCGCGGCG 
GGATCCGGGCGGCAACGGGCAAGCGAGGATGGTTGAGGGCGCGGCGCGATGCTAGTATCAAGAACTCGGG 
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Following transformation of pDM4-Tp/HepHis into Escherichia coli S17.1 (λpir), the plasmid was 

conjugatively transferred into B. pseudomallei MSHR520 (O8). Exconjugants (putative 1x cross-over 

recombinants, or integrants) were analysed by colony PCR, using the above primers, for 

amplification of the 1015 bp fragment. Two independent colonies were frozen for future use. 

These are integrants of the plasmid and so contain both the C-terminal His-tagged allele and the 

wild-type allele of heparanase. 

2.5.5.1 Expression of His-construct and purification (nickel affinity chromatography) 

To express the His-tagged heparanase three 50 mL LB cultures containing protease inhibitors were 

inoclutated with 500 µL of a B. pseudomallei O8 HepHis culture each and incubated for 37 °C in the 

shaking incubator for 16 h. The cells were harvested by centrifugation and the supernatant, the 

lysed cell pellet and the periplasmic fluid were purified by nickel affintiy chromatography.  

All buffers used were filtered through a 0.22 µm filter (Millipore); the purification was performed 

using a peristaltic pump with UV-detector (Bio-rad). A 5 mL HisTrap HP column (with bound nickel) 

was washed with 2 column volumes (CV) water and 2 CV washing buffer (50 mM TrisHCl, 500 mM 

NaCl, 6 M urea, 10 mM imidazol, pH 7.4). The supernatant after resolving the pellet in urea was 

loaded onto the HisTrap HP column and the flow through was collected. The column was washed 

with 20 mL washing buffer, then with 20 mL elution buffer (50 mM TrisHCl, 500 mM NaCl, 6 M Urea, 

500 mM Imidazol, pH 7.4) and all fractions were collected and analysed by MUG activity assay and 

western blot. 

2.5.6 Investigating potential inducers of heparanase expression in B. pseudomallei 

To facilitate a better analysis of the bacterial cell pellet, the bacteria pellet was lysed using the 

BugBuster 10X Protein Extraction Reagent, diluted with 50 mM Tris buffer (pH 8) with protease 

inhibitors according to the manufacturer’s instructions. The soluble and insoluble fractions were 

investigated for heparanase expression by western blot. To analyse the cell culture supernatant of 

B. pseudomallei for heparanase expression the supernatant was concentrated either using 

amicon centrifugal filter units or by trichloroacetic acid (TCA) precipitation (see 2.5.7). Bigger 

cultures of up to 150 mL B. pseudomallei O8 were used to analyse heparanase expression in the 

concentrated supernatant or the cell pellet and bacteria in different growth phases (stationary and 

logarithmic) were tested. Early stationary bacteria were harvested 6 h after inoculation (1:100 

dilution of overnight culture) and bacteria in the logarithmic growth phase were harvested after 

4 h.   
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The effect of a lower pH was studied using LB with a pH of 5.5. An overnight culture of B. 

pseudomallei O8 in standard LB medium was diluted 1:100 into pH 5.5 LB and incubated for 5 h or 

16 h. Besides low pH LB B. pseudomallei O8 was also grown with protease inhibitors in normal M9 

minimal medium, in M9 medium with a lower pH, in minimal medium with low sulfates (contains 

magnesium chloride instead of magnesium sulfate and 0.25 mg/mL methionine as sulfate source) 

and in minimal medium with heparan sulfate (1 mg/mL). 

To investigate whether different additives to the growth medium of B. pseudomallei O8 would 

induce the expression of the bacterial heparanase, O8 was grown in a 10 mL LB culture (with 

protease inhibitors) containing 100 µg/mL or 1 mg/mL heparan sulfate or heparin and in a 50 mL 

culture containing 1 mg/mL glucuronic acid. Cultures were incubated for 5 h or 16 h and cell pellets, 

culture supernatants and periplasmic fluid were analysed for heparanase expression with western 

blot or MUG activity assay.  

Additionally the effect of growing bacteria on solid medium was tested. For that purpose 100 µL of 

an O8 overnight culture were spread on a LB agar plate. The plate was incubated for 24 h at 37 °C 

and the cells were scraped of the plate. After resuspension in PBS, cells were pelleted and lysed 

using the BugBuster 10X Protein Extraction Reagent. The soluble and insoluble fraction were 

analysed by western blot. 

Apart from that, different B. pseudomallei strains, including MSHR520 (O8), MSHR668, MSHR1153, 

K96243 were investigated for heparanase expression by western blot and MUG activity assay.  

2.5.7 Trichloroacetic acid (TCA)-precipitation 

For protein concentration in the bacterial cell culture supernatant trichloroacetic acid (TCA) was 

added to the supernatant to a final concentration of 10 %. After overnight incubation at 4 °C the 

mixture was centrifuged for 10 min at 14 000 xg and 4 °C. Pellets were resuspended in 1 mL acetone 

and pelleted again (10 min, 14 000 xg and 4 °C). The pellets were air-dryed and resuspended in PBS.  

2.5.8 Growth of B. pseudomallei on eukaryotic cells 

2.5.8.1 Growth and maintenance of eukaryotic cells 

RAW 264.7 cells (mouse leukaemic monocyte macrophage cell line) and NIH 3T3 (cells mouse 

embryonic fibroblast cell line) were maintained in Dulbecco's Modified Eagle Medium (DMEM) with 

10 % Foetal calf serum (FCS) in an incubator at 37 °C and 5 % CO2. 
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2.5.8.2 Infection of eukaryotic cells by B. pseudomallei 

To investigate if the presence of eukaryotic cells has an effect on heparanase expression in B. 

pseudomallei, 6x107 bacteria from an O8 or an O8 ∆Hep overnight culture were used to infect 

2.5x105 3T3 NIH cells or RAW 264.7 cells (seeded on the previous day on 6-well plates). Bacteria in 

just DMEM + 10 % FCS were used as a negative control and recombinant heparanase served as 

positive control. Cells with bacteria were incubated for 3 h, 4 h or 12 h at 37 °C with 5 % CO2 and the 

culture supernatant with bacteria as well as the cells were analysed by western blot for heparanase 

expression. 

2.5.9 Growth of B. pseudomallei on an artificial extracellular matrix (ECM) 

For analysis of a possible heparanase induction by components of the extracellular matrix 

(ECM), B. pseudomallei was grown on an artificial ECM. The ECM gel was thawed over night at 4 °C 

and with pre-chilled equipment 250 µL ECM-gel were mixed with 250 µL DMEM and transferred 

into a 6-well plate. The gel was left to set at room temperature for 4 h and after that O8 was 

added in a 1:2000 dilution in LB from an overnight culture. A control of only LB was carried out on 

the same plate in parallel and after incubation with shaking at 37 °C for 16 h, the supernatants 

containing the bacteria were investigated for heparanase expression by western blot. 

2.5.10 Isolation of periplasmic fluid 

To isolate the periplasmic fluid, the bacteria pellet was resuspended in 1 mL Tris-Sucrose-EDTA 

(200 mM Tris, pH 8 with 1 mM EDTA (freshly added, pH 8) and 20 % sucrose) with protease 

inhibitors and 200 µg lysozyme were added. After addition of 1 mL ice-cold water, the suspension 

was incubated at room temperature for 30 min. Magnesium chloride was added to a final 

concentration of 20 mM and after centrifugation at 4000 xg for 10 min the periplasmic fluid 

(supernatant) was carefully decanted. 

2.5.11 MUG assay for B. pseudomallei extracts 

The MUG (4-methylumbelliferyl β-D-glucuronide) assay performed to test the activity of the 

recombinant enzyme (see 2.3.6) was used in a modified version to detect possible heparanase 

activity in different fractions of B. pseudomallei. In black 96-well plates reactions were performed in 

a total volume of 50 µL, with a final concentration of 0.5 mM MUG in reaction buffer (20 mM 

glycine, pH 2.5). 10 µL of periplasmic fluid, supernatant or soluble fraction of lysed bacteria were 

used per sample and were also measured without MUG to eliminate the background signal. The 

reaction was incubated at 37 °C for 3 h, stopped by addition of 200 µL stopping buffer (200 mM 
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glycine, pH 10.7) and fluorescence was detected using the Wallac Victor 1420 multilabel reader 

(Perkin Elmer) with excitation and emission wavelengths of 355 and 460 nm, respectively. All 

samples were done in triplicates and measured against blanks without enzyme.  

2.5.12 Enzyme-linked immunosorbent assay (ELISA) 

To coat a Costar EIA/RIA 96-well plate with recombinant enzyme, 100 µL of a 1 ng/µL protein 

solution in PBS were added per well and incubated in a humid chamber over night at 4 °C. The 

protein was removed and the plate washed three times with 200 µL PBS-Tween per well (0.05 % 

Tween 20 in PBS). After addition of 200 µL blocking solution (5 % skim milk powder in PBS) the plate 

was incubated at room temperature for 2 h. The plate was washed once with PBS-Tween and 100 µL 

of the antiserum was added in desired dilutions in blocking solution. The plate was incubated for 1 h 

at 37 °C, washed three times with PBS-Tween and 100 µL of the secondary antibody (Anti-rabbit 

HRP-conjugated antibody), diluted 1:2000 in blocking solution were added. After another 1 h-

incubation at 37 °C, the plate was developed by addition of 100 µL BD OptEIA mix per well and 

incubation for 5 min. To stop the reaction, 50 µL sulfuric acid (0.6 M) were added and absorption 

was measured at 450 nm using the Wallac Victor 1420 multilabel reader. 

2.5.13 Mouse infection assay 

Protocols for mice experiments were approved by the animal ethics committee of Griffith University. 

Mice were infected with an aerosolised inoculum, using a Glas-Col Inhalation Exposure System 

(Model 099C A4224). Overnight cultures of 08 and O8 ∆Hep were diluted 1:1000 in sterile PBS and 

6 mL placed in the nebuliser. The concentrations of the overnight cultures were 3x109 and 4.1x109 

cells/mL for O8 and O8 ∆Hep, respectively. Hence 1.8x107 and 2.5x107 cells, respectively, were 

nebularised and delivered to the chamber over 20 mins. Ten mice (Balb/C) were placed in the 

chamber and exposed to strain O8, followed by washing of the nebuliser, and flushing of the 

chamber with nebularised sterile PBS. Ten mice of strain O8∆Hep were then similarly exposed. At 

the end of the experiment, 6 mL 80 % ethanol (v/v) were nebularised to sterilise the instrument. Five 

mice were dissected at 24 h post-infection and five at 48 h post-infection, for each bacterial strain 

used. Organs and tissues were surgically excised and after homogenisation in sterile PBS, dilutions 

were plated on LB agar plates containing streptomycin (100 µg/mL) for viable counts (colony forming 

units (cfu), Owen et al, 2009). For statistics an unpaired t-test was performed using Prism (GraphPad 

Prism version 6.04). 
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2.5.14 Isolation of RNA 

For RNA isolation the PureLink RNA Minikit was used. A 1 mL culture of B. pseudomallei was 

incubated for 6 or 16 h at 37 °C with shaking and RNA isolation was carried out according to the 

manufacturer’s instructions. The homogenisation was performed with syringe and 21-gauge needle 

and elution was done in 50 µL RNAase-free water. To obtain DNA-free RNA, the On-column PureLink 

DNase Treatment Protocol was also carried out using the PureLink DNase set according to the 

manufacturer’s instructions. 

2.5.15 Reverse transcriptase (RT) PCR 

For cDNA synthesis, reverse transcriptase (RT) PCR was done using the Superscript III First strand 

synthesis superMix. Reactions were carried out according to the manufacturer’s instructions in a 

total volume of 20 µL, using 100 ng RNA. 

2.5.16 Real-time PCR 

Real-time PCR was carried out using the iTaq Universal SYBRGreen Supermix and the BioRad CFX96 

real-time PCR system. Primers LB7 (AGCATCGAAAAGGCGGCGTT) and LB8 

(CACGAAGCCCGGATAGGTGTT) were used, which are designed to amplify a 393 base pair fragment 

within the B. pseudomallei heparanase gene, primers targetting the 16S rRNA (ribosomal RNA) of B. 

pseudomallei were used as an internat control (Bp_16S_F: GAATTACTGGGCGTAAAGCG and 

Bp_16S_R: CCACATCTCTAGCATTTCAC). Reactions were performed in a total volume of 20 µL in 

duplicates according to the manufacturer’s instructions. 

Reaction mixture:  
SYBRGreen mix  10 µL 
forward primer (500 nM) 1 µL 
reverse primer (500 nM) 1 µL 
DNA template (cDNA: 50 ng) 1 µL 
Water  7 µL 

PCR program:  
Initial denaturation 95 °C 30 s 
Denaturation  95 °C 5 s 
Annealing/Amplification 60 °C 30 s  40 cycles 
Melt-curve 65-95 °C (0.5 steps) 5 s/step 
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III EXPRESSION AND PURIFICATION OF A PUTATIVE HEPARANASE FROM 

BURKHOLDERIA PSEUDOMALLEI 

1. Introduction

Human heparanase is an endo-β-glucuronidase that cleaves heparan sulfate via a hydrolytic 

mechanism. Human heparanase is implicated in cancer and inflammation and is a promising drug 

target. However, inhibitor design has been slow due to the lack of a heparanase crystal structure. In 

B. pseudomallei, the causative agent of melioidosis, a heparanase homologue has been found 

with 24 % sequence homology to the human enzyme. The bacterial enzyme could serve as a 

surrogate model for the human enzyme, facilitating selective inhibitor design. The role of the 

putative heparanase within the bacterium is unknown, but involvement in the use of carbohydrate 

substrates as carbon or sulfur sources, or in the infection of mammals by the bacterium are possible.  

This Chapter describes the expression and purification of the putative heparanase from 

B. pseudomallei. Studies on the expression of the B. pseudomallei heparanase have been performed 

within the Institute for Glycomics previously. Soluble full-length heparanase from B. pseudomallei 

could be expressed in E. coli with a N-terminal His-tag, whereas a C-terminal His-tag only led to 

completely insoluble protein (Tredwell, G, 2008). During the expression in E. coli the cleavage of a 

potential signal peptide from the N-terminus of the bacterial enzyme was observed. Therefore, a 

heparanase construct lacking the signal peptide and with a N-terminal GST-tag was constructed in 

the von Itzstein group (Logue, C-A, unpublished results) within the Institute for Glycomics. 

Subsequent expression trials of this truncated construct were carried out and yielded soluble 

enzyme that was shown to be active, but did contain a few impurities (Logue,C-A. and Hartley-

Tassell, L., unpublished results). 

To characterise and crystallise heparanase from B. pseudomallei a large amount of pure enzyme is 

required. Especially for crystallisation, the homogeneity and purity of the protein sample are crucial. 

Therefore it was necessary to establish or optimise the expression and purification of bacterial 

heparanase. 
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2. Results and Discussion

2.1 B. pseudomallei heparanase expression construct and properties 

The B. pseudomallei heparanase (BPSL2070) expression construct lacks the first 43 N-terminal amino 

acids of the protein chain, including the proposed signal peptide with the sequence MPHESPPSSK 

SRRLVLKLGG GTVLGTLLAA CGGGGGADA (Tredwell, G, 2008). The construct possesses an N-terminal 

Glutathione S-transferase (GST)-tag for purification (Figure 17). Figure 18 shows the nucleotide and 

amino acid sequence of the putative heparanase from B. pseudomallei. It displays the complete gene 

with the corresponding amino acids, including the 26 amino acids that are missing from the NCBI 

database entry for the B. pseudomallei heparanase BPSL2070 (GenBank: CAH36071.1, 

http://www.ncbi.nlm.nih.gov, Tredwell, G, 2008). The proposed signal peptide and the start of the 

protein sequence used in the expression construct are highlighted. After removal of the GST-tag the 

expressed recombinant protein should contain 452 amino acids with the additional amino acids Gly, 

Ser, Ile, Pro, Asn and Ser at the N-terminus that are not part of heparanase and the protein should 

have a molecular weight of 45.9 kDa. 

PQQ BpHepGSIPNSGST
44/1 489

45.9 kDa

Thrombin 
cleavage site CN

Figure 17: Expression construct for the putative heparanase from B. pseudomallei. The first amino acid of the 
heparanase gene used in the expression construct is Pro44. That proline is assigned to be the first amino acid (Pro1) in 
the recombinant heparanase (PQQ and GSIPNS are shown in bolt with PQQ as the starting sequence of the recombinant 
enzyme and GSIPNS as the additional amino acids that are part of the expression construct but not of the heparanase 
gene). 
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2.2 Expression and purification of a putative heparanase from B. pseudomallei 

The expression of the bacterial heparanase from B. pseudomallei (BpHep) was performed as 

described in Material and Methods (Chapter II). Briefly, the GST-tagged bacterial heparanase was 

expressed in E. coli BL21 (DE3) cells and purified using a GST-affinity column. After on-column 

digest with thrombin, the thrombin was removed by a benzamidine column. To further purify the 

enzyme and to remove uncleaved GST-tagged protein and residual GST impurities an additional 

GST-affinity column purification was performed. The expression and purification of BpHep yields 5 

mg protein from a 1 L starting culture (Figure 19).  
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ATGCCCCACGAATCC CCCCCCCCCCGGTTCCGGTTCCGGAAAAAA TCGCGGCGCCTTGTT TTGAAGCTGGGTGGC GGCACCGTTCTCGGC 
 M  P  H  E  S   P  P  S  S  K   S  R  R  L  V   L  K  L  G  G   G  T  V  L  G  
ACGTTGCTCGCCGCA TGCGGGGGCGGTGGC GGGGCGGACGCAGCC GCCGCCGCGCCGCAG CAGCCGCCGCCCGCG 
 T  L  L  A  A   C  G  G  G  G   G  A  D  A  A   A  A  A  P  Q   Qg P  P  P  A  
GGGCCGAGCTCGAGC GCGAACGTCGCGATG ACGCTGCCGGCCGAC GCGCCGCGCATCGCT CGCGATTTCGCGGGG 
 G  P  S  S  S   A  N  V  A  M   T  L  P  A  D   A  P  R  I  A   R  D  F  A  G  
CTCAGCATCGAAAAG GCGGCGTTGAGCTAT CCGCTGCTGAGCGGC GAGAACGGCAACATG GTCGGCCTGTTCAAC 
 L  S  I  E  K   A  A  L  S  Y   P  L  L  S  G   E  N  G  N  M   V  G  L  F  N  
CGGCTCGGCGCCGGC GTGTTGCGCATCGGC GGCAATAGCAGCGAC GCGTCCGGCTGGCAG CGCACCGGTCCGGAC 
 R  L  G  A  G   V  L  R  I  G   G  N  S  S  D   A  S  G  W  Q   R  T  G  P  D  
GAGACGTCGGGCGTC ATCACGCCCGCCGCC GTGGACCGGCTCGCG AGCTTCGTTCAGGCT TGCCGCTGGCGCGTG 
 E  T  S  G  V   I  T  P  A  A   V  D  R  L  A   S  F  V  Q  A   C  R  W  R  V  
ATCTACGGGCTCAAT TTCGTCGGCAACGAC CCCGCGACGATCGCC GACGAAGCCGCGTAT GCGGCCCAAGCGCTG 
 I  Y  G  L  N   F  V  G  N  D   P  A  T  I  A   D  E  A  A  Y   A  A  Q  A  L  
GGCGTCCAGCTCGCG GGCTTCGAGATCGGC AACGAGCCCGATCTC TACGCGCAGCATGGC CTCGCGCCGAACGCG 
 G  V  Q  L  A   G  F  E  I  G   N  E  P  D  L   Y  A  Q  H  G   L  A  P  N  A  
AACACCTATCCGGGC TTCGTGAGCCGCTGG ACCACATTCGCGAAT GCGATCCGGGCGGCG GTGCCCGATGCGGTG 
 N  T  Y  P  G   F  V  S  R  W   T  T  F  A  N   A  I  R  A  A   V  P  D  A  V  
TTCACGGGCCCGGCG ACCGCGTGGAACTAT CAGCGTTACACCGTG CCGTTCGCAAGCGAT GCGGCGGGCTTGGTG 
 F  T  G  P  A   T  A  W  N  Y   Q  R  Y  T  V   P  F  A  S  D   A  A  G  L  V  
TCGTTGCTGACGCAG CACCACTACCGCAAC CCCGATAGCGCGACG ATCGAGGCGATGCTG AGCCCCGATCCGAGC 
 S  L  L  T  Q   H  H  Y  R  N   P  D  S  A  T   I  E  A  M  L   S  P  D  P  S  
CTCGCGCCGATGCTG CAAGCGTTGCAGGGT GCGGCGAGCGCGCGC GGCATCGGCTTTCGT CTCGCGGAGACGAAC 
 L  A  P  M  L   Q  A  L  Q  G   A  A  S  A  R   G  I  G  F  R   L  A  E  T  N  
AGCTATTGGGGCGGC GGCAAGCCGGGCGTG AGCGATGCGCACGCA TCCGCGCTCTGGGTG ATCAACTTCCTGTTC 
 S  Y  W  G  G   G  K  P  G  V   S  D  A  H  A   S  A  L  W  V   I  N  F  L  F  
GCCGTGGCGCAAGGG GGCGCTTCGGGCGTG AACCTGCATACCGGC GGCGGAGCGTCGTAT TCGGCGATCAAGACG 
 A  V  A  Q  G   G  A  S  G  V   N  L  H  T  G   G  G  A  S  Y   S  A  I  K  T  
AACAAGACCGCCGGG ACGGTCGCGGCGATC GGGCCGGAGTACTAC GGCATCTATCTGTTC AACCAGGCCGCGGGC 
 N  K  T  A  G   T  V  A  A  I   G  P  E  Y  Y   G  I  Y  L  F   N  Q  A  A  G  
GGGCGACTGATGCAA ACCCGCGTCGATTCG GCGGGTACCACGCTG TTCGCGCATGCGGTC GCGGCCGACGGCGGC 
 G  R  L  M  Q   T  R  V  D  S   A  G  T  T  L   F  A  H  A  V   A  A  D  G  G  
GGCGTGCGCCTCATC CTCGTGAATACCGAT GCGAACAGCGGCTAT GACGTCGCCGTCGAT TGCAGCAGCGTGCCG 
 G  V  R  L  I   L  V  N  T  D   A  N  S  G  Y   D  V  A  V  D   C  S  S  V  P  
AACGCGCGCGCCGGC ATCGTCACGACGCTC GGCGGGCCGTCGCTC GGCAGCCTGACGGGC ACGCAGATCGACGGC 
 N  A  R  A  G   I  V  T  T  L   G  G  P  S  L   G  S  L  T  G   T  Q  I  D  G  
GCGACGTTTGCGCTC GACGGGAGCGGGGCG CCGCAGGGCGGCCGG CCGGTCGCTTGCGTG AACGGCGTGCTCGGC 
 A  T  F  A  L   D  G  S  G  A   P  Q  G  G  R   P  V  A  C  V   N  G  V  L  G 
GTGCATGTCGCGTCC GCGAGCGCGTTGCTG GTCGACTTCGCGTGA  
 V  H  V  A  S   A  S  A  L  L   V  D  F  A STOP 

Figure 18: Nucleotide and amino acid sequence of heparanase from B. pseudomallei BPSL2070. Shown in yellow is 
the proposed signal peptide, shown in purple is the start of the B. pseudomallei heparanase expression construct 
(with Pro1, red box) and underlined is the start of the protein sequence listed in the NCBI database.  
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Figure 19: Purification scheme for the putative heparanase from B. pseudomallei. 

To evaluate the purity of the microbial heparanase after the second GST-affinity chromatography a 

SDS PAGE was performed in parallel with a western blot (Figure 20). A high concentration of purified 

protein was loaded on the gel to make possible minor impurities detectable.      

The SDS PAGE (Figure 20, lane 1) shows an intense band for the recombinant bacterial heparanase 

at approximately 45 kDa. That is in good agreement with the expected molecular weight of 45.9 kDa. 

The gel also reveals additional bands at approx. 25 and 70 kDa (lane 1). Compared to the main band 

these have a relative intensity of 3 % and 7.6 %, respectively. The purity of the protein is therefore 

about 90 % after this initial purification. The western blot for the microbial heparanase (lane 2) was 

Thrombin

5 mg 
BpHep

1 L culture
GSTrap

16 h
Thrombin digest

Benzamidine 
column

GSTrap

GSTrap

Figure 20: Purity of recombinant B. pseudomallei heparanase: lane 1: PageBlue stained SDS PAGE of purified microbial 
heparanase (20 µg protein), 2: Western blot for microbial heparanase (5 µg protein), 3: Western blot for GST (5 µg protein). 

BpHep

GST
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performed using an antibody raised against the recombinant enzyme and shows a single band for 

the enzyme. To investigate whether the cleaved GST was removed completely, a western blot 

against GST was done in parallel (lane 3). A clear signal for GST is visible showing that GST impurities 

are still present after the second GST-affinity column. GST has a molecular weight of 26 kDa. The 

western blot signal for GST coincides with the impurity seen at 25 kDa on the SDS PAGE and is 

therefore most likely to be GST. The other impurity seen on the SDS PAGE at around 70 kDa is most 

likely due to the protein product of the E. coli gene dnaK (molecular weight 70 kDa) that is known to 

co-purify with GST-tagged proteins (GSTrap column instruction manual, 

http://www.gelifesciences.com). 

The protein obtained after GST-affinity chromatography has a purity of around 90 % and is 

sufficiently pure for biochemical characterisation. To structural characterise the protein a highly 

pure sample can be crucial, so another purification step was undertaken using size exclusion 

chromatography. The initially purified protein was concentrated to 10 mg/mL and size exclusion 

chromatography was carried out. Fractions were collected and analysed by SDS PAGE (Figure 21).  
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Figure 21, A displays the gel filtration chromatography profile and the fractions analysed on the SDS 

PAGE gel (Figure 21, B) are indicated by red arrows. Three peaks are visible in the FPLC profile. The 

gel filtration dramatically improved the separation of the target protein from the two main 

impurities. It also removed possible high molecular weight aggregates that can most likely be found 

in the smaller peak eluting early (elution volume around 40-50 mL). However, the gel filtration could 

not completely separate the different components of the sample and the most  intense  peak 

Figure 21: Further purification of recombinant B. pseudomallei heparanase. A, FPLC gel filtration chromatography profile 
using a HiLoad 16/600 Superdex 75 pg column, fractions analysed by SDS PAGE are indicated by red arrows. B, PageBlue 
stained SDS PAGE of gel filtration fractions. 
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contains the desired protein as well as some of the impurities as visible on the SDS PAGE gel. The 

protein concentration in the smaller peaks appears to be too low to be detected on the SDS PAGE. 

Even though the chromatography could not isolate the protein from the impurities entirely, the SDS 

PAGE analysis reveals that most of the 70 kDa contamination was separated from BpHep as well as 

most of the GST (ca. 25 kDa). GST forms a dimer, giving it a molecular weight similar to that of the 

target enzyme and is therefore eluted in close proximity. Fractions between H and I (Figure 21) were 

combined and used for structural investigations including crystallisation and NMR spectroscopy 

experiments.  

The additional purification step drastically reduced the amount of impurities, but it also led to a 

great loss of protein sample. On average, between 40 and 60 % of the originally applied sample were 

lost during the gel filtration. The purity of the final sample after gel filtration was analysed with SDS 

PAGE (Figure 22). 

The purity of the protein was improved significantly after gel filtration (lane 2) compared to before 

gel filtration (lane 1). In fact no impurities could be detected within the limits of the sensitivity of a 

SDS PAGE stained with PageBlue which can detect protein down to 5 ng. The higher purity of the 

final protein sample therefore compensates for the amount of protein lost during the gel filtration. 

In addition, it is well known that otherwise homogeneous protein samples can tend to form dimers 

Figure 22: Increased purity of recombinant B. pseudomallei heparanase after gel filtration: lane 1: PageBlue stained SDS 
PAGE of purified microbial heparanase before gel filtration (20 µg protein), 2: PageBlue stained SDS PAGE of purified 
microbial heparanase after gel filtration (20 µg protein). 
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or higher aggregates. Gel filtration is widely used to remove aggregates which is desirable as 

aggregates can interfere with crystallisation.  

2.3 Activity of the heparanase from B. pseudomallei 

To investigate whether the expressed and purified recombinant heparanase from B. pseudomallei is 

active, two different activity assays were utilised.  

The natural substrate of mammalian heparanase is heparan sulfate, the cleavage of this substrate by 

the bacterial heparanase was therefore analysed using 1H NMR spectroscopy. In Figure 23 the ability 

of the recombinant B. pseudomallei heparanase to cleave heparan sulfate was tested. Heparan 

sulfate was incubated with the enzyme at 37 °C and 1H NMR spectra were measured at different 

time points.  

As heparan sulfate is a mixture of saccharide chains of different length and with different 

modifications, 1H NMR spectra of heparan sulfate are very complex and resonances cannot be easily 

Without enzyme

t=5 min

t=60 min*

*

*

**
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2
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Figure 23: Cleavage of heparan sulfate by B. pseudomallei heparanase: Activity assay of 5 µg B. pseudomallei 
heparanase with 100 µg heparan sulfate at 37 °C in 40 mM sodium acetate buffer, pH 5. 1, 1H NMR spectrum of 
heparan sulfate without enzyme, 2, 1H NMR spectrum 5 min after addition of enzyme, 3, 1H NMR spectrum 60 min 
after addition of enzyme. Asterisks mark regions of the spectra that are observed to identify cleavage.  
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assigned to particular protons due to signal overlap. Therefore specific regions of the spectra with 

less signal overlap were analysed to detect cleavage. An interesting region is around the chemical 

shift of δ 5.5 ppm (indicated by one asterisk) as anomeric protons are associated with these 

resonances. Cleavage of heparan sulfate chains would lead to different molecules with the 

appearance of new anomeric protons, so changes in that part of the spectrum would be expected. 

As seen in Figure 23 new signals appear in this region (between δ 5.2 and δ 5.5 ppm) after addition 

of enzyme and become more pronounced over time, clearly showing that cleavage of heparan 

sulfate is occurring. Other distinct changes visible in the spectra are the resonances emerging at 

around δ 3.3 ppm (two asterisks); these new signals derive from core ring protons and are also 

increasing after enzyme addition. This is the first time that cleavage of heparan sulfate by the 

putative heparanase from B. pseudomallei has been directly monitored by 1H NMR spectroscopy.  

The second assay chosen to study heparanase activity uses the fluorogenic 4-methylumbelliferyl β-D-

glucuronide (MUG) as a substrate. The MUG assay is widely used to determine β-glucuronidase 

activity. Cleavage of MUG leads to the release of 4-methylumbelliferone (MU) that shows strong 

fluorescence at a basic pH. MUG contains a terminal glucuronic acid, so cleavage requires an enzyme 

with exo-activity capable of cleaving at the end of the molecule.  

Figure 24: Exo-glucuronidase activity of B. pseudomallei heparanase: Fluorescence-based 4-methylumbelliferyl β-D-
glucuronide (MUG) assay to investigate exo-activity of the recombinant heparanase from B. pseudomallei. Activity was 
measured at different enzyme concentrations against a negative control without enzyme.  
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Different concentrations of B. pseudomallei heparanase were tested in the MUG assay to investigate 

its exo-activity (Figure 24). It is apparent that the microbial heparanase is cleaving MUG in a 

concentration dependent manner. The heparanase from B. pseudomallei is therefore able to act in 

an exolytic fashion, confirming previous results (Tredwell, G, 2008).  

The specific activity for the cleavage of MUG by the heparanase from B. pseudomallei was 

determined at 37 °C at a MUG concentration saturating the enzyme and was found to be 

8.3 +/_ 0.3 nmol/s/mg. This value is higher than the specific activity of 3.67 nmol/s/mg reported by 

Tredwell (Tredwell, G, 2008), which is likely to be due to the improved purification protocol. 

Interestingly, the use of sulfated glucuronic acid containing disaccharides with a fluorescent label 

has also been reported for the human heparanase (Pearson et al., 2011). To compare the exo-

activity of the bacterial heparanase with the human enzyme, the MUG activity assay was performed 

with the human enzyme in parallel with the bacterial enzyme, using the same assay conditions.  

Figure 25: Exo-glucuronidase activity of human heparanase: Fluorescence-based 4-methylumbelliferyl β-D-glucuronide 
(MUG) assay to investigate exo-activity. 1: Negative control, 2: B. pseudomallei heparanase, 3: Human heparanase. Activity 
was normalised to B. pseudomallei heparanase activity.  
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Figure 25 shows the activity of recombinant human heparanase in the MUG assay in comparison to 

the heparanase from B. pseudomallei. Under the conditions tested no activity could be observed for 

the human enzyme. That is in agreement with previous studies that suggested that human 

heparanase is purely an endo-glucuronidase and does not possess any exo-activity (Peterson and Liu, 

2012). The results presented clearly show a difference between the substrate specificity of the 

human heparanase compared to B. pseudomallei heparanase. Further characterisation of enzyme 

activity is described in Chapter V. 

2.4 Stability and storage of heparanase from B. pseudomallei 

The expressed and purified heparanase from B. pseudomallei was shown to be active and appears to 

be stable during the purification process. Since further experiments were planned using the enzyme, 

it was of interest to investigate its stability and the most suitable storage conditions.  

To analyse the effect of freezing and thawing on enzyme activity, the enzyme was stored at -20 °C at 

5 mg/mL for 4 days. Using the MUG assay the activity was measured and compared to the activity of 

enzyme stored at 4 °C. Figure 26 shows that the activity of the purified bacterial heparanase is 

completely abolished after storage at -20 °C.  
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Figure 26: Activity for recombinant B. pseudomallei heparanase after storage at -20 °C. Activity of heparanase from B. 
pseudomallei was determined with the fluorescence-based MUG activity assay after storage at -20 °C and compared to 
protein stored at 4 °C (protein concentration: 5 mg/mL). Activity was normalised to the protein stored at 4 °C. 

The stabilising effect of glycerol and other polyalcohols on bio-molecules is widely known 

(Vagenende et al., 2009). The next storage condition tested was with 30 % glycerol at -20 °C for 4 

days. The activity was measured with the MUG activity assay in comparison to enzyme kept at 4 °C 

(Figure 27). It can be observed that the activity after storage in 30 % glycerol at -20 °C is reduced to 

about 85 %. Clearly, the activity is much higher after storage with 30 % glycerol at -20 °C compared 

to storage without glycerol at -20 °C.  
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Figure 27: Activity for recombinant B. pseudomallei heparanase after storage at -20 °C in glycerol. Activity of heparanase 
from B. pseudomallei was determined with the MUG activity assay after storage in 30 % glycerol at -20 °C in comparison to 
enzyme stored at 4 °C (protein concentration: 5 mg/mL). Activity was normalised to the protein stored at 4 °C. 

Finally the activity of the recombinant enzyme was analysed for storage at 4 °C over time. Enzyme 

was stored in PBS buffer at 4 °C for a time period of up to 16 weeks and activity was determined for 

the fresh enzyme and after 1, 8 and 16 weeks using the MUG activity assay (Figure 28). The activity 

was found to be nearly constant over the entire time period observed. These results suggest that the 

heparanase from from B. pseudomallei is stable at 4 °C for extended periods of time when stored in 

PBS buffer.  
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Figure 28: Activity of B. pseudomallei heparanase over time. The activity of heparanase from B. pseudomallei was 
measured with the MUG activity assay directly after expression and at different time points (1 week, 8 weeks and 16 
weeks) after storage at 4 °C in PBS. Activity was normalised to the activity of the enzyme at t= 0. 

To conclude, a highly pure, active recombinant heparanase from B. pseudomallei was produced 

using an N-terminal truncated and GST-tagged expression construct. Purification was accomplished 

by GST-affinity chromatography, with the initial purification of the recombinant enzyme using two 

GST-affinity columns and a benzamidine column resulting in an approximately 90 % pure protein 

sample containing only minor impurities. To obtain a higher degree of purity, and to exclude possible 

aggregates, gel filtration chromatography was subsequently performed. The bacterial heparanase 

was shown to cleave the natural substrate of the mammalian heparanase heparan sulfate, in a 1H 

NMR spectroscopy-based activity assay. The purified recombinant enzyme is also capable of cleaving 

MUG in an exolytic fashion in contrast to the human enzyme that did not show any activity in the 

same assay. As activity in the MUG assay is only seen at an unphisiological pH of 2.5, the biological 

relevance of that activity is not clear. In regards to stability and storage it was found that the 

B. pseudomallei heparanase is stable at 4 °C for prolonged periods of time (at least 16 weeks) 

without loss of activity. Storage at -20 °C completely abolished enzyme activity and storage in 30 % 

glycerol at -20 °C reduced the activity to about 85 %. 
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IV CRYSTALLISATION AND STRUCTURE DETERMINATION OF HEPARANASE FROM 

BURKHOLDERIA PSEUDOMALLEI 

1. Introduction

Human heparanase is considered a very important drug target, as it is implicated in various diseases 

including cancer (refer to Chapter I). It has been shown that there is only a single heparanase in 

humans that cleaves heparan sulfate. The enzyme is not detectably expressed under normal 

conditions but was reported to be over expressed in virtually all tumours analysed. Knock-out mice 

were shown to be viable and did not show any significant phenotype (Zcharia et al., 2009). All these 

factors contribute to making heparanase an attractive target for drug design. Therefore various 

inhibitors, mostly heparan sulfate analogues, have been designed to target the human heparanase, 

but only a few have entered clinical trials to date. The progress in this field has been slowed down 

considerably by the lack of a heparanase crystal structure.  

Using a homology modelling approach, structural models of the human heparanase have been 

generated that suggest an (αβ)8 TIM (triosephosphate isomerase)-barrel fold and an active site 

groove that contains the two active site glutamic acids Glu225 and Glu343 (Fux et al., 2009; Ishida et 

al., 2004; Nardella et al., 2004; Sapay et al., 2012; Vinader et al., 2013; Zhou et al., 2006). 

As previously introduced, human heparanase belongs to the glycosyl hydrolase family 79 and the 

only available structure in that family is of the β-glucuronidase from Acidobacterium capsulatum, 

which was suggested to be an exo-acting enzyme (Michikawa et al., 2012). The heparanase from 

B. pseudomallei, studied within this thesis, is a homologue to the human enzyme and also belongs to 

the glycosyl hydrolase family 79. Consequently, solving the structure of the bacterial enzyme could 

not only provide a novel structure that can lead to a better understanding of the putative B. 

pseudomallei heparanase, but could also lead to an improved surrogate model for the human 

enzyme. The model structure of the bacterial enzyme could be used to design novel, structure-based 

trasition state-like inhibitors for the human heparanase.  

Herein, this Chapter is described the crystallisation and crystal structure determination of the 

heparanase from B. pseudomallei. Comparisons with model structures of the human heparanase as 

well as with the β-glucuronidase from A. capsulatum are also included. 
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2. Results

2.1 Crystallisation of B. pseudomallei heparanase 

Initial crystallisation trials were performed using the Hampton crystal screens. The first screens were 

carried out using recombinantly expressed heparanase from B. pseudomallei with around 90 % 

purity after purification by GST-affinity chromatography. Protein concentrations tested were 

between 10 and 20 mg/mL in PBS. No protein crystals were obtained in these screens. Reasons for 

that might include insufficient purity and possibly the formation of protein aggregates in the higher 

concentrated samples. To investigate the polydispersity of the protein samples dynamic light 

scattering (DLS) measurements were performed. At 2 mg/mL the protein sample was seen to have a 

polydispersity of 52 % (Table 6). A polydispersity of >30 % is considered significantly polydisperse, 

making crystallisation less likely while a solution with a polydispersity of <15 % is regarded as a 

monodisperse solution which is likely to crystallise (Doublié, 2007).  

To improve crystallisation the protein samples were therefore further purified by gel filtration (GF) 

chromatography to remove possible protein aggregates and improve the monodispersity of the 

sample. After gel filtration a 14 % polydispersity was determined by DLS, significantly lower than 

before the additional purification step. However, crystal screens with 10-20 mg protein in PBS after 

gel filtration using the Hampton research crystal screens did not yield any protein crystals.  

Sample Temperature Concentration Buffer pH Radius Polydispersity 

Before GF 37 °C 2 mg/mL PBS 7.4 2.46 nm 52 % 

After GF 37 °C 2 mg/mL PBS 7.4 1.81 nm 14 % 

After GF 37 °C 2 mg/mL 100 mM Sodium acetate 5 2.02 nm 12.2 % 

After GF 37 °C 2 mg/mL 100 mM Tris 8 2.21 nm 25.3 % 

Table 6: DLS data for protein samples used for crystallisation trials. 

As a pure and homogenous protein sample is critical for successful protein crystallisation, an 

optimum solubility screen was performed to improve the quality of the protein sample (Jancarik et 

al., 2004). The aim of the screen is to identify the buffer with the best possible solubility for the 
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protein; the buffers investigated are listed inTable 7. The protein sample (20 mg/mL) was added to 

the different buffers using the hanging drop method, and drops were analysed for precipitation 

after 24 h at room temperature. Out of the buffers that showed no precipitation, sodium 

acetate (pH 5) and Tris (pH 8) were selected for detailed analysis by DLS. The polydispersities 

obtained for sodium acetate and Tris were 12.2 and 25.3 %, respectively (Table 6).  

Nr Buffer pH 
1 Glycine 3 
2 Citric acid 3.2 
3 Citric acid 4 
4 Sodium/potassium phosphate 4.5 
5 Sodium acetate 5 
6 Sodium citrate 5.5 
7 Sodium/potassium phosphate 6 
8 Bis-tris 6 
9 MES 6.2 
10 Bis-tris 6.5 
11 Cacodylate 6.5 
12 Ammonium acetate 7 
13 MOPS 7 
14 Sodium/potassium phosphate 7 
15 HEPES 7.5 
16 Tris 8 
17 Imidazole 8 
18 Tris 8.5 

Table 7: Buffers for optimum solubility screening. The concentration of all buffers listed was 100 mM. 

As the lowest polydispersity was achieved for the protein sample after gel filtration in 100 mM 

sodium acetate buffer pH 5, the protein was transferred into that buffer and used in the crystal 

screens at 10 mg/mL. Crystals appeared after 7 days in buffer condition 29 of Hampton research 

screen 1: 0.1 M HEPES, pH 7.5 with 0.8 M potassium sodium tartrate (Figure 29). The diamond 

shaped crystals had a size of about 0.1 mm in the longest dimension and were not sufficient for data 

collection; however, measurement at the in-house X-ray facility confirmed that they are protein 

crystals.  
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Figure 29: First protein crystals obtained with B. pseudomallei heparanase. Crystallisation was performed using the 
hanging drop method. 0.5 µL of protein solution (10 mg/mL) were mixed with 0.5 µL reservoir solution over a 500 µL 
reservoir and incubated at 20 °C (reservoir: Hampton screen 1, condition 29: 0.1 M HEPES, pH 7.5 with 0.8 M potassium 
sodium tartrate). Crystals formed after 7-8 days.  

To increase the size of the crystals, subsequent screens with varying protein concentrations around 

the successful buffer condition were carried out. Crystals in similar shape as seen previously formed 

after 4 to 5 days with 0.1 M HEPES, pH 7.7 with 0.7 M potassium sodium tartrate (Figure 30). 

Crystals with maximum dimensions of about 0.12 mm by 0.18 mm could be obtained reproducibly. 

Diffraction experiments and data collection were carried out at the Australian synchrotron in 

Melbourne in cooperation with the Blanchard group (Helen Blanchard and Xing Yu). The crystals 

diffracted to a resolution of 2.8 Å and the structure was determined by molecular replacement using 

the structure of the β-glucuronidase from Acidobacterium capsulatum in the Blanchard group (Xing 

Yu) within the Institute for Glycomics (AcGlcA79A; PDB: 3VNY, Michikawa et al., 2012). 

0.1 mm

68 



IV CRYSTALLISATION AND STRUCTURE DETERMINATION 

Figure 30: B. pseudomallei heparanase crystals leading to first crystal structure. Crystallisation was performed using the 
hanging drop method. 1 µL of protein solution (12.5 mg/mL) were mixed with 1 µL reservoir solution over a 500 µL 
reservoir and incubated at 20 °C (reservoir: 0.1 M HEPES, pH 7.7 with 0.7 M potassium sodium tartrate). Crystals formed 
after 4-5 days.  

Subsequent optimisation of crystallisation led to the formation of B. pseudomallei heparanase 

crystals with maximum dimensions of about 0.55 mm by 0.125 mm (Figure 31) in 0.1 M HEPES, pH 

7.3 with 0.7 M potassium sodium tartrate. The crystals were analysed at the Australian Synchrotron 

and diffracted to a higher resolution of 1.6 Å. 

Figure 31: B. pseudomallei heparanase crystals leading to higher resolution crystal structure. Crystallisation was 
performed using the hanging drop method. 1.5 µL of protein solution (15 mg/mL) were mixed with 1 µL reservoir solution 
over a 500 µL reservoir and incubated at 20 °C (reservoir: 0.1 M HEPES, pH 7.3 with 0.7 M potassium sodium tartrate). 
Crystals formed after 3-4 days.  

0.1 mm

0.1 mm
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In order to obtain a crystal structure of B. pseudomallei heparanase bound to a ligand, co-

crystallisation experiments were performed. The buffer conditions used for co-crystallisation trials 

were chosen around the buffers used for the apo-crystal, with 0.1 M HEPES, pH 7.2-7.9 and 0.4- 

1.0 M potassium sodium tartrate. Ligands investigated included MUG (4-methylumbelliferyl β-D-

glucuronide), fondaparinux, glucuronic acid, NG(Ac) (GlcN(NAc,6S)β1-4GlcA; with GlcA: D-glucuronic 

acid and GlcN(NAc,6S): D-glucosamine, N-acetylated and sulfated on C6), NG(NH2) 

(GlcN(NH2,6S)β1-4GlcA; with GlcN(NH2,6S): D-glucosamine, N-protonated and sulfated on C6), NG(SO3) 

(GlcN(NS,6S)β1-4GlcA; with GlcN(NS,6S): D-glucosamine, N-sulfated and sulfated on C6), NI 

(GlcN(NS,6S)β1-4IdoA(2S); with IdoA(2S): L-iduronic acid, sulfated on C2) and NGNI 

(GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)). Crystals formed in some of the co-crystallisation 

conditions (Figure 32), but the crystals did either not diffract or did not contain bound ligands (for 

details of the conditions tested refer to Chapter II).  

Figure 32: Examples for crystals obtained in co-crystallisation experiments. Co-crystallisation of 20 mg/mL protein with: 
A, 12.5 mM glucuronic acid, 0.1 M HEPES, pH 7.7 with 0.8 M potassium sodium tartrate B, 5 mM MUG, 0.1 M HEPES, pH 
8.6 with 0.9 M potassium sodium tartrate, C, 50 mM NGNI, 0.1 M HEPES, pH 7.7 with 0.8 M potassium sodium tartrate D, 
50 mM fondaparinux, 0.1 M HEPES, pH 7.7 with 0.8 M potassium sodium tartrate.  

As the co-crystallisation experiments did not yield any crystals with bound ligands, soaking different 

ligands (glucuronic acid, NG(SO3), NI, NGNI) into existing crystals was attempted. Soaking 

experiments were performed for 5-120 min in 25-50 mM ligand solutions, but most crystals were 

too fragile and dissolved in the ligand solution and the crystals that were still intact did not contain 

any bound ligands (for details of the conditions tested refer to Chapter II).  

A B

C D
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2.2 Crystallographic structure determination of B. pseudomallei heparanase 

The structure of the heparanase from B. pseudomallei was determined in the Blanchard group (Xing 

Yu) within the Institute by Glycomics with a resolution of 1.6 Å by molecular replacement using the 

structure of the β-glucuronidase AcGlcA79A from Acidobacterium capsulatum (PDB: 3VNY, 

Michikawa et al., 2012). B. pseudomallei heparanase crystallised in the tetragonal crystal system, 

space group P41212. The crystallisation and refinement data are summarised in Table 8. 

Data BpHep 

Crystal system/Space group Tetragonal/ P41212 
Wavelength [Å] 0.9635 
Resolution [Å] 31.29-1.6 (1.69-1.6) 
Unit cell parameters [Å] a=b= 125.0301, c= 125.16 
Completeness [%] 99.4% (96.4) 
Multiplicity 14.5 (8.5) 
Rsym 0.083 (0.571) 
Mean I/sd(I) 20.2 (3.4) 
Total number of observations 1883804 (152658) 
Total number unique observations 129599 (18064) 

Refinement 

R-factor 0.1745 
Rfree-factor 0.1993 
RMSD bond lengths [Å] 0.009 
RMSD bond angles [°] 1.3367 
Mean B-value [Å2] 17.7 

Table 8: Crystallisation and structure refinement data for B. pseudomallei heparanase (BpHep). 

For structure validation it was confirmed that all residues apart from P382 and N383 are found in the 

favoured and allowed regions of the Ramachandran plot (Figure 33). P382 and N383 are in the 

outlier region due to their poor definition in the electron density.  
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Figure 33: Ramachandran plot for B. pseudomallei heparanase crystal structure. 
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The recombinant B. pseudomallei heparanase consists of a single peptide chain of 452 amino acids, 

containing the six additional amino acids Gly, Ser, Ile, Pro, Asn and Ser at the N-terminus that are not 

part of the native protein (see Chapter IV). The numbering of the amino acids introduced for the 

recombinant enzyme does not include these additional amino acids and starts with the first amino 

acid found in the native heparanase: Pro1. The structure of B. pseudomallei heparanase is shown in 

Figure 34, A, with two molecules (A and B) found in the asymmetric unit. For molecule A four (Pro1-

Pro4) and for molecule B eight (Pro1-Gly8) N-terminal amino acids as well as one C-terminal amino 

acid (Ala446) were not defined in the electron density map. Molecule A and B are very similar and 

superimposition gives a root mean square deviation (RMSD) for the Cα atom pairs of 0.5 Å. Molecule 

A was used as a representative in the following investigations.  

The B. pseudomallei heparanase structure is composed of a catalytic domain (magenta) and a C-

terminal β-sheet domain (yellow, Figure 34, B). The catalytic domain exhibits an (αβ)8 TIM-barrel 

fold, consisting of eight parallel β-strands on the inside surrounded by eight α-helices. The catalytic 

domain contains the active site amino acids E144 and E255, shown in the stick representation. E144 

is proposed to act as the proton donor and E255 as the nucleophile in the hydrolysis mechanism, 

analogous to E225 and E343 in the human heparanase (Hulett et al., 2000). 
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Figure 34: Crystal structure of B. pseudomallei heparanase. A, Two molecules are found in the asymmetric unit (molecule 
A and B), shown in the cartoon representation. B, Molecule A is shown as representative in the cartoon representation 
with the catalytic domain containing the (αβ)8 TIM barrel fold (magenta) and the C-terminal domain (yellow). The key 
active site residues are shown in the stick representation (E144 and E255) and the N-(N) and C-terminus (C) are indicated. 

The surface representation of the B. pseudomallei heparanase is shown in Figure 35, A, the 

proposed catalytic amino acids E144 and E255 are located in the active site and are displayed in 

yellow. The active site appears to form a groove-shaped binding site that should be able to 

accommodate multiple sugar units of the heparan sulfate polysaccharide, as opposed to the pocket-

A 
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shaped active site found in the β-glucuronidase from A. capsulatum (Figure 35, E, Michikawa et al., 

2012). 

In the electrostatic surface representation, Figure 35, B, it is clearly visible that the active site is 

predominantly negatively charged (red) with only very limited positively charged areas (blue). The 

negative charges would generally not attract heparan sulfate, as heparan sulfate itself carries various 

negatively charged sulfate- and carboxyl-groups. This implies a very distinct substrate specificity of 

the bacterial heparanase, most likely favouring heparan sulfate regions with lower sulfation content.  

The magnification of the active site region shows the position of the proposed catalytic amino acid 

residues E144 and E255 as well as E36, R65, Q143, L147, W190, H213, Y215, W260, H295 and Y302, 

which form the binding cleft (Figure 35, C and D).  

Figure 35: Surface representation and active site of B. pseudomallei heparanase. A, Surface representation of B. 
pseudomallei heparanase, active site amino acids E144 and E255 are shown in yellow, B, Electrostatic surface 
representation (red= negative charge, blue= positive charged), C and D, Magnification of the active site, surface (C) or 
cartoon (D) representation, with catalytic amino acids E144 and E255 (yellow) as well as amino acids E36, R65, Q143, 
L147, W190, H213, Y215, W260, H295 and Y302 shown in stick representation, D, Magnification of A. capsulatum β-
glucuronidase active site in surface representation, with bound glucuronic acid (green) and catalytic amino acids E173 and 
E287 (yellow) shown in stick representation (PDB code 3VNZ, Michikawa et al., 2012).

A B 

D E C 
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2.3 Structure analysis 

To investigate the crystal structure of the B. pseudomallei heparanase in more detail, it was of 

interest to compare it to other enzymes of the GH family 79. The only structure available in that 

family is from the A. capsulatum β-glucuronidase. For the human heparanase only a few structural 

models are available (see Chapter I). To get a more accurate model of the human enzyme, a new 

structural model was created in the Blanchard group (Yu, Xing, unpublished results) within the 

Institute for Glycomics, using the new structure information of the heparanase from B. pseudomallei 

(Figure 36). The model shows the complete pre-pro-enzyme, with the small 8 kDa subunit (blue), 

the big 65 kDa subunit (magenta), the signal peptide (yellow) and the internal 6 kDa linker 

peptide (blue). The linker peptide is presented as a loop in the structural model and is not present in 

the final heparanase heterodimer. The orientation of the 6 kDa loop in the model is not well 

defined and initial Molecular Dynamics (MD) simulations performed in the von Itzstein group 

(Winger, M, unpublished results) within the Institute for Glycomics, suggest that the loop is likely 

to orientate in a way that blocks the active site of the enzyme, confirming what was previously 

proposed (Sapay et al., 2012). This is in good agreement with the fact that heparanase activity is 

only observed after removal of that linker peptide (Abboud-Jarrous et al., 2008).  

Figure 36: Structural model of human heparanase. Signal peptide (yellow), small 8 kDa subunit (green) 6 kDa linker 
peptide (blue) and big 65 kDa subunit (magenta) are displayed as cartoons, the active site amino acids (E225 and E343) 
are shown in the stick representation.   
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Figure 37 shows the structure alignment of the human heparanase with B. pseudomallei heparanase 

and the β-glucuronidase from A. capsulatum (Michikawa et al., 2012). The protein structure of the 

three enzymes from GH-family 79 appears to be similar, with comparable secondary structure 

elements and overall folding. The root mean square deviation for the alignment of B. pseudomallei 

heparanase with A. capsulatum β-glucuronidase was RMSD = 1.363 Å (2048 atoms aligned) and for 

B. pseudomallei heparanase with the human heparanase it was RMSD = 1.441 Å (1333 atoms 

aligned) . 

The structure alignment (Figure 37) also shows high similarities between the B. pseudomallei 

heparanase and the human enzyme in the C-terminal region. This region was suggested to be 

important for enzyme activation and secretion and moreover to be involved in non-enzymatic 

Figure 37: Structure alignment of heparanases and β-glucuronidase. A, Alignment of the homologous GH-family 79 
enzymes A. capsulatum β-glucuronidase (AcGlcA79A; PDB code 3VNY, cyan, Michikawa et al., 2012), B. pseudomallei 
heparanase (green) and the model of the human heparanase (magenta). B, Active site magnification of alignment. 
Structures are displayed in the cartoon representation; the conserved active site amino acids are shown in the stick 
representation.  

A 

B 
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functions of the human heparanase and was therefore proposed as an alternative target for drug 

design (Fux et al., 2009).  

To get an indication of how a substrate is likely to be orientated in the active site of the heparanase 

from B. pseudomallei, the structure was superimposed onto the published complex structure of the 

β-glucuronidase from A. capsulatum with bound glucuronic acid (Michikawa et al., 2012). Figure 38 

shows the surface representation of B. pseudomallei heparanase with the glucuronic acid from the 

A. capsulatum β-glucuronidase structure (PDB code 3VNZ). The active site amino acids E144 and 

E255 as well as amino acids in close proximity to the ligand (N69, H213, G261 and H295) are 

displayed in the stick representation and distances to the glucuronic acid (GlcA) are indicated (in Å). 

The distance between the C1 hydroxyl group of GlcA and E144 is 2.3 Å which corresponds to the 

distance found for E137 in A. capsulatum of 2.3-2.4 Å and for E255 the distance to C1 of GlcA is 

2.5 Å, analogous to E287 in A. capsulatum (3 Å). In addition, the mutation of H327 was reported to 

significantly reduce enzyme activity in A. capsulatum β-glucuronidase (Michikawa et al., 2012). The 

analogous histidine (H295) in B. pseudomallei heparanase is located in close proximity to the 

superimposed GlcA (3.3 Å) and is therefore also likely to be important for enzyme activity. 

Figure 38: Superimposition of bound glucuronic acid onto the active site of B. pseudomallei heparanase. The glucuronic 
acid bound to A. capsulatum β-glucuronidase (PDB code 3VNZ, Michikawa et al., 2012) is superimposed on the crystal 
structure of B. pseudomallei heparanase (magnification of active site, shown in the surface representation). Amino acids of 
interest and the glucuronic acid are shown in the stick representation, distances are indicated by dashed lines and given 
in Å.  
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Incorporating the information from the complex structure of A. capsulatum β-glucuronidase, the 

disaccharide GlcAα1-4GlcN(NS,6S) was modelled into the active site of B. pseudomallei heparanase 

in the von Itzstein group (Dyason, J, unpublished results) within the Institute for Glycomics (Figure 

39). The model indicates that the active site provides space for at least another sugar unit at the 

reducing and non-reducing end of the disaccharide, implying that the binding site can most likely 

accommodate a tetrasaccharide. 

As stated before, the human heparanase is a heterodimer in contrast to the monomeric enzymes 

from B. pseudomallei and A. capsulatum. To focus in on the 6 kDa loop region of the human 

heparanase (S111-Q157), that is removed to form the active heterodimer, the excerpt of the primary 

structure sequence alignment is shown for the loop region in Figure 40. The alignment shows the 

corresponding regions for the B. pseudomallei heparanase and A. capsulatum β-glucuronidase, 

revealing that the region is almost absent in the heparanase from B. pseudomallei (T123-T127) and 

significantly shorter in the β-glucuronidase from A. capsulatum (P93-A111). 

Figure 39: Model of HS disaccharide in active site of B. pseudomallei heparanase (figure generated by Jeff Dyason). The 
disaccharide GlcAα1-4GlcN(NS,6S) (stick representation) modelled into the active site of B. pseudomallei heparanase 
(shown in electrostatic surface representation). 
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B.pseudomallei 117 ASGWQR-------------------------TGPDE------------------------TSGVI 131 
A.capsulatum   84  YTFWNRHAKPTAAD-------------EHLAAGPDKGHHA-------------------AAREVI 116 
h.sapiens 103 FLIFDPKKESTFEERSYWQSQVNQDICKYGSIPPDVEEKLRLEWPYQEQLLLREHYQKKFKNSTY 167 

To investigate that region further in the structure, magnification of that area in the structure 

alignment is displayed in Figure 41, whereas the 6 kDa loop for the human heparanase is shown in 

magenta, the analogous region for B. pseudomallei heparanase is shown in green and for the 

A. capsulatum β-glucuronidase in cyan. The surface of for B. pseudomallei heparanase is presented 

to illustrate the binding site and the conserved active site residues are shown in the stick 

representation for all three enzymes. As discussed above, the magenta coloured loop for the human 

heparanase could adopt various orientations, partly or fully covering the active site of the enzyme. 

The corresponding cyan coloured loop in the β-glucuronidase from A. capsulatum is clearly larger 

than the green coloured loop for B. pseudomallei heparanase and its orientation appears to affect 

the size of the active site. In fact, the loop in the A. capsulatum β-glucuronidase reduces the size of 

the active site compared to B. pseudomallei heparanase, contributing to the pocket shaped binding 

site (compare Figure 35, E) as opposed to the canyon-like binding site of the B. pseudomallei and the 

human heparanase. In addition, it was reported that the loop region in A. capsulatum β-

glucuronidase is involved in substrate binding, whereas D105 forms a hydrogen bond with the 

hydroxyl group of C4 in GlcA. Consequently, the loop region constitutes a marked structural 

difference between the A. capsulatum and the B. pseudomallei enzyme. A pocket-shaped active site 

is typical for exo-acting enzymes, whereas endo-acting enzymes usually display an active site groove 

to accommodate larger chains. This is in agreement with the literature as the enzyme from A. 

capsulatum was suggested to be an exo-β-glucuronidase (Michikawa et al., 2012). In contrast, the 

active site of the B. pseudomallei heparanase appears to be more similar to the active site proposed 

for the human enzyme, indicating endo-activity.  

 6 kDa linker peptide 

Figure 40: Extract from the sequence alignment of GH-79 enzymes. Sequence alignment of heparanase from B. 
pseudomallei, β-glucuronidase from A. capsulatum and human heparanase showing the 6 kDa linker peptide (yellow) that is 
removed in the human heparanase (arrows) in order to form the active heterodimer (complete sequence alignment see 
Chapter V).  
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Figure 41: Structural representation of the loop region. Surface representation with mesh of the active site of B. 
pseudomallei heparanase, the loops for the human structure model (magenta), B. pseudomallei heparanase (green) and A. 
capsulatum β-glucuronidase (cyan) are displayed in the cartoon representation and the active site amino acids are shown 
in stick representation.  

3. Discussion and Conclusions

To obtain the crystal structure the purified, in E. coli expressed recombinant B. pseudomallei 

heparanase was successfully crystallised. Trials to generate co-crystals and soaking experiments 

using different heparan sulfate fragments did not provide any crystals with bound ligand.  

The crystal structure of the apo-protein was solved with a resolution of 1.6 Å and reveals a catalytic 

TIM-barrel domain and a C-terminal β-sheet region. The active site with the proposed catalytic 

amino acids E144 and E255 has a groove-like shape and is predominantly negatively charged. This 

indicates that orientation of the polyanionic substrate heparan sulfate must be very specific and 

presumably requires a very distinct sulfation/acetylation pattern, most likely with lower content of 
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the negatively charged sulfates. Mutants without the glutamic acids E144 or E255 were generated in 

Chapter V to confirm these amino acids as the catalytic amino acid residues.  

The three-dimensional structure of human heparanase could facilitate selective inhibitor design, but 

is not available to date. In that context, the structure of the homologous enzyme from 

B. pseudomallei could serve as a surrogate for the human heparanase.  

Overall the structure of B. pseudomallei heparanase is very similar to the only other structure 

available for GH-family 79 enzymes, the A. capsulatum β-glucuronidase, and to the structural model 

of human heparanase. The most significant difference between these enzymes can be found in the 

active site region. In the human heparanase model and in the B. pseudomallei heparanase structure 

the active site forms a groove whereas the A. capsulatum β-glucuronidase possesses a pocket-

shaped active site.  

The reported complex structure of glucuronic acid bound to A. capsulatum β-glucuronidase displays 

how a terminal sugar sits in the active site pocket, leaving no room for other sugar molecules, which 

implies an exo-acting enzyme (Michikawa et al., 2012). In contrast, the human heparanase model 

structure suggests an active site groove and the enzyme is described to purely act as an endo-

glucuronidase without any exo-activity (Peterson and Liu, 2012). 

It was seen in Chapter III that the heparanase from B. pseudomallei is also able to cleave the 

fluorogenic substrate 4-methylumbelliferyl β-D-glucopyranosiduronic acid (MUG) exolytically, but 

considering the unphysiological conditions required for that cleavage, and the groove-like shape of 

the active site similar to the human heparanase active site, the ability of the enzyme to act as an 

endo-glucuronidase is predicted to be likely.  

Human heparanase is only active after the removal of a 6 kDa linker peptide. This peptide loop in the 

human pro-enzyme is likely to partly cover the active site, blocking substrate binding (Sapay et al., 

2012). The corresponding region is absent from B. pseudomallei heparanase, but is present in the 

A. capsulatum β-glucuronidase, even though it is clearly smaller. The loop contributes to the pocket-

shape of the A. capsulatum β-glucuronidase active site and was shown to partly engage with the 

bound glucuronic acid. That loop region constitutes a significant difference between the structure of 

A. capsulatum β-glucuronidase and the human and B. pseudomallei heparanases and could 

therefore explain the different activities proposed for these enzymes.  

The superimposition of glucuronic acid bound to A. capsulatum β-glucuronidase onto the B. 

pseudomallei heparanase gives an indication as to how the sugar engages in the active site. The 

close proximity to the proposed catalytic amino acids E144 and E255 is in agreement with the 
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positioning of GlcA in that model. In the superimposition model a few amino acids appear to be near 

the glucuronic acid and might therefore be involved in the catalytic process or in substrate binding. 

The generation of mutants without these amino acids could give further insights into their role in the 

enzymatic reaction.  

The superimposed glucuronic acid and the model generated with a disaccharide bound to 

B. pseudomallei heparanase, indicate that the binding site has enough room to accommodate about 

four sugar units, with additional space available for extended regions of the substrate on both sides 

of the small binding cleft. The minimal recognition sequence required for binding by B. pseudomallei 

heparanase might therefore be a tri- or tetrasaccharide sequence. For human heparanase the 

minimal recognition sequence was suggested to be a trisaccharide (see Chapter II, Okada et al., 

2002), which is in good agreement with what is expected for the bacterial heparanase.  

To get a better understanding about the substrate binding of B. pseudomallei heparanase, a complex 

structure with a bound heparan sulfate oligosaccharide would be very informative. The generation 

of a complex structure was so far not successful, which might be partly due to the lack of a 

compound that is efficiently bound by the enzyme. NMR spectroscopy studies to investigate the 

binding (see Chapter V) could assist in identifying suitable compounds for future co-crystallisation 

experiments. Further co-crystallisation trials using different modified synthetic HS compounds are 

required to generate a suitable complexed structure. Apart from heparan sulfate fragments, a 

complex structure with the fluorogenic substrate MUG would also be of interest. As MUG is a 

known substrate for the bacterial heparanase, it will also bind to the enzyme; however, so far no 

crystals containing MUG could be generated: As MUG is cleaved in an exolytic fashion at an 

unphysiological pH of 2.5 and the heparanase from  B. pseudomallei is proposed to act in an 

endolytic fashion on heparan sulfate, it would be of interest to compare the binding of MUG to the 

binding of heparan sulfate fragments.  

While the TIM-barrel domain contains the active site and the catalytic amino acids, the C-terminal 

region of human heparanase was suggested to be important for enzyme secretion and activation as 

well as for non-enzymatic functions, making it a possible alternative target for drug design (Fux et 

al., 2009). The structure alignment reveals that the C-terminal region of the human model structure 

and the B. pseudomallei heparanase structure appear to be quite similar; the bacterial structure 

could therefore serve for selective drug-design which targets the C-terminal domain. A combination 

of inhibitors aimed at the active site and the C-terminal domain would target more diverse functions 

of the heparanase and could lead to a more efficient inhibition of tumour growth, metastasis and 

angiogenesis.  
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V CHARACTERISATION OF HEPARANASE FROM BURKHOLDERIA PSEUDOMALLEI 

1. Introduction

The heparanase from B. pseudomallei has been expressed, purified (Chapter III), crystallised and the 

structure solved (Chapter IV). As previously mentioned (see Chapter I) the enzyme has a 24 % 

sequence identity to the human heparanase, which is implicated in cancer and inflammation and is 

regarded as a promising drug target. The protein structure of the human enzyme is not available to 

date and as the structure is crucial for targeted inhibitor design, the bacterial enzyme could serve as 

a surrogate model. It is therefore of particular importance to understand the biochemical properties 

and activities of the heparanase from B. pseudomallei. 

The sequence alignment of the heparanase from B. pseudomallei, and from the closely related B. 

mallei, with the human as well as the murine enzyme is shown in Figure 42. Also included is the 

sequence of the homologous enzyme from Acidobacterium capsulatum, the only other β-

glucuronidase from glycoside hydrolase family 79 for which the structure is available (Michikawa et 

al., 2012).  

Figure 42: Sequence alignment of heparanases. Primary structures of heparanases from different organisms (Burkholderia 
pseudomallei, Burkholderia mallei, Acidobacterium capsulatum, Mus musculus, Homo sapiens) are aligned and the 
conserved active site regions are boxed in red.  
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The active site regions are highlighted by a red box and contain the two catalytic glutamic acid 

residues that are conserved in all species. It is known that mutation of each of the active site 

glutamic acids (glutamic acid 225 (Glu225) and glutamic acid 343 (Glu343)) abolishes enzyme activity 

of the human heparanase (Hulett et al., 2000). 

Human heparanase is known to cleave its substrates in an endolytic fashion, whereas for the β-

glucuronidase from A. capsulatum exolytic cleavage is proposed (Michikawa et al., 2012). 

Furthermore, mammalian heparanases cleave via a hydrolytic mechanism, whereas bacterial lyases 

that cleave heparan sulfates in bacteria deploy an eliminative mechanism. The cleavage mechanism 

of the heparanase from B. pseudomallei is yet to be demonstrated. 

Although the substrate specificity of the human heparanase has been investigated by various groups 

for quite some time, it is still not fully understood. Heparan sulfate cleavage occurs only at 

specific sites in domains of high sulfation, whereas the substitution pattern around the cleavage 

site is also of importance (Peterson and Liu, 2010). Heparanase was demonstrated to cleave 

polysaccharides with the repeating units of -GlcAα1-4GlcN(NAc,6S)- (with GlcA: D-glucuronic acid and 

GlcN(NAc,6S): D-glucosamine, N-acetylated and sulfated on C6) as well as -GlcAα1-4GlcN(NS,6S)- 

(with GlcN(NS,6S): D-glucosamine, N-sulfated and sulfated on C6); repeating units of                                 

-IdoA(2S)α1-4GlcN(NS)- (with IdoA: L-iduronic acid, sulfated on C2) were shown to be resistant to 

heparanase cleavage (Peterson and Liu, 2010, 2012). 

A major drawback in studying substrate specificity is the limited availability of pure, well-defined 

heparan sulfate oligosaccharides. To explore the substrate specificity of the heparanase from B. 

pseudomallei these substrates were synthesised by the von Itzstein group (Chang, C-W., unpublished 

results) within the Institute for Glycomics. In this Chapter the activity, the cleavage mechanism and 

the ability of the putative heparanase to cleave or bind different heparan sulfate oligosaccharides 

was analysed and compared to the human heparanase.  
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2. Results

2.1 Investigating the activity of heparanase from B. pseudomallei 

In Chapter III it was seen that the heparanase from B. pseudomallei is able to cleave heparan sulfate 

in a 1H NMR spectroscopy based activity assay. To examine the cleavage reaction from a different 

perspective, heparan sulfate was digested for different incubation times with the bacterial enzyme. 

In order to visualise the products that were formed after different reaction times, the digests were 

analysed on Azure A stained polyacrylamide gels (Figure 43). 

Figure 43: Cleavage of heparan sulfate by B. pseudomallei heparanase. 50 µg HS were incubated with 1 µg BpHep in 
100 mM sodium acetate buffer, pH 5 at 37 °C and the reaction was stopped at different time points. Gels were stained with 
0.1 % Azure A solution. A, 24 % polyacrylamide gel, lane 1: fondaparinux, lane 2: HS after 5 min with BpHep, lane 3: HS 
after 20 min with BpHep, lane 4: HS after 3 h with BpHep. B, 24 % polyacrylamide gel, lane 1: HS after 5 min with BpHep, 
lane 2: HS after 20 min with BpHep, lane 3: HS after 3 h with BpHep. C, 12 % polyacrylamide gel, lane 1: HS without 
enzyme, lane 2: HS after 20 min with BpHep, lane 3: HS after 3 h with BpHep.  
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In Figure 43, A it can be seen that heparan sulfate migrates further on the polyacrylamide gel after 

longer incubation times, indicating that the enzyme cleaves the polysaccharide into gradually smaller 

fragments. As the separation was not complete for Figure 43, A, the electrophoresis was repeated 

for a longer time in Figure 43, B. This gel, as well as the gel with a lower acrylamide concentration in 

Figure 43, C, show the same effect: smaller HS fragments forming with time. To get an 

understanding of the size of these heparan sulfate fragments the pentasaccharide fondaparinux, a 

known human heparanase substrate was used for comparison. It appears that the heparan sulfate 

fragments generated by the heparanase from B. pseudomallei after the longest incubation time of 

3 h are still larger than a pentasaccharide as they do not migrate as far as fondaparinux (Figure 43, 

A). This result indicates that the enzyme is cleaving heparan sulfate in an endolytic fashion, cleaving 

the substrate within the chain. B. pseudomallei heparanase was already seen to possess exo-activity 

in accepting the synthetic compound 4-methylumbelliferyl β-D-glucuronide (MUG) as a substrate 

(Chapter III). For an exclusively exo-acting enzyme, which is cleaving from the end of a molecule, the 

accumulation of monosaccharide units would be expected. The heparanase from B. pseudomallei 

might therefore exhibit exo- as well as endo-activity, whereas the endo-activity might be more 

biological relevant since it was detected with the natural substrate heparan sulfate at a more 

physiological pH.  

Various bacteria are known to express polysaccharides lyases (for example heparinases) to cleave 

glycosaminoglycans via a β-elimination mechanism. To investigate whether the heparanase from B. 

pseudomallei cleaves heparan sulfate using an elimination mechanism, as in the case of bacterial 

heparinases, or via a hydrolysis mechanism as human heparanase, the cleavage of heparan sulfate 

was followed by 1H NMR spectroscopy and compared to the bacterial polysaccharide lyase, 

heparinase II (Figure 44). 
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Figure 44: B. pseudomallei heparanase cleaves heparan sulfate via a hydrolysis meachanism. Activity assay of 5 µg B. 
pseudomallei heparanase or 0.4 U of heparinase II from B. eggerthii incubated with 100 µg heparan sulfate at 37 °C. 1, 
1H NMR spectrum of heparan sulfate without enzyme in 40 mM sodium acetate buffer, pH 5, 2, 1H NMR spectrum 5 min 
after addition of B. pseudomallei heparanase, 3, 1H NMR spectrum 60 min after addition of B. pseudomallei heparanase, 4, 
1H NMR spectrum of heparan sulfate without enzyme in 20 mM Tris buffer (with 100 mM NaCl, pH 7.5), 5, 

1H NMR 
spectrum 5 min after addition of heparinase II from B. eggerthii, 6, 1H NMR spectrum 60 min after addition of heparinase II 
from B. eggerthii. Asterisks mark regions of the spectra that are monitored to identify eliminative cleavage. 

Eliminative cleavage by heparinase II from B. eggerthii leads to the formation of a double bond at the 

non-reducing end of the uronic acid. The characteristic corresponding resonances for olefinic 

protons at a chemical shift of about δ 5.8 and 6 ppm are developing over time and are clearly 

illustrating the formation of a double bond during the elimination mechanism for B. eggerthii 

heparinase II (Figure 44, spectra 4-6). These olefinic proton resonances cannot be observed for 

heparan sulfate incubated with B. pseudomallei heparanase, whilst cleavage of heparan sulfate is 

definitely occurring as clear changes are visible after addition of enzyme (Figure 44, spectra 1-3, 

chemical shift at δ 5.4 ppm). This implies that the bacterial heparanase cleaves heparan sulfate 

through a hydrolysis mechanism similar to the human enzyme. 

Bacterial polysaccharide lyases such as heparinases are also known to cleave heparan sulfate at an 

alkaline pH optimum between pH 7.5 and 11 (Sutherland, 1995), whereas human heparanase displays 

an acidic pH optimum between pH  5 and 6.5. The ability of B. pseudomallei heparanase to cleave at 

an alkaline pH of 8.6 was therefore investigated by 1H NMR spectroscopy (Figure 45). 
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Figure 45: Activity of B. pseudomallei heparanase is pH-dependent. Activity assay of 5 µg B. pseudomallei heparanase 
with 100 µg heparan sulfate at 37 °C in 40 mM Tris buffer, pH 8.6. 1, 1H NMR spectrum of heparan sulfate without enzyme 
at pH 8.6, 2, 1H NMR spectrum 4 h after addition of enzyme at pH 8.6, 3, 1H NMR control spectrum at pH 5, 4 h after 
addition of enzyme. Asterisks mark regions of the spectra that are observed to identify cleavage.  

At pH 8.6 no changes can be seen in the 1H NMR spectrum for heparan sulfate after an incubation 

time of 4 h (Figure 45, spectra 1 and 2). No cleavage of heparan sulfate for the bacterial haparanase 

occurs at this pH. The reaction was also performed at pH 5 to confirm enzyme activity; whereas the 

spectrum is slightly shifted due to the different pH, cleavage can be seen (Figure 45, spectrum 3).  

The heparanase from B. pseudomallei is therefore quite different to the bacterial heparinases and is 

much more similar to the human heparanase: It does not cleave heparan sulfate via an elimination 

mechanism and is not active at an alkaline pH. In agreement with these findings, at a pH of 7.4 

human heparanase was reported to bind, but not cleave, HS (Ihrcke et al., 1998).   

2.2 Identifying the key catalytic active site amino acids of the heparanase from 

B. pseudomallei 

Mutating each of the conserved active site amino acids glutamic acid 225 (Glu225) and glutamic acid 

343 (Glu343) abolishes enzyme activity of the human heparanase (Hulett et al., 2000). Glutamic acid 

225 acts as a proton donor and glutamic acid 343 as the nucleophile in the hydrolytic cleavage 

mechanism. These catalytic active site amino acids are conserved in the β-glucuronidases from GH 

family 79 from different organisms, including the heparanase from B. pseudomallei. It was therefore 

89 

Without
enzyme 
pH 8.6 

t= 4 hours 
pH 8.6 

1 

2 

3 

t= 4 hours 
pH 5 

* 

* 

* 

 5.5  5.0   4.5     4.0  3.5     3.0   2.5    2.0    1.5   1.0      ppm  



V CHARACTERISATION 

investigated if mutation of the equivalent putative active site glutamic acids (Glu144 and Glu255, 

numbering and construct information refer to Chapter III) in B. pseudomallei heparanase affects 

enzyme activity comparable to the human enzyme. 

The amino acids glutamic acid 144 and 255 were separately mutated to alanine by site-directed 

mutagenesis, generating the mutants E144A and E255A. The mutants were expressed and purified in 

an identical fashion to the wild-type heparanase from B. pseudomallei and the PageBlue stained SDS 

PAGE for the three purified proteins is shown in Figure 46. For both mutants a single band can be 

seen on the SDS PAGE gel with a size of around 45 kDa, consistent with the expected molecular 

weight of 45.9 kDa. 

Figure 46: Purified B. pseudomallei heparanase constructs. SDS PAGE stained with PageBlue with 1: Purified microbial 
wildtype BpHep (20 µg protein), 2: PageBlue stained SDS PAGE of purified E144A BpHep mutant (20 µg protein), 3: 
PageBlue stained SDS PAGE of purified E255A BpHep mutant (20 µg protein).  

The purified mutants E144A and E255A were subsequently used in activity assays to compare their 

activity to the wild-type enzyme. The ability of the mutant enzymes to cleave 4-methylumbelliferyl 

β-D-glucuronide (MUG) was investigated in the fluorescence based assay (Figure 47, A). In contrast 

to the wild-type heparanase from B. pseudomallei, for the mutants E144A and E255A at 100 ng no 

activity is detected. At a 10-fold higher concentration of the mutants there is still no activity 

detectable for E144A, and only negligible activity for E255A.  

1 2 3
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As MUG is only a synthetic substrate for heparanase the activity of the mutants was also analysed 

using heparan sulfate as a substrate. Cleavage of heparan sulfate by wild-type and mutant 

heparanase from B. pseudomallei was monitored by 1H NMR spectroscopy (Figure 47, B). 

Characteristic regions of the heparan sulfate spectrum are shown with the wild-type enzyme and the 

mutants. For the wild-type enzyme clear changes can be seen after the addition of enzyme: proton 

signals appear at chemical shifts of δ 5.4 ppm, δ 5.25 ppm and δ 3.3 ppm after 5 min incubation, 

additional changes after 1 h incubation are only small. The wild-type enzyme is clearly cleaving 

heparan sulfate. In contrast, for mutants E144A and E255A no changes can be seen after 5 min 

incubation at of δ 5.4 ppm, δ 5.25 ppm and δ 3.3 ppm. Only minimal changes are visible for E144A 

and E255A after 1 h incubation, the activity of both mutants is therefore essentially abolished, 

suggesting  that the conserved amino acids E144 and E255 in B. pseudomallei are the essential active 

site amino acids that are crucial for enzyme activity as described for E225 and E343 in human 

heparanase (Hulett et al., 2000). 
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Figure 47: Mutagenesis of active site amino acids abolishes activity of B. pseudomallei heparanase. A, Fluorescence-
based 4-methylumbelliferyl β-D-glucuronide (MUG) assay to investigate the activity of wild-type (WT) and mutant (E144A 
and E255A) B. pseudomallei heparanases. Activity was measured at different enzyme concentrations with 1 mM MUG 
against a negative control without enzyme. B, 1H NMR activity assay of wild-type (WT) and mutant (E144A and E255A) 
B. pseudomallei heparanases. 100 µg heparan sulfate were incubated with 25 µg enzyme at 37 °C in 40 mM sodium acetate 
buffer (pH 5) and 1H NMR spectra were measured at the indicated time points.  
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2.3 Insights into the substrate specificity of heparanases 

The substrate specificity of the widely studied human heparanase is not fully characterised to date, 

but is an area of extensive research. As not much is known about the substrates cleaved by the 

heparanase from B. pseudomallei, this Chapter focuses on the activity of the bacterial enzyme 

towards different heparan sulfate oligosaccharides, particularly in comparison to the human 

enzyme.  

Human heparanase cleaves the synthetic pentasaccharide fondaparinux that resembles the 

antithrombin binding site at one position (Figure 48; Bisio et al., 2007). To confirm this, fondaparinux 

was incubated with human heparanase at 37 °C while the reaction was followed by a series of 1H 

NMR spectra, measured at different time points (Figure 49).  

Figure 48: Structure of fondaparinux and cleavage products of human heparanase. Human heparanase cleaves 
fondaparinux at one site yielding a di- and a trisaccharide. Protons of interest are coloured according to Figure 49. 

The 1H NMR spectra of the different time points show distinct chemical shift changes throughout the 

whole spectrum. The most characteristic changes are visible in the anomeric region of the spectrum 

at chemical shifts between δ 5.2 to 5.7 ppm (Figure 49, asterisks). As the cleavage occurs between 

the glucuronic acid and the central glucosamine, the anomeric proton signal for proton HB1 on the 
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glucuronic acid was observed more closely. The resonances for HB1 are at a chemical shift of 

δ 4.65 ppm in fondaparinux before cleavage. After addition of the enzyme these resonances 

disappear and a new anomeric proton signal for HB1* on the newly generated disaccharide forms at 

δ 5.26 ppm and increases in intensity as the reaction proceeds. For HA1 and HC1 a similar shift can be 

observed in the 1H NMR spectra. The proton signal for HA1 in fondaparinux at δ 5.61 ppm disappears 

with time and a new signal corresponding to the HA1* proton of the disaccharide develops at 

δ 5.67 ppm. For HC1 the resonance at δ 5.52 ppm disappears with time and not visible after 24 h, at 

the same time the HC1* anomeric proton signal from the new non-reducing end of the trisaccharide 

product forms with a chemical shift of δ 5.58 ppm. The 1H NMR acitivity assay therefore clearly 

shows the cleavage of fondaparinux by human heparanase at one site. 

To investigate how the B. pseudomallei heparanase acts on this pentasaccharide substrate, a similar 
1H NMR activity assay was performed. Fondaparinux was incubated with the bacterial enzyme and 
1H NMR spectra were measured at different time points (Figure 50).  

Figure 49: Cleavage of fondaparinux by human heparanase. 300 µM FPX in 100 mM sodium acetate buffer, pH 4 were 
incubated at 37 °C with 1 µg human heparanase. 1H NMR spectra are shown without enzyme and for different time points 
(3 h, 5 h and 24 h) after addition of enzyme. The asterisks highlight resonances of interest. 
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Figure 50: Cleavage of fondaparinux by heparanase from B. pseudomallei. 300 µM FPX in 40 mM sodium acetate buffer, 
pH 5 were incubated at 37 °C with 100 µg B. pseudomallei heparanase. 1H NMR spectra are shown without enzyme and 
24 h after addition of enzyme. The spectrum for 24 h incubation of fondaparinux with human heparanase is included for 
comparison. The asterisks highlight resonances of interest. 

For the reaction of fondaparinux with the heparanase from B. pseudomallei no changes can be seen 

in the 1H NMR spectrum over time (Figure 50); the characteristic changes seen for the human 

enzyme do not occur. Even at dramatically higher enzyme concentrations (shown here for 100 µg of 

bacterial enzyme, versus 1 µg of the human heparanase) no cleavage of the pentasaccharide was 

detectable.  

In order to understand if fondaparinux is still recognised by the heparanase from B. pseudomallei, 

the binding of the pentasaccharide was investigated by saturation transfer difference (STD) NMR 

spectroscopy. In an STD NMR experiment, the protein is selectively saturated in an on-resonance 

spectrum and ligands in close proximity to the protein receive saturation transfer from the protein 

through the nuclear Overhauser effect. An off-resonance spectrum is measured without saturating 

the protein and this spectrum is subtracted from the on-resonance spectrum, giving the difference 

spectrum that shows only signals for the ligands that received saturation transfer (Meyer and Peters, 

2003). STD signals in a STD NMR spectrum therefore indicate binding to the protein. 
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The STD NMR spectroscopy experiment was performed using a 150:1 molar ratio of enzyme to 

ligand at 283 K (Figure 51). A negative control was included using the same ligand concentration 

without protein. Interestingly, the fondaparinux 1H NMR spectrum at 283 K is different to the 

fondaparinux spectrum at 310 K measured previously (see Figure 50). The temperature therefore 

appears to have a strong effect on the conformation of the pentasaccharide and the protons of 

the different rotamers have specific chemical shifts. The STD NMR spectrum with fondaparinux 

shows distinct STD NMR signals, whereas proton HD4 on the iduronic acid appears to receive the 

strongest saturation by the enzyme. Protons HA1, HC1, HB4 and HC4 also show STD signals and are 

therefore involved in binding. Consequently, while not being a substrate, fondaparinux is still 

recognised and bound by the bacterial heparanase. 

Figure 51: Binding of fondaparinux to heparanase from B. pseudomallei. Structure of the pentasaccharide fondaparinux, 
protons of interest are indicated in different colours (top) and STD NMR spectroscopy study of 50 µM heparanase from B. 
pseudomallei in 40 mM sodium acetate buffer, pH 5 with 150x excess ligand fondaparinux at 283 K. Control STD NMR 
spectra were measured with only ligand and the corresponding 1H NMR spectra are shown, peaks of interest are marked 
with asterisks.  
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To further explore the specificity of the heparanase from B. pseudomallei and to elucidate possible 

differences and similarities to the human enzyme, a variety of defined heparan sulfate 

oligosaccharides was synthesised by the von Itzstein group (Chang, C-W., unpublished results) within 

the Institute for Glycomics. The compounds analysed are summarised in Figure 52. 

Figure 52: Heparan sulfate oligosaccharides investigated. 
(NGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S), 
NGNGNG: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcA, 
NGNGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA, 
NGNGNGNG: GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcA). 

The first substrate examined was the tetrasaccharide NGNI (NGNI: 

GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S), Figure 52, 1). This tetrasaccharide has almost 

the same structure as fondaparinux, but is one glucosamine-residue shorter and does not 

contain the 3-O-sulfate group on the central glucosamine.  
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Figure 53: Activity of heparanase from B. pseudomallei with NGNI. 300 µM NGNI in 40 mM sodium acetate buffer, pH 5 
were incubated at 37 °C with 5 µg of heparanase from B. pseudomallei. 1H NMR spectra are shown without enzyme and for 
different time points (5 min and 24 h) after addition of enzyme. The asterisks highlight resonances of interest, enlarged is 
the anomeric region of the spectrum (NGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)). 

The activity of the heparanase from B. pseudomallei towards the tetrasaccharide was studied with a 
1H NMR activity assay. NGNI was incubated with the bacterial enzyme at 37 °C and the time course is 
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presented in Figure 53. No substantial changes can be seen with addition of enzyme and after 24 h. 

However, the magnification does show that new resonances with very low intensities are developing 

over time, with proton peaks appearing at a chemical shift of about δ 5.67 ppm (single asterisk) and 

5.26 ppm (two asterisks). This indicates that NGNI is a very poor substrate for the heparanase from 

B. pseudomallei, in contrast to fondaparinux which is not transformed at all. It is possible that the 

enzyme is capable of cleaving NGNI but the resulting products are acting as inhibitors, abolishing 

subsequent activity of the enzyme.  

To investigate whether a potential cleavage product could inhibit the heparanase from B. 

pseudomallei, initial inhibition assays were performed using NI (NI: GlcN(NS,6S)β1-4IdoA(2S)). 

Inhibition of B. pseudomallei heparanase activity by the disaccharide NI was measured in a MUG 

activity assay using different NI concentrations (Figure 54). The activity of the bacterial enzyme 

towards MUG was seen to be significantly reduced upon addition of NI in a concentration 

dependent manner. It is therefore possible that a product of the NGNI cleavage functions as a 

feedback inhibitor for the bacterial enzyme.  

Figure 54: Inhibition of heparanase from B. pseudomallei by disaccharide NI. Fluorescence-based 4-methylumbelliferyl β-
D-glucuronide (MUG) assay to investigate the effect of disaccharide NI on the activity of B.pseudomallei heparanase. 
Activity of 100 ng B. pseudomallei with 1 mM MUG was measured without and with different NI concentrations against a 
negative control without enzyme (NI: GlcN(NS,6S)β1-4IdoA(2S)).  
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To compare the activity towards NGNI to the human enzyme, the 1H NMR spectroscopy activity 

assay was carried out with human heparanase accordingly, whereas only 1 µg human heparanase 

were used as opposed to 5 µg bacterial enzyme (Figure 55). After addition of enzyme (5 min) no 

changes are visible in the 1H NMR spectrum, but after 24 h incubation clear changes can be seen. 

Similar to the signals scarcely perceptible in the spectrum for the bacterial enzyme, resonances at 

δ 5.67 ppm (one asterisk) and 5.26 ppm (two asterisks) can be observed after 24 h incubation and 

are much more intense then for the bacterial enzyme even though less enzyme was used. The 1H 

NMR spectrum suggests that the tetrasaccharide NGNI is cleaved at one site as already seen for 

fondaparinux. In both cases the cleavage would lead to the same disaccharide: GlcN(NS,6S)β1-4GlcA 

(see Figure 48). That is consistent with the observation of the same anomeric proton signals for the 

anomeric proton of the glucosamine at δ 5.67 ppm and for the glucuronic acid at δ 5.26 ppm for 

both fondaparinux and NGNI after enzymatic cleavage. To conclude, the results show that NGNI is 

cleaved by the bacterial as well as the human enzyme at one site, but the activity of the heparanase 

from B. pseudomallei is significantly lower than the activity of the human heparanase. This suggests 

that either the specific saccharide sequence or the extend/location of sulfation required for the 

bacterial heparanase is different compared to the human heparanase.  
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Figure 55: Activity of human heparanase with NGNI. 300 µM NGNI in 100 mM sodium acetate buffer, pH 4 were incubated 
at 37 °C with 1 µg of human heparanase. 1H NMR spectra are shown without enzyme and for different time points (5 min 
and 24 h) after addition of enzyme. The asterisks highlight resonances of interest, enlarged is the anomeric region of the 
spectrum (NGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)). 
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The next substrate investigated was the hexasaccharide NGNGNG (NGNGNG: 

GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcA, structure see Figure 52, 2). 

The reaction of B. pseudomallei heparanase with NGNGNG was observed by 1H NMR spectroscopy 

(Figure 56). The first spectrum was measured with only the substrate NGNGNG, then enzyme was 

added and the reaction was monitored with 1H NMR spectroscopy at 37 °C over 24 h. 

Figure 56: Activity of heparanase from B. pseudomallei with NGNGNG. 300 µM NGNGNG in 40 mM sodium acetate 
buffer, pH 5 were incubated at 37 °C with 5 µg of heparanase from B. pseudomallei. 1H NMR spectra are shown without 
enzyme and for different time points (5 h and 12 h) after addition of enzyme. The asterisks highlight resonances of interest, 
enlarged is the anomeric region of the spectrum (NGNGNG: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1- 
4GlcN(NS,6S)β1-4GlcA). 
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After addition of enzyme two new resonances in the anomeric region of the 1H NMR spectrum are 

formed with chemical shifts of δ 5.67 ppm (single asterisk) and δ 5.26 ppm (two asterisks). The 

intensities of these new proton signals are very low, but more intense compared to NGNI (see Figure 

53). As seen previously these proton signals correspond to the characteristic anomeric resonances of 

the H-1 protons in the disaccharide GlcN(NS,6S)β1-4GlcA, that disaccharide is therefore most likely 

formed in the enzymatic reaction. The 1H NMR spectra show that no further changes occur between 

5 and 12 h incubation. Again, a possible explanation could be that a cleavage product, potentially the 

disaccharide acts as an inhibitor for the enzyme. 

The 1H NMR spectroscopy activity assay was subsequently performed with NGNGNG and the human 

heparanase (Figure 57). The changes in the 1H NMR spectra after 5 and 12 h incubation with enzyme 

are not very marked. In the magnification of the anomeric proton region the formation of two 

proton signals can be seen at δ 5.67 ppm (single asterisk) and δ 5.26 ppm (two asterisks), which 

increase in intensity over time. The human enzyme appears to act on NGNGNG qualitatively in the 

same way as B. pseudomallei heparanase since the final 1H NMR spectra, after 12 h enzymatic 

reaction for the two enzymes, show the same resonances. As described before, the new anomeric 

signals are presumably due to the anomeric protons of a disaccharide formed during the enzymatic 

reaction. The human enzyme cleaves NGNGNG much less efficiently than NGNI and fondaparinux. 

Once again these outcomes may reflect that the human enzyme, compared with the bacterial 

enzyme, has either different saccharide sequence requirements or particular sulfation pattern 

requirements.  
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Figure 57: Activity of human heparanase with NGNGNG. 300 µM NGNGNG in 100 mM sodium acetate buffer, pH 4 were 
incubated at 37 °C with 1 µg of human heparanase. 1H NMR spectra are shown without enzyme and for different time 
points (5 h and 12 h) after addition of enzyme. The asterisks highlight resonances of interest, enlarged is the anomeric 
region of the spectrum (NGNGNG: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcA). 
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Figure 58: Activity of heparanase from B. pseudomallei with NGNGNI. 300 µM NGNGNI in 40 mM sodium acetate buffer, 
pH 5 were incubated at 37 °C with 5 µg of heparanase from B. pseudomallei. 1H NMR spectra are shown without enzyme 
and for different time points (1 h and 16 h) after addition of enzyme. The asterisks highlight resonances of interest, enlarged 
is the anomeric region of the spectrum (NGNGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4doA). 

NGNI was a better substrate for the human enzyme than NGNGNG, but the longer substrate was 

more suitable for the heparanase from B. pseudomallei. It was also seen that the iduronic acid of 
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fondaparinux is involved in binding to the B. pseudomallei heparanase (see Figure 51). Therefore the 

next substrate studied was another hexasaccharide, with an iduronic acid instead of a glucuronic 

acid: NGNGNI (NGNGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA; 

see structure Figure 52, 3). The reaction of NGNGNI with B. pseudomallei heparanase was studied by 
1H NMR spectroscopy and spectra were measured without enzyme and at different time points 

after addition of enzyme (Figure 58). Only small changes can be seen in the 1H NMR spectra after 

addition of the enzyme. The indication of the two proton peaks forming at a chemical shift of δ 5.67 

ppm (single asterisk) and δ 5.26 ppm (two asterisks) can be seen after 16 h reaction time. The 

hexasaccharide NGNGNI is therefore less suitable than NGNI or NGNGNG as a substrate for B. 

pseudomallei heparanase.  

To test the activity of the human heparanase towards NGNGNI, a similar 1H NMR spectroscopy assay 

was carried out. The hexasaccharide was measured without enzyme and at different incubation 

times with human heparanase at 37 °C (Figure 59). The most characteristic changes in the 1H NMR 

spectrum after addition of enzyme can be seen in the anomeric region of the spectrum. After 16 h 

enzyme incubation, proton resonances are appearing at δ 5.67 ppm (single asterisk) and at δ 

5.26 ppm (two asterisks). This is similar to what was observed for the heparanase from B. 

pseudomallei, but with much more intense signals for the human enzyme despite using more 

bacterial enzyme. The human heparanase appears to prefer NGNGNI as a substrate over NGNGNG.  
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Figure 59: Activity of human heparanase with NGNGNI. 300 µM NGNGNI in 100 mM sodium acetate buffer, pH 4  were 
incubated at 37 °C with 1 µg of human heparanase. 1H NMR spectra are shown without enzyme and for different time 
points (1 h and 16 h) after addition of enzyme. The asterisks highlight resonances of interest, enlarged is the anomeric 
region of the spectrum (NGNGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA). 

None of the heparan sulfate oligosaccharide compounds investigated so far were very suitable 

substrates for the heparanase from B. pseudomallei. The octasaccharide NGNGNGNG (NGNGNGNG: 

GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4

GlcA, see structure Figure 52, 4) used next was different to all the previous compounds as it is not 
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only the longest substrate studied so far but also contains acetate groups instead of sulfate groups. 

The reaction of the octasaccharide NGNGNGNG with the heparanase from B. pseudomallei was 

measured in a 1H NMR spectroscopy time course at 37 °C (Figure 60). The 1H NMR spectra show 

distinct changes over time after addition of enzyme. The most significant change is the appearance 

of a new anomeric proton signal at a chemical shift of about δ 5.25 ppm that grows in intensity with 

longer incubation times (single asterisk). This suggests that the octasaccharide is a good substrate for 

the heparanase from B. pseudomallei.  

Figure 60: Activity of heparanase from B. pseudomallei with NGNGNGNG. 400 µM NGNGNGNG in 40 mM sodium acetate 
buffer, pH 5 were incubated at 37 °C with 100 µg of heparanase from B. pseudomallei. 1H NMR spectra are shown without 
enzyme and for different time points (1 h, 5 h and 24 h) after addition of enzyme. The asterisks highlight resonances of 
interest (NGNGNGNG: GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1- 
4GlcA). 

Another notable change can be seen for the methoxy group of the octasaccharide. The methoxy 

protons have a chemical shift of about δ 3.6 ppm in the 1H NMR spectrum (two asterisks) and the 

signal is decreasing with time. To ensure that the loss of the methoxy group is not due to the 

prolonged incubation at a pH 5 and 37 °C, NGNGNGNG was incubated at 37 °C and pH 5 for 24 h and 
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1H NMR spectra measured before and after incubation show no change for the methoxy proton 

resonances (Figure 61). The disappearance of the methoxy group therefore appears to be caused by 

the action of the enzyme.  

Figure 61: Stability of NGNGNGNG. 400 µM NGNGNGNG in 40 mM sodium acetate buffer, pH 5 were incubated at 37 °C 
for 24 h. 1H NMR spectra are shown before and after incubation. The asterisk highlights resonances of interest (NGNGNGNG: 
GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcA). 

To directly compare the activity of the human enzyme towards the octasaccharide NGNGNGNG with 

the heparanase from B. pseudomallei, a 1H NMR spectroscopy activity assay for both enzymes was 

performed in parallel using the same enzyme concentrations. The first spectrum was measured 

without enzyme and subsequent spectra were measured at different time points after addition of 

enzyme. The diagnostic resonances seen for the reaction with B. pseudomallei heparanase were 

observed for both enzymes (Figure 62). For both human and bacterial enzyme the 1H NMR peak 

increases in intensity with proceeding incubation time. The change in intensity is comparable for the 

first 5 h of incubation, but after 24 h the signal for the bacterial enzyme is clearly stronger. That 

might be due to the fact that the human enzyme is not as stable as the bacterial enzyme and simply 

loses activity after extended time periods at 37 °C. 
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Figure 62: Activity of human and B. pseudomallei heparanases with NGNGNGNG. 400 µM NGNGNGNG in 40 mM sodium 
acetate buffer, pH 5 or 100 mM sodium acetate buffer, pH 4 were incubated at 37 °C with 1 µg of heparanase from B. 
pseudomallei or 1 µg human heparanase, respectively. Selected areas of the 1H NMR spectra are shown without enzyme 
and for different time points (1 h, 5 h and 24 h) after addition of enzyme (NGNGNGNG: 
GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcA). 

The reaction of the octasaccharide NGNGNGNG with the heparanase from B. pseudomallei was 

analysed in more detail to determine the products of the enzymatic reaction. The octasaccharide 

was incubated for 72 h with the enzyme and fresh enzyme was added after 48 h to ensure complete 

cleavage. The reaction was followed by 1H NMR spectroscopy and after 72 h, a separation of the 

products by size exclusion chromatography was performed. The different fractions were tested using 
1H NMR spectroscopy and selected fractions were analysed by mass spectrometry at Griffith 

University (SmartWater Research Centre, Ben Matthews). 

The earlier fractions after size exclusion chromatography should contain the larger products, 

whereas the smaller products should be located in the later fractions. Fractions were analysed by 1H 

NMR spectroscopy (Figure 63). The spectra of that last fractions (fraction 37-39) are almost identical 

with the spectrum of the disaccharide NG(Ac). One of the products of the reaction is therefore most 

probably the disaccharide. The spectra for the other fractions are not too complex with clear signals, 

indicating that the existence of multiple products from the cleavage reaction is unlikely.  
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Figure 63: Analysing the cleavage of NGNGNGNG by B. pseudomallei heparanase. 2 mg NGNGNGNG in 40 mM sodium 
acetate buffer, pH 5 were incubated at 37 °C with 100 µg of heparanase from B. pseudomallei for 72 h, an additional 50 µg 
of heparanase were added after 48 h. After 72 h the products were separated by size exclusion chromatography.1H NMR 
spectra are shown for NGNGNGNG without enzyme, after 72 h incubation with enzyme, for different fractions of the size 
exclusion chromatography and for NG(Ac). The asterisks highlight resonances of interest, enlarged is the anomeric region of 
the spectrum (NGNGNGNG: GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1- 
4GlcN(NAc,6S)β1-4GlcA, NGNGNG: GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcA). 

The formation of a disaccharide would result in a hexasaccharide as the other product. The anomeric 

region of the spectrum shows how the resonances seen for the octasaccharide at a chemical shift of 

δ 5.46 ppm are changing with time. It appears that the earlier fractions (1 and 2) contain the 
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hexasaccharide and the later fractions (37-39) contain the disaccharide, while fraction 4 contains a 

mixture of both products.  

To confirm this hypothesis the first (fraction 1 and 2) and the last fractions (fractions 37-39) were 

pooled  and  measured  by  mass spectrometry (Table 9). The mass spectrometry results confirm the

presence of the hexasaccharide in the first fractions, with ions corresponding to the single, 

double and triple charged hexasaccharide detected. The latter fractions show the ions for the 

disaccharide in the methylated form and without the methyl group in the mass spectrum. The 

presence of a methylated disaccharide indicates that cleavage is occurring at position C2 and 

not at C1 leading to a hexasaccharide and a methylated disaccharide (Figure 63). Additionally, 

the appearance of the two disaccharide species implies a possible cleavage of the methoxy 

group from the disaccharide by the bacterial heparanase. 

Fractions Corresponding species Theoretical monoisotopic ionised mass Detected m/z 

Fractions  

1-2 

NGNGNG single charge 1394.2081 1394.2081 

NGNGNG double charge 696.5999 696.6004 

NGNGNG triple charge 464.0640 464.0645 

Fractions 

37-39 

NG-OMe 490.0867 490.0887 

NG 477.0710 477.0730 

Table 9: Analysis of NGNGNGNG cleavage products by mass spectrometry. Fractions 1 and 2 and fractions 37-39 obtained 
from the size exclusion chromatography of the octasaccharide cleaved by B. pseudomallei heparanase were analysed by 
mass spectrometry. Given are the theoretical masses of the NGNGNG and NG fragments and the ions detected in the mass 
spectrum (NGNGNGNG: GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1- 
4GlcA, NG(Ac): GlcN(NAc,6S)β1-4GlcA, m/z: mass to charge ratio).  

To investigate if the heparanase from B. pseudomallei is able to remove the methoxy group from the 

disaccharide, NG(Ac) was incubated with or without enzyme for 72 h (Figure 64). The resonances for 

the methoxy protons at a chemical shift of about δ 3.6 ppm are clearly visible in the 1H NMR 

spectrum for the disaccharide before incubation. The intensity of the signal is significantly decreased 

after 72 h incubation with the bacterial enzyme, implying that the enzyme partly removed the 

methoxy group from the reducing end of the disaccharide. Consistent with that conclusion, a new 

anomeric proton signal is formed at a chemical shift of δ 5.25 ppm for the new reducing end 

112 



V CHARACTERISATION 

(asterisk). No changes can be seen for the control reaction without enzyme, confirming that the loss 

of the methoxy group is due to enzyme activity.  

Figure 64: Removal of the methoxy group by B. pseudomallei heparanase. 200 µg NG(Ac) in 40 mM sodium acetate 
buffer, pH 5 were incubated at 37 °C with or without 100 µg of heparanase from B. pseudomallei for 72 h. The asterisk 
highlights resonances of interest (NG(Ac): GlcN(NAc,6S)β1-4GlcA). 

The activity assays with different substrates gave insight into the substrate specificity of the bacterial 

heparanase in comparison to the homologous human heparanase. The results are summarised in 

Table 10. In order to further understand the specificity of the heparanase from B. pseudomallei, the 

ability of different compounds to bind to the enzyme was investigated by STD NMR spectroscopy.  
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Substrate Structure 
B. pseudomallei 

heparanase 

Human 

heparanase 

FPX   

NGNI   

NGNGNG   

NGNGNI   

NGNGNGNG   

Table 10: Activity of heparanases towards different substrates.    
:  cleavage
: weak cleavage 
: very weak cleavage  
:  no cleavage 
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The smallest molecule used for binding studies with heparanase from B. pseudomallei was 

glucuronic acid. The ability of the bacterial enzyme to bind a glucuronic acid without any 

modifications was tested by STD NMR spectroscopy. No signals were detected in the STD NMR 

spectrum and it therefore appears that the enzyme does not bind to a single glucuronic acid (Figure 

65). 

Figure 65: Binding of glucuronic acid to heparanase from B. pseudomallei. Structure of glucuronic acid (top) and STD NMR 
spectroscopy study of 50 µM heparanase from B. pseudomallei in 40 mM sodium acetate buffer, pH 5 with 150x excess 
ligand glucuronic acid at 283 K. STD NMR spectrum and corresponding 1H NMR spectrum are shown.  

Several heparan sulfate disaccharides, synthesised by the von Itzstein group (Chang, C-W., 

unpublished results), composed of a glucosamine and a glucuronic or iduronic acid with different 

substituents on the glucosamine, were used in a STD NMR spectroscopy binding study. Initially, 

GlcN(NH2,6S)β1-4GlcA (NG(NH2); with GlcN(NH2,6S): D-glucosamine, N-protonated and sulfated on C6) 

was tested with the heparanase from B. pseudomallei (Figure 66). The STD NMR spectrum does not 

show any significant signals, the only STD signals visible also appear in the negative control without 

enzyme. The disaccharide NG(NH2) with the unsubstituted nitrogen on the glucosamine is therefore 

not recognised by the bacterial heparanase.  
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Figure 66: Binding of disaccharide NG(NH2) to heparanase from B. pseudomallei. Structure of the disaccharide NG(NH2) 
(top) and STD NMR spectroscopy study of 50 µM heparanase from B. pseudomallei in 40 mM sodium acetate buffer, pH 5 
with 150x excess ligand NG(NH2) at 283 K. Control STD NMR spectra were measured with only ligand and the corresponding 
1H NMR spectra are shown (NG(NH2): GlcN(NH2,6S)β1-4GlcA).  

The next disaccharide investigated contained a N-sulfated glucosamine: GlcN(NS,6S)β1-4GlcA 

(NG(SO3), structure see Figure 67). The disaccharide was measured in a STD-NMR spectroscopy 

experiment with a negative control using only ligand (Figure 67). The STD spectrum shows signals of 

low intensity for the protons HA1, HA5/HB3, HA3/HB5 and HB2 (asterisks). This suggests that NG(SO3) has 

a weak binding affinity to the heparanase from B. pseudomallei, but shows some binding in contrast 

to NG(NH2). 
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Figure 67: Binding of disaccharide NG(SO3) to heparanase from B. pseudomallei. Structure of the disaccharide NG(SO3) 
(top) and STD NMR spectroscopy study of 50 µM heparanase from B. pseudomallei in 40 mM sodium acetate buffer, pH 5 
with 150x excess ligand NG(NH2) at 283 K. Control STD NMR spectra were measured with only ligand and the corresponding 
1H NMR spectra are shown, peaks of interest are marked with asterisks (NG(SO3): GlcN(NS,6S)β1-4GlcA).  

The final NG disaccharide measured possessed an acetyl group on the glucosamine: GlcN(NAc,6S)β1- 

4GlcA (NG(Ac)). The structure and STD NMR spectroscopy result of NG(Ac) with B. pseudomallei 

heparanase and the negative control with only ligand is shown in Figure 68. Clear signals well abover 

background level are visible in the spectrum for NG(Ac) with the heparanase from B. pseudomallei 

demonstrating the binding of NG(Ac) to the protein. STD peaks are also detected in the negative 

control without enzyme, but markedly less intense. The STD NMR profile indicates that the 

complete disaccharide is involved in binding, whereas protons HA2, HA5 and HB2 seem to receive the 

strongest saturation by the protein. While overall not very conclusive, the interaction between 

NG(Ac) and the bacterial enzyme is significantly stronger than for NG(NH2) and NG(SO3). This 

preference for the acetylated disaccharide is in accord with the activity observed for the enzyme, 

which was seen to cleave the compound containing acetyl groups (Figure 52, 4) most efficiently. 
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However, the higher activity seen for this acetylated octasaccharide could also be partly due 

to the length of the molecule.  

Figure 68: Binding of disaccharide NG(Ac) to heparanase from B. pseudomallei. Structure of the disaccharide NG(Ac) (top) 
and STD NMR spectroscopy study of 50 µM heparanase from B. pseudomallei in 40 mM sodium acetate buffer, pH 5 with 
150x excess ligand NG(Ac) at 283 K. Control STD NMR spectra were measured with only ligand and the corresponding 1H 
NMR spectra are shown, peaks of interest are marked with asterisks (NG(Ac): GlcN(NAc,6S)β1-4GlcA).  

Additionally to the disaccharides containing glucuronic acid, disaccharides with iduronic acid were 

tested for their binding affinity to the heparanase from B. pseudomallei. For the iduronic acid 

disaccharide compounds NI (GlcN(NS,6S)β1-4IdoA(2S)), GlcN(NH2,6S)β1-4IdoA(2S), 

GlcN(NH2,6S)β1-4IdoA and GlcN(NH2)β1-4IdoA(2S) no or only very weak binding was observed in STD 

NMR spectroscopy experiments. This was not expected, as it was seen that NI is able to inhibit the 

cleavage of MUG by the bacterial enzyme (see Figure 54).  
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Since 4-methylumbelliferyl β-D-glucuronide (MUG) is cleaved by B. pseudomallei heparanase, 

binding of MUG to the enzyme was expected. To explore this interaction more, a STD NMR 

spectroscopy experiment was carried out with the bacterial enzyme and MUG (Figure 69). 

The STD spectrum in Figure 69 shows distinct STD signals, confirming binding of MUG to the 

heparanase from B. pseudomallei. Intriguingly, the protons receiving the highest saturation and are 

therefore in closest proximity to the protein belong to the methylumbelliferyl group, which is not 

part of the natural substrate and constitutes the leaving group. Furthermore, the most intensive STD 

signal is observed for the HM1 proton that is furthest away from the glucuronic acid. STD signals for 

the glucuronic acid protons HG2, HG3, HG4 and HG5 indicate their involvement in binding, whereas for 

HG1 no STD signal is visible. This suggests that the methylumbelliferyl part of the molecule has the 

strongest interaction with the enzyme. 
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Figure 69: Binding of MUG to heparanase from B. pseudomallei. Structure of MUG (top) and STD NMR spectroscopy study 
of 50 µM heparanase from B. pseudomallei in 40 mM sodium acetate buffer, pH 5 with 150x excess ligand MUG at 283 K. 
Control STD NMR spectra were measured with only ligand and the corresponding 1H NMR spectra are shown, peaks of 
interest are marked with asterisks (MUG: 4-methylumbelliferyl β-D-glucuronide).  

Triplatin NC (structure see Figure 70) is a polynuclear platinum compound that binds DNA non-

covalently and shows anti-tumour activity and cytotoxicity (Komeda et al., 2006, 2011). Cellular 

entry of charged multinuclear platinum molecules was found to be mediated by heparan sulfate 

proteoglycans on the cell surface (Silva et al., 2012). Binding of heparan sulfate by Triplatin NC is 

therefore a potential mechanism to inhibit heparanase activity. In an initial experiment the effect of 

Triplatin NC on the cleavage of octasaccharide NGNGNGNG by the heparanase from B. pseudomallei 

was investigated by 1H NMR spectroscopy (Figure 70). The octasaccharide was pre-incubated with 

equimolar concentrations of Triplatin NC and then the enzyme was added. Incubation of Triplatin NC 

with NGNGNGNG leads to a shift of the octasaccharide resonances, indicating interaction between 

the HS compound and the inhibitor. Cleavage was monitored for the reaction with (red trace) and 

without Triplatin NC (black trace) at the region of the characteristic proton resonances for the 

cleavage product NG at about 5.49 ppm (arrows) 1H NMR spectra were measured after different 
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incubation times at 37 °C. Inhibition of the cleavage reaction by Triplatin NC is apparent at the 

earlier time points of 1, 2 and 4 h. After 8 h the inhibition effect is already reduced and after 24 h 

almost no difference between the spectrum with or without inhibitor can be seen. This implies that 

binding of Triplatin NC to the octasaccharide is a reversible equilibrium reaction and with long 

reaction times the octasaccharide will be cleaved by the enzyme completely. 

Figure 70: Inhibtion of heparanase from B. pseudomallei by Triplatin NC. Structure of Triplatin NC (AH78) (top) and 
characteristic region of the 1H NMR spectroscopy inhibition assay. 400 µM octasacharide NGNGNGNG were incubated with 
100 µg heparanase from B. pseudomallei in 40 mM sodium acetate buffer, pH 5 with (red trace) or without (black trace) 400 
µM Triplatin NC. 1H NMR spectra are shown without enzyme and for different time points (5 min, 1 h, 2 h, 4 h, 8 h and 24 h) 
after addition of enzyme. Arrows indicate characteristic resonances of the forming disaccharide NG (NGNGNGNG: 
GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcA,NG: GlcN(NAc,6S)β1- 
4GlcA, Triplatin NC: ([{trans-Pt(NH3)2(NH2(CH2)6(NH3

+)}2-µ-{trans-Pt(NH3)2 (NH2 (CH2)6 NH2)2}](NO3)8). 

Without enzyme
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3. Discussion and Conclusions

Heparan sulfate is the natural substrate of human heparanase. The heparanase from B. pseudomallei 

was seen to cleave heparan sulfate into progressively smaller fragments with time, but the resulting 

cleavage products appear to still have a size of more than five sugar units. This leads to the 

conclusion that the enzyme is not only acting as an exo-glucuronidase as seen in Chapter III with 

MUG, but can also act as an endo-glucuronidase. Given that MUG is a synthetic substrate and the 

cleavage occurs at an unphysiological pH, the endo-activity seen with heparan sulfate seems to be 

more likely to reflect its physiological function. This is in conformance with the crystal structure that 

revealed a cleft shaped binding site, which is characteristic for endo-glycosidases (see Chapter IV). 

The human heparanase is proposed to be purely an endo-glucuronidase without any exo-activity 

(Peterson and Liu, 2012).  

Human heparanase cleaves heparan sulfate via a hydrolysis mechanism, in stark contrast, bacterial 

heparinases that act upon the same substrate, employ an elimination mechanism. The heparanase 

from B. pseudomallei was shown to not cleave heparan sulfate in an eliminative fashion, similar to 

the human heparanase. The cleavage was also seen to be pH dependent and no cleavage was 

observed at an alkaline pH of 8.6. Human heparanase displays a pH-optimum between 5 and 6.5 and 

is deactivated reversibly at higher pH-values At a pH of 7.4 human heparanase binds but does not 

cleave heparan sulfate (Ihrcke et al., 1998). 

For human heparanase the amino acids glutamic acid 225 and 343 were described to be the catalytic 

active site amino acids, with E225 acting as proton donor and E343 functioning as nucleophile in the 

hydrolytic cleavage mechanism. Mutation of each of these amino acids abolishes enzyme activity 

(Hulett et al., 2000). These active site amino acids are conserved among different species and herein 

we demonstrate that mutation of the corresponding amino acids, E144 and E255, in the active site 

of B. pseudomallei heparanase also abolishes activity. The results imply that both B. pseudomallei 

and human heparanase utilise a hydrolytic cleavage mechanism involving the conserved glutamic 

acids at a slightly acidic pH and are acting as endo-glucuronidases.  

Human heparanase was seen to cleave the commercially available compound fondaparinux at one 

site, which is consistent with the literature (Bisio et al., 2007), while the bacterial heparanase did not 

show any activity towards this pentasaccharide. As fondaparinux is not cleaved by the heparanase 

from B. pseudomallei, binding studies with STD NMR spectroscopy are possible, in contrast to the 

human enzyme that was seen to cleave fondaparinux even at 5 °C, making STD NMR spectroscopy 
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impossible (Wilson et al., 2014). For the bacterial enzyme weak binding was detected, whereas the 

strongest interaction was detected for the H4 proton of the iduronic acid.  

The tetrasaccharide NGNI was inefficiently cleaved by B. pseudomallei heparanase, but, as opposed 

to fondaparinux, some activity was observed. It is possible that a cleavage product of the reaction 

inhibits the activity of the bacterial enzyme in a feedback inhibition mechanism. It has been reported 

that  heparan sulfate oligosaccharides consisting of repeating NI units are resistant to cleavage by 

human heparanase, so a disaccharide with an iduronic acid could act as an inhibitor for the bacterial 

enzyme (Peterson and Liu, 2010). In fact, NI was seen to inhibit the cleavage of MUG by B. 

pseudomallei heparanase. However, in this context, it is important to consider that MUG is a 

synthetic substrate for the bacterial heparanase and that the assay is performed under non-

physiological conditions at a pH of 2.5. Therefore the MUG assay might not be biologically relevant. 

Human heparanase was seen to cleave NGNI significantly more efficient than the bacterial enzyme. 

For the human enzyme the same anomeric proton resonances are formed for both fondaparinux and 

NGNI, with chemical shifts of δ 5.67 ppm and δ 5.26 ppm, indicating that the same disaccharide is 

formed in both cases. This implies that both compounds are cleaved at one site by the human 

enzyme. As identical proton signals appear with much lower intensity for the reaction of the 

bacterial enzyme with NGNI, it seems that the bacterial enzyme also cleaves the tetrasaccharide at 

the same position, just with significantly lower activity. This suggests that the 3-O-sulfate group on 

the central glucosamine of fondaparinux has an inhibitory effect on the heparanase from B. 

pseudomallei, which is in agreement with what is known for the human enzyme that was reported to 

be more active towards the pentasaccharide without the same sulfate group (Bisio et al., 2007).  

NGNI therefore constitutes a simple, well-defined substrate for the human enzyme, similar to the 

tetrasaccharide GlcA(2S)β1-4GlcN(NS,6S)α1-4GlcAβ1-4GlcN(NS,6S)-OMe that was also reported to 

be cleaved by the human heparanase and might have applications in detecting or quantifying 

heparanase activity (Chen et al., 2008; Pikas et al., 1998). 

Both the heparanase from B. pseudomallei and the human enzyme were shown to cleave the 

hexasaccharide NGNGNG with comparable activity. As already seen for NGNI and fondaparinux, the 

characteristic resonances indicating the presence of NG can be seen in the 1H NMR spectra for the 

cleaved hexasaccharide, suggesting the formation of that disaccharide in the enzymatic reaction. 

Similar to what was suggested for NI, the generated NG might act as an inhibitor for the bacterial 

enzyme, as no further reaction occurs after 5 h. It is noteworthy that the human heparanase seems 

to be less active towards NGNGNG than towards NGNI, although the enzyme was reported to prefer 

longer over shorter substrates (Peterson and Liu, 2012). 
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The hexasaccharide NGNGNI containing the iduronic acid is cleaved by the bacterial enzyme only to 

a negligible extent, while the human enzyme cleaves NGNGNI more efficient than NGNGNG. The 

presence of an iduronic in proximity to the cleavage site therefore seems to have an activating effect 

on the human heparanase. On the contrary the B. pseudomallei heparanase prefers NGNGNG over 

NGNGNI, which is interesting as involvement of the iduronic acid was seen in binding of 

fondaparinux to the enzyme. Again, it might be possible that potential products of the cleavage 

reaction, such as NG, NGNI or NI inhibit further activity of the enzyme.  

The longest substrate investigated, the octasaccharide NGNGNGNG, is cleaved by both enzymes and 

seems to be the first suitable substrate for the heparanase from B. pseudomallei. The reaction with 

NGNGNGNG is comparable for the bacterial and the human enzyme and the same products are 

generated. Both enzymes showed comparable activity at the beginning of the reaction, but after 

24 h the activity for human enzyme is decreased. This is most likely due to enzyme stability. The 

human heparanase might not be active after a few h at 37 °C, whereas it was seen that the bacterial 

enzyme still shows activity after long incubation times at 37 °C. The cleavage products of the 

enzymatic reaction of the octasaccharide were identified to be a disaccharide and hexasaccharide, 

with the hexasaccharide being formed at the non-reducing end. In addition, it was seen that the 

disaccharide partly loses the methoxy group during the incubation period and the two species, the 

methylated and the non-methylated form of the disaccharide were identified by mass spectroscopy. 

For both the human and bacterial enzyme the reduction of the methoxy resonances in the 1H NMR 

spectrum can be seen over time. Incubation of the disaccharide NG(Ac) with or without heparanase 

from B. pseudomallei for 72 h in the reaction buffer demonstrated that the disappearance of the 

methoxy group is caused by the enzyme and not the prolonged incubation at 37 °C. The heparanases 

are therefore able to cleave the methoxy group from the reducing end of the sugar, similar to the 

cleavage of MUG by the bacterial enzyme and the cleavage of N-sulfated methylumbelliferyl glycosyl 

glucuronide that was described for the human enzyme (Pearson et al., 2011).  

The binding studies with the heparanase from B. pseudomallei showed only weak or no interaction 

for the disaccharide compounds investigated. For the NG ligands, the strongest interaction was seen 

for the acetylated species NG(Ac), weaker binding was seen for NG(SO3) and no binding of NG(NH2) 

was observed. The preference of the acetyl group might be part of the reason why the 

octasaccharide NGNGNGNG, which carries acetyl groups on all the glucosamine residues, serves as a 

good substrate for the bacterial heparanase. However, the STD effects seen for the NG disaccharides 

were all weak compared to the STD signals detected for MUG. The strongest interaction in this latter 

case was observed for the methylumbelliferyl group, which was not expected as that moiety is not 
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present in heparan sulfate. For further studies it would be of interest to test possible binding of the 

methylumbelliferyl molecule without the glucuronic acid to the B. pseudomallei heparanase.  

Using STD NMR spectroscopy no or only negligible binding to the bacterial enzyme was seen for the 

heparan sulfate disaccharides with iduronic acids. This seems to be inconsistent with the inhibiting 

effect of NI seen in the MUG assay. As discussed before, the MUG assay might not be a biologically 

relevant assay. The discovery of efficiently cleaved and well-defined substrate, NGNGNGNG, for the 

heparanase from B. pseudomallei should facilitate probing of inhibition by NI and other compounds 

under more physiological conditions in future work. A preliminary study was undertaken of the 

polynuclear platinum compound Triplatin NC which inhibits NGNGNGNG cleavage by B. 

pseudomallei heparanase for up to 8 h.  This indicates that Triplatin NC binds the octasaccharide 

reversibly to inhibit enzyme cleavage, but after longer incubation times cleavage of NGNGNGNG still 

occurrs. 

The octasaccharide NGNGNGNG therefore represents a promising substrate to study different 

inhibitors such as Triplatin NC for the human as well as the bacterial heparanase under biological 

relevant conditions. The discussed possibility of a feed-back inhibition by cleavage products of the 

enzymatic reaction could also be explored using the octasaccharide.  

Overall the heparanase from B. pseudomallei behaves very similarly to the human enzyme regarding 

the cleavage mechanism and conditions as well as the substrate specificity. Both enzymes were seen 

to generate the same cleavage products for most substrates investigated, implying that they cleave 

the substrates at the same site. However clear differences in their substrate preferences were also 

observed, whereas the human heparanase appears to have a broader substrate specificity than the 

bacterial enzyme. Further studies are necessary to fully explore the specificity of the bacterial 

enzyme as well as similarities and differences to the human heparanase. 
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VI ROLE OF HEPARANASE IN BURKHOLDERIA PSEUDOMALLEI 

1. Introduction

The function of the heparanase within the bacterium B. pseudomallei is not known. The enzyme 

could be important in the infection process of the bacterium. In that context the bacterial 

heparanase could act on host heparan sulfate molecules, facilitating the spread of bacteria to 

different organs. A second possible role for the microbial heparanase is for the exploitation of 

glycosaminoglycans (GAGs) as a carbon and nitrogen source. This possibility appears less likely as the 

bacterium is predominantly found in the soil and heparan sulfates are not known to be present in 

the soil per se. These functions are not mutually exclusive and aside from aiding tissue invasion, GAG 

degradation products could be further metabolised as a carbon and energy source. 

As previously described in Chapter I more is known about the homologous human heparanase, which 

is a hydrolytic endo-β-glucuronidase that cleaves heparan sulfate in a hydrolysis mechanism. The 

enzyme is over expressed in tumour cells and involved in cancer metastasis, angiogenesis and 

inflammation. Human heparanase degrades heparan sulfate in the extracellular matrix and 

basement membrane to facilitate the spreading of cancer cells and the forming of new vascular 

sprouts in angiogenesis, whilst releasing heparan sulfate-bound bioactive molecules such as growth 

factors and cytokines. In normal cells heparanase is only expressed during processes that require 

tissue invasion, such as embryo implantation and tissue repair (Dempsey et al., 2000; Vlodavsky et 

al., 2002). 

The heparanase from B. pseudomallei was shown to have a substrate specificity similar to the 

human enzyme, it is able to act endo as well as exo and also cleaves its substrates via a hydrolytic 

mechanism like the human heparanase and not an elimination mechanism as for polysaccharide 

lyases (see Chapter V). B. pseudomallei is an aerobic, soil dwelling, gram-negative bacterium that 

causes melioidosis in humans and other mammals.  

To gain an understanding of the role of the heparanase in the bacterium this Chapter focuses on the 

expression, localisation and function of the bacterial enzyme. 
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2. Results

2.1 Expression of B. pseudomallei heparanase in the organism of origin 

To understand the function of the heparanase in B. pseudomallei it is important to explore its 

expression in the organism. The purified recombinant heparanase expressed in E.coli was used to 

generate a polyclonal antibody that would allow detection of trace amounts of heparanase from B. 

pseudomallei (refer to Material and Methods (Chapter II)). The quality and detection limits of 

the obtained antiserum were investigated with an enzyme-linked immunosorbent assay 

(ELISA) and with a western blot (Figure 71).  

The ELISA can be used to determine the titer of the polyclonal antibody against B. pseudomallei 

heparanase. If the ratio of serum to negative control (pre-immune serum) is below 1.5, the result is 

taken as negative, between 1.5 and 2.1 it is uncertain and above 2.1 it can be seen as a positive 

result. The titer for this antibody is therefore between 32000 and 64000 (Figure 71, A). For the 

estimation of the detection limit of the antiserum a western blot was carried out using decreasing 

amounts of recombinant enzyme. Two ng of protein are still detected by the antibody whereas the 

higher concentrations of 0.5 and 0.25 µg show other bands which are most likely due to nonspecific 

binding or degradation (Figure 71, B). The recombinant protein used for the antibody sensitivity test 

is only about 90 % pure, and therefore nonspecific binding of the antibody is possible. According to 

this outcome the prepared antiserum for B. pseudomallei heparanase seems to be reasonably 

sensitive, with some nonspecific binding occurring at higher protein concentrations.  
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Figure 71: Polyclonal antibody against B. pseudomallei heparanase. A, ELISA to determine the antibody titer. 100 ng 
protein were used per well with different dilutions of antiserum and per-immune serum as a negative control, all assays 
were performed in triplicates. The ratio of serum divided by pre-serum is shown. B, Western blot using polyclonal antibody 
raised against the recombinant heparanase from B. pseudomallei in rabbits (1:2000 overnight in 1 % BSA in TBS buffer, with 
anti-rabbit secondary antibody). 

To detect the protein within the bacterium the antibody raised against the recombinant heparanase 

is an essential tool. In order to distinguish nonspecific binding, a negative control is crucial. 

Therefore a heparanase knock-out mutant (∆Hep) of B. pseudomallei strain O8 (strain MSHR520) 
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was generated by allelic exchange. To confirm the successful deletion of the heparanase gene a 

control PCR was performed (Figure 72). Two different primer pairs were used that amplify a segment 

of the heparanase gene with a size of 1732 bp (for primers see Chapter II), whereas the successful 

deletion would lead to a product of only 334 bp. For both primer pairs the same result is observed: 

for the wild-type strain the expected product of 1732 bp is obtained and for both knock-out strains 

the deleted gene fragment is visible (334 bp). This confirms the successful deletion of the 

heparanase gene in the knock-out mutants. The knock-out mutant ∆Hep was subsequently used as a 

control in various experiments. 

Figure 72: Generation of heparanase knock-out mutant (∆Hep). Heparanase knock-out mutant (∆Hep) of B. pseudomallei 
strain MSHR520 (O8) was produced by allelic exchange and PCR was performed to confirm deletion. Lane 1 and 8: base 
pair ladders, 2: O8 WT with primer pair ΔHep1Rev and ΔHep1Fwd, 3: ∆Hep 2 with primer pair ΔHep1Rev and ΔHep1Fwd, 4: 
∆Hep 1 with primer pair ΔHep1Rev and ΔHep1Fwd, 5: O8 WT with primer pair ΔHep2Rev and ΔHep2Fwd, 6: ∆Hep 2 with 
primer pair ΔHep2Rev and ΔHep2Fwd, 7: ∆Hep 1 with primer pair ΔHep2Rev and ΔHep2Fwd. 

In order to detect the endogenous bacterial heparanase within B. pseudomallei using the polyclonal 

antibody, cultures of B. pseudomallei were grown and the culture supernatant as well as the lysed 

bacteria were analysed by western blot. Cultures of the knock-out mutant ∆Hep were used as a 

negative control and the recombinant heparanase served as a positive control. Figure 73 shows the 

PageBlue stained SDS PAGE gel and the corresponding western blot for the different fractions 

(supernatant, soluble and insoluble fraction) of the O8 and ∆Hep cultures. Even with extended 

exposure times the western blot does not show any bands for the endogenous heparanase at the 
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correct molecular weight of 45.7 kDa. Quite a few bands of different molecular weights can be seen 

on the blot, which are most likely due to nonspecific binding of the polyclonal antibody or minor 

degradation products. The positive control of the recombinant protein (45.9 kDa) is over exposed 

and some unspecific bands are visible alongside the expected band again due to possibly degraded 

protein or nonspecific binding.  

Figure 73: Expression of heparanase in B. pseudomallei. 50 mL B. pseudomallei O8 and O8 ∆Hep LB cultures were 
incubated overnight at 37 °C and culture supernatant and cell pellet were separated. The cells were lysed and the soluble, 
the insoluble fraction and the culture supernatant were analysed for heparanase expression with a PageBlue stained SDS 
PAGE gel (top panel) and a western blot (bottom panel) using the antiserum generated against the recombinant bacterial 
heparanase. Recombinant B. pseudomallei heparanase was used as a positive control (O8: B. pseudomallei strain 
MSHR520).  

The detection of the endogenous protein therefore proved to be more challenging than initially 

anticipated. Subsequently, the expression was probed in different B. pseudomallei strains including 

K96243, MSHR668 and MSHR1153, in larger culture volumes (up to 150 mL), in concentrated or TCA 
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precipitated cell culture supernatants, in bacteria from different growth phases (logarithmic, 

stationary) and in bacteria grown on LB agar plates as opposed to liquid cultures. The expression was 

analysed by western blot, but the results were similar to what was seen in Figure 73, with no bands 

at the correct molecular weight and only nonspecific binding (data not shown).  

The presence of heparanase within the bacteria was additionally investigated by 4-

methylumbelliferyl β-D-glucuronide (MUG) activity assays. Different fractions from the O8 and the 

∆Hep strains grown in liquid cultures or on LB agar plates were tested for their ability to cleave MUG 

(Figure 74). A negative control with no cell extract was included. No significant heparanase activity 

was detected in any of the samples.  The high standard deviation seen for O8 (SN) is most likely due 

to the fact that the recorded fluorescence values are in the range of the detection threshold and the 

low sample size. 

Figure 74: Heparanase activity in B. pseudomallei cultures. MUG activity assay using the concentrated culture supernatants 
(SN), the soluble (s) and insoluble (is) fractions of lysed bacteria from O8 and ∆Hep liquid cultures and bacteria grown on LB 
agar plates. A sample with only MUG was used as a negative control, all assays were performed in triplicates.  

These results suggest that the heparanase is not expressed by B. pseudomallei under normal 

conditions or only in undetectable quantities, as the polyclonal antibody is very sensitive and can 

detect at least 2 ng of protein. The heparanase gene expression might be highly regulated and only 

activated under certain conditions, so possibly during infection or for nutrient supply.  

The next goal was therefore to find possible inducing conditions of heparanase expression. Bacteria 

were grown on different eukaryotic cell lines and on an artificial extracellular matrix (ECM). The 
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eukaryotic cells used included NIH 3T3 cells (fibroblast cell line) and RAW 264.7 cells (macrophage 

cell line). The cell lines were chosen as fibroblasts synthesise extracellular matrix and B. 

pseudomallei was shown to be able to enter and survive in macrophages (Jones et al., 1996). 3T3 

NIH or RAW 264.7 cells were infected with O8 or O8 ∆Hep bacteria and incubated for different time 

intervals. The bacteria and/or the infected cells were then lysed and probed for heparanase 

expression by western blot (Figure 75). The positive control (recombinant enzyme) is clearly seen in 

all three western blots with a molecular weight of about 45.9 kDa. Some nonspecific bands of lower 

molecular weight are also visible. None of the western blots shows a band at the expected size for 

the endogenous heparanase (45.7 kDa). In the upper panel a few other bands are visible: a double 

band of a molecular weight below 20 kDa and two other bands at about 40 and 50 kDa. These bands 

are seen for the O8 as well as the O8 ∆Hep strain, indicating they cannot be due to the heparanase. 

The double band with a low molecular weight is also seen for the longer incubation time of 12 h in 

the middle and bottom panel and the 40 and 50 kDa bands can be seen in the lysed bacteria after 

12 h (middle panel).  

The growth on an artificial ECM was also investigated as a possible inducer, but no heparanase could 

be detected by western blot. In addition the different samples were measured in the MUG activity 

assay and no activity was observed (data not shown). The interaction with 3T3 NIH cells, RAW 264.7 

cells or an artificial ECM therefore did not lead to a heparanase expression that was high enough for 

detection by western blot.  
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Figure 75: Expression of heparanase in B. pseudomallei cultured on eukaryotic cells. 6x107 bacteria from O8 or O8 
∆Hep overnight culture were used to infect 2.5x105 3T3 NIH cells or RAW 264.7 cells, bacteria in just DMEM medium were 
used as a negative control and recombinant heparanase served as positive control. Cells with bacteria were incubated for 
different times at 37 °C with 5 % CO2. Top panel: Cells were incubated with bacteria for 4 h and the culture supernatant 
containing the bacteria was analysed by western blot for heparanase expression. Middle and bottom panel: Cells were 
incubated with bacteria for 3 or 12 h and the culture supernatant containing the bacteria (middle panel) and the RAW cells 
(bottom panel) were analysed by western blot for heparanase expression.  
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The possible induction of heparanase expression by different additives to the growth medium was 

also tested. The addition of up to 1 mg/mL heparan sulfate and heparin to the growth medium could 

not induce heparanase expression sufficiently. But as these molecules are very large they might not 

be able to enter the bacterium and function as inducers. Therefore the ability of the monosaccharide 

glucuronic acid to induce expression was analysed additionally, but in concentrations of up to 

1 mg/mL it did not lead to heparanase levels detectable by western blot either (data not shown, for 

details on conditions investigated refer to Materials and Methods (Chapter II)).  

Most western blots showed bands at low molecular weights that are most likely due to nonspecific 

binding of the polyclonal antibody. Another possibility is that the bands are observed due to 

degradation products of the bacterial heparanase. In order to understand if the enzyme is degraded 

by the bacteria and can therefore not be detected, recombinant enzyme was added to B. 

pseudomallei O8 cultures and monitored over time by western blot. The effect of only LB as a 

control, the culture supernatant and the addition of protease inhibitors was also studied (Figure 76). 

After 1 h the band for the recombinant protein is already significantly reduced for the enzyme 

incubated with bacteria with or without inhibitor or with the bacteria culture supernatant compared 

to incubation in LB medium only. No detection of the protein incubated with O8 was possible after 

5 h, while the samples with protease inhibitors and with culture supernatant were comparable to 

the 1 h time point. After 16 h the protein signal disappeared for all samples, with just a slight 

reduction for the control with only LB medium. This strongly indicates that B. pseudomallei is in fact 

degrading the bacterial heparanase and that this process can be delayed but not prevented by the 

addition of protease inhibitors.  
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Figure 76: Degradation of heparanase by B. pseudomallei. Western blot against B. pseudomallei  heparanase. 10 µg of 
recombinant heparanase from B. pseudomallei were incubated for different incubation times (1 h, 5 h and 16 h) at 37 °C 
with 1 mL LB medium, 1 mL of a B. pseudomallei O8 bacteria (bacteria) overnight culture, 1 mL B. pseudomallei O8 bacteria 
with protease inhibitors (Inh) or 1 mL B. pseudomallei O8 bacteria culture supernatant (SN). A control using only 
recombinant heparanase was included as a positive control. 

The heparanase degrading activity of B. pseudomallei might be, at least in part, the reason for the 

difficulties encountered when trying to detect the endogenous enzyme within the bacterium. It was 

shown that the least degradation of heparanase occurred for cultures with protease inhibitors and 

an incubation time of 5 h. B. pseudomallei O8 or O8 ∆Hep were therefore cultured in LB medium 

with protease inhibitors and in M9 minimal medium without protease inhibitors and tested for 

heparanase expression by western blot at different time points (Figure 77).  
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Figure 77: Expression of heparanase in different growth media and effect of protease inhibitors. Heparanase expression 
was analysed by western blot in B. pseudomallei cultured in 50 mL LB or M9 minimal medium with or without addition of 
protease inhibitors (Inh). Recombinant heparanase was used as a positive control. A, O8 was cultured in LB with protease 
inhibitors or in M9 without protease inhibitors for 2, 6 or 8 h and cell pellets were analysed for heparanase expression. B, 
O8 or O8 ∆Hep were cultured in LB with or without protease inhibitors for 5 h and cell pellets were analysed for 
heparanase expression.  

In Figure 77, A a band can be seen between 37 and 50 kDa, which corresponds approximately to the 

size at which the endogenous heparanase is expected (45.7 kDa). The band is at a lower size than the 

control of the recombinant enzyme and is detected for all the samples with protease inhibitors as 

well as in the cultures grown in M9 minimal medium. Other bands at a molecular weight below 

20 kDa are seen in all samples and in the control and are probably due to nonspecific antibody 

binding or degradation. To investigate whether that band between 37 and 50 kDa is actually due to 

the heparanase, the experiment was repeated for O8 and O8 ∆Hep with or without protease 

inhibitors for an incubation time of 5 h. The band can be seen for both the wild-type O8 and the 

knock-out O8 ∆Hep strain with addition of protease inhibitors, but not without protease inhibitors. 

Detection of the same band in the knock-out strain implies that it is not due to endogenous 

heparanase. The western blot is therefore not detecting heparanase but another protein that 

appears to also be degraded, as it is only detected in the presence of protease inhibitors. The 

expression of the heparanase might still be too low to be detected by western blot. Subsequently, 

the effect of a possible induction by low pH (pH 5.5), heparan sulfate and heparin (100 µg/mL) was 

investigated in presence of protease inhibitors, but again no detection of the endogenous 

heparanase was possible (data not shown). 
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2.2 Generation of different B. pseudomallei strains to detect heparanase expression 

The problems encountered with detection of the endogenous heparanase led to the design of 

different B. pseudomallei mutant strains that would improve detection or increase expression of the 

enzyme. The first construct designed (O8 OmpHep) includes the promoter of the B. pseudomallei 

gene OmpA (BPSL2522) upstream of the gene for heparanase and should lead to increased 

expression of heparanase in B. pseudomallei (Figure 78.)  

Figure 78: O8 OmpHep construct. Construct introduces the OmpA promotor upstream of the B. pseudomallei heparanase 
gene. 

To test expression of heparanase in the O8 OmpHep strain the activity in the MUG assay was 

measured for that strain and for the wild-type O8 as well as the knock-out mutant O8 ∆Hep (Figure 

79). Different fractions of the bacterial cultures were analysed including the periplasmic fluid (PF), 

the lysed cell pellet and the cell culture supernatant. The MUG assay shows activity for the 

periplasmic fluid fraction of the O8 OmpHep mutant strain, while no activity is seen in the 

supernatant or pellet fractions. O8 and O8 ∆Hep do not show activity in any of the fractions. In 

addition, all fractions were analysed by western blot, but no bands could be detected for any of the 

samples. That is unexpected as the western blot is more sensitive than the MUG assay for the 

recombinant enzyme.  

ATG            BpHep TGAOmpA
Promotor O8 OmpHep
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Figure 79: Activity of O8 OmpHep in MUG activity assay. MUG activity assay using the periplasmic fluid (PF), the pellet of 
lysed bacteria and the culture supernatant (SN) from 50 mL overnight cultures of O8, ∆Hep and OmpHep. A sample with 
only MUG was used as a negative control, triplicates were measured in the MUG assay.  

The activity seen for O8 OmpHep, in the PF, was the first indication of the bacterial heparanase 

within the bacterium and it leads to the conclusion that the enzyme is predominantly present in the 

periplasm. As the detected enzyme is under the control of an artificial promoter (OmpA promoter) it 

was of interest to investigate whether it is possible to detect the enzyme without that promoter. To 

be able to concentrate the enzyme and for an improved detection, the next strain constructed 

introduces a His-tag at the C-terminus of the heparanase (O8 HepHis, Figure 80). That His-tag could 

facilitate purification and concentration of the His-tagged enzyme from larger cultures and can be 

detected by a His-antibody in a western blot that might improve sensitivity and specificity compared 

to the polyclonal heparanase antibody. 
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Figure 80: O8 HepHis construct. Construct introduces the C-terminal His-tag to the B. pseudomallei heparanase gene. 

To analyse expression in O8 HepHis the bacteria were grown in the presence of protease inhibitors 

and the different fractions (supernatant, periplasmic fluid and lysed cell pellet) were purified by 

nickel affinity chromatography. The purified fractions were tested for heparanase by western blot 

and in a MUG activity assay (Figure 81). No activity was observed in the pellet and the supernatant, 

but some activity was seen in the periplasmic fluid. The activity was significantly lower than the 

activity observed for O8 OmpHep. No heparanase was detected in the western blots in any of the 

fractions with the heparanase antibody or a His-antibody (data not shown). The activity seen in the 

periplasmic fluid for O8 HepHis confirms the localisation of the bacterial heparanase in the 

periplasmic fluid of B. pseudomallei as seen for O8 OmpHep. 

Figure 81: Activity of O8 HisHep in MUG activity assay. MUG activity assay using the cell culture supernatant (SN), the 
periplasmic fluid (PF) and the pellet of lysed bacteria from a 200 mL O8 OmpHep overnight culture. A sample with only 
MUG was used as a negative control, triplicates were measured in the MUG assay.  

ATG        BpHep
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2.3 Expression of heparanase in B. pseudomallei at the mRNA level 

As the many experiments to detect the bacterial heparanase on protein level with western blots did 

not succeed and degradation of the enzyme is a problem, the expression of B. pseudomallei 

heparanase was studied by RT and real-time PCR to detect the mRNA. The RNA was isolated and 

reverse transcribed into cDNA. The cDNA was subsequently used to analyse the expression level of 

heparanase RNA by real-time PCR.  

Using this method for O8 and O8 ∆Hep the endogenous heparanase was successfully detected for 

the first time (Figure 82). It can be seen that the enzyme is expressed at RNA level in the O8 wild- 

type strain, while, most significantly, it is absent in the O8 ∆Hep knock-out strain.  

Various conditions were then used to determine their effect on the heparanase RNA level: different 

B. pseudomallei strains, including O8, O8 ∆Hep, O8 ∆Cap (O8 mutant strain without the bacterial 

capsule), K96243, O8 with OmpA (BPSL2522) promoter (O8 OmpHep), different media (LB and M9 

minimal medium) with additives such as glycerol, heparin, heparan sulfate and different pHs as well 

as bacteria in different growth phases (stationary or logarithmic).  

The results obtained from these studies using different growth conditions and possible inducers 

were not very consistent and varied considerably between independent experiments. However, a 

number of clear and consistent trends could be determined and these results are summarised in 

Figure 82. The RNA expression levels were standardised to 16S RNA as a reference and determined 

relative to the O8 wild-type. As mentioned above no heparanase expression could be detected for 

O8 ∆Hep, whereas the expression of the heparanase mRNA in the O8 strain with the artificial OMP 

promoter is about 23-fold increased compared to wild-type O8. This is in agreement with the results 

from the MUG activity assays that showed activity only for the O8 OmpHep strain (in the PF) but not 

for O8. An additional interesting trend was observed for O8 cultured at the slightly acidic pH of 5.5. 

In different independent experiments a slight increase of heparanase mRNA expression in 

comparison to O8 cultured at a neutral pH was observed. Low pH might therefore be a factor that 

induces heparanase expression in B. pseudomallei, and merits further investigation. 
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Figure 82: Expression of heparanase from B. pseudomallei on RNA level. Expression of BpHep RNA for O8 grown at pH 5.5 
and O8 mutant strains relative to the O8 wild-type RNA level (1.0). RNA levels were normalised to the corresponding 
amount of 16S RNA, two cultures per strain were analysed, real-time PCR primers: LB7 and LB8 and Bp_16S_F and 
Bp_16S_R (O8: B. pseudomallei strain MSHR520). 

2.4 B. pseudomallei heparanase in mouse-infection 

Given that a possible role for the microbial heparanase is in ECM degradation during a bacterial 

infection and colonisation, it was of great interest to investigate whether there is a difference in the 

infection process for the wild-type O8 strain and the knock-out O8 ∆Hep strain. To compare the 

infection of O8 to O8 ∆Hep a preliminary infection assay was performed in mice in cooperation with 

the Beacham group (Stephanie Holt) within the Institute for Glycomics. Five mice per strain and per 

time point were infected with O8 or O8 ∆Hep using aerosol delivery and the bacterial load in 

different tissues (blood, nasal-associated lymphoid tissue (NALT), olfactory epithelium (OE), lungs, 
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liver, and spleen) was analysed after 24 h and 48 h (Figure 83). The NALT and OE were chosen as they 

have been reported as routes of entry for B. pseudomallei during intranasal infection (Owen et al., 

2009). The bacterial load appears to be increased for the knock-out strain O8 ∆Hep compared to O8, 

but is only statistically significant for lungs and liver. This is therefore the opposite of the effect 

expected, since it appears more plausible to have reduced ECM degradation without heparanase 

and consequently less infection.   

As it is possible that heparanase expression in B. pseudomallei is induced during the infection 

process, the tissues of infected mice were lysed and analysed for heparanase expression by western 

blot. No heparanase expression by western blot was detected (data not shown).  

Figure 83: Infection of different mice tissues by O8 and O8 ΔHep. 5 mice per strain were infected using aerosol 
delivery with O8 or  O8 ΔHep for  24  h or 48 h and the bacterial load was determined for different tissues by counting 
the colony forming units (cfu) per tissue (NALT: nasal-associated lymphoid tissue, OE: olfactory epithelium).  
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3. Discussion and Conclusions

It is interesting to find an enzyme capable of degrading heparan sulfates, which are substantially 

found in animal tissues, in a pathogenic bacterium. Nothing is known about the role of the 

heparanase for the B. pseudomallei and it was therefore attempted to explore possible functions.  

For that purpose the heparanase knock-out mutant O8 ∆Hep was constructed from the B. 

pseudomallei strain O8 (MSHR520) and successful deletion of the heparanase gene was confirmed 

by PCR.  

Further a polyclonal antibody against the recombinant B. pseudomallei heparanase was generated 

and was found to have an antibody titer of 32000 at the minimum and was shown to detect down to 

2 ng protein in a western blot. The antiserum is therefore reasonably sensitive and should 

facilitate the detection of trace amounts of enzyme. Optimally, western blots can detect down to 

0.1 ng of protein. 

However, no endogenous heparanase was detected in B. pseudomallei at a protein level by western 

blot using the polyclonal antiserum. Nothing was seen for liquid or solid cultures, large cultures, 

different strains, bacteria in different growth phases or in concentrated supernatants and no activity 

seen was observed in MUG activity assays.  

The inability to detect the bacterial heparanase led to the conclusion that the enzyme is not 

constitutively expressed and is only produced by the bacterium in specific, unknown, conditions. To 

induce the expression of the bacterial heparanase various approaches were used, based on cell 

contact or presence of substrate, including culturing the bacteria on eukaryotic cells or an artificial 

extracellular matrix or adding heparin or heparan sulfate to the growth medium. No heparanase 

expression by western blot or MUG actitivty assay could be detected for any of the conditions 

investigated. 

As most of the western blots showed bands of lower molecular weight it was investigated whether 

the bacteria are capable of degrading heparanase. In fact it was seen that the recombinant enzyme 

was degraded with time when incubated with B. pseudomallei. The addition of protease inhibitors 

could reduce but not eliminate the protein degradation, particularly for shorter incubation times. 

Subsequent experiments to detect endogenous heparanase were performed in the presence of 

protease inhibitors, but again no heparanase expression could be detected.  
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When cultured with LB medium and protease inhibitors as well as in M9 minimal medium, a band 

was seen at about the correct molecular weight for heparanase in a western blot. The same band 

was seen in the knock-out strain O8 ∆Hep as well and therefore cannot be due to the endogenous 

heparanase. The band seems to be caused by another protein with a similar molecular weight that is 

also degraded by the bacteria, as the band is only visible when protease inhibitors are present.  

The detection of the endogenous enzyme at protein level remained therefore unsuccessful, even 

with the use of protease inhibitors and shorter incubation times. The difficulties in heparanase 

detection are most likely due to the fact that the enzyme is degraded by B. pseudomallei, as seen 

with the recombinant enzyme and that the heparanase might not be highly expressed in large 

amount under normal conditions. Inducing the expression might enable detection, but the inducing 

conditions that seemed likely did not show any effects.  

As the endogenous protein could not be detected, mutant strains were generated aimed at higher 

expression of the protein or easier detection. In addition different sub compartments of the bacteria 

were analysed to explore the localisation of heparanase within the bacterium. Activity of the mutant 

strain O8 OmpHep, with the OmpA promoter upstream of the heparanase gene, was seen in the 

periplasmic fluid in a MUG activity assay, and no activity was observed in the cell pellet or the 

supernatant. Even though activity was seen in the periplasmic fluid, protein detection by western 

blot was not successful. In agreement with this observation, heparanase activity was also found in 

the periplasmic fluid of the O8 HepHis construct which contains a C-terminal His-tag following 

purification and concentration by nickel-affinity chromatography. These results imply that 

heparanase is exported to the periplasm of B. pseudomallei.  

To avoid the problem of protein degradation the expression of heparanase mRNA was investigated 

by real-time PCR. Endogenous heparanase mRNA could be detected, reflecting expression in wild- 

type B. pseudomallei for the first time. The RNA expression studies with different conditions and 

strains gave results that varied considerably between independent experiments, but a few clear, 

reproducible trends were discovered: the expression in O8 ∆Hep is abolished, the expression in O8 

OmpHep is clearly increased and low pH also appears to lead to a slight increase in heparanase 

expression.  

The observed pH trend might be an indication for a possible function of heparanase in infection as a 

slightly acidic pH is typically present at sites of infection and inflammation (Steen et al., 1995) and 

furthermore, the pH optimum of the enyzme is also known to be at a slightly acidic pH of 4.5-5 

(Tredwell, G, 2008). To investigate the possible effect of an acidic pH, bacteria could be cultured or 
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maintained at different acidic pHs between 4 and 6 for prolonged times and analysed, initially, 

for heparanase mRNA. The bacteria might not grow as well, or at all, in the pH range but B. 

pseudomallei is very resilient and if low pH is an inducer the bacteria might still express more 

heparanase, by virtue of protein turnover. 

As infection could be a possible inducer of heparanase expression, tissues of mice infected with B. 

pseudomallei were analysed for heparanase by western blot but no detection of the enzyme was 

observed. In the preliminary mouse infection experiment a higher bacterial load was seen for the 

mice infected with O8 ∆Hep in comparison to O8, and was statistically significant in the lungs and 

liver. This result was contrary to expectation as degradation of heparan sulfates to facilitate bacterial 

spread during infection was thought to be a possible role of heparanase in B. pseudomallei. As a 

consequence the strain without heparanase was anticipated to have a reduced ability to invade 

different organs. However, this experiment was only a preliminary trial and further experiments are 

required to understand the effect of the heparanase knock-out. In particular, the bacterial dose used 

might have been too high, causing an overwhelming infection that would make it impossible to 

detect a contribution by heparanase. It is necessary to repeat the experiment with lower doses of 

bacteria to observe a possible difference or to confirm the unexpected increase due to heparanase 

knock-out. 

Heparan sulfate has been found to be present and therefore accessible on the olfactory 

neuroepithelium on apical neuronal cilia while it is only found basolateral on the respiratory 

epithelium (Milho et al., 2012). It would be interesting to investigate whether heparanase is able to 

degrade the heparan sulfate on the olfactory neuroepithelium, which would offer a possible entry 

route for B. pseudomallei for infection (Owen et al., 2009). Identifying heparanase as a possible 

virulence factor for B. pseudomallei could offer a target for drug design, given that no vaccine is 

available for melioidosis and the only available treatment is an aggressive antibiotic therapy (Silva 

and Dow, 2013).  

Apart from a potential function in infection, B. pseudomallei heparanase might have a role in 

accessing nutrients from environmental glycans. To investigate this hypothesis it could be 

determined if the enzyme is capable of cleaving plant proteoglycans like the β-glucuronidases from 

GH79 of Aspergillus niger and Neurospora crassa that can cleave arabinogalactan-proteins (AGPs) 

(Konishi et al., 2008; Kuroyama et al., 2001). However, this is unlikely in view of the specificity of this 

heparanase that appears to be very selective (see Chapter V). Besides plant proteoglycans, it would 

also be of interest, in that context, to test the activity of the heparanase from B. pseudomallei 
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towards glycosaminoglycans produced by pathogenic bacteria, such as the polysaccharide capsule of 

Pasteurella multocida (DeAngelis and White, 2002), hence establishing the possibility that the 

B. pseudomallei heparanase has a role in utilising GAGs produced by environmental bacteria. 

In conclusion, perhaps the most likely role relates to the degradation of heparan sulfate-containing 

GAGS during mammalian infection: The heparanase may assist infection and colonisation at low 

infectious doses. It may also allow the utilisation of degradation products as sources of carbon and 

energy, and possibly sulfur, a role which may also be of value (selective advantage) in deceased 

animals.  
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VII EXPLORING THE SUBSTRATE SPECIFICITY OF HEPARINASES 

1. Introduction

Heparinases are bacterial enzymes that cleave heparan sulfates and heparins. In contrast to the 

previously discussed heparanases, heparinases employ an eliminative cleavage mechanism and 

show no homology to the hydrolases from GH-family 79. Heparinases were first discovered in P. 

heparinus but have since been isolated from other species such as B. stercoris or Bacillus circulans 

(Yang et al., 1985). The substrate specificity of these enzymes is not well characterised, but for 

heparinases from P. heparinus it was shown that heparinase I mainly cleaves heparin, heparinase III 

mainly cleaves heparan sulfate and heparinase II cleaves both heparin and heparan sulfate. 

Heparinases are widely used to generate low molecular weight heparins (LMWHs), which are 

important anticoagulation drugs. They are used in more direct applications including wound healing 

and neutralisation of heparins (Heres et al., 2001; Silver, 1998). LMWHs are obtained from 

unfractionated heparin that can be isolated from animal tissues and are heterogeneous in regards 

to structure and composition. Accordingly, the generated LMWHs also contain a mixture of 

different polysaccharide chains and can therefore usually not be fully characterised, 

limiting clinical applications due to variability in their effects. A better understanding of the 

substrate specificity of heparinases will contribute to the production of more homogenous and 

consistent LMWHs and can help to better characterise GAGs. Defining the specificity can 

additionally extend and open up possibilities for direct therapeutic applications of heparinases. 

This Chapter focuses on the substrate specificity of the heparinase with the broadest substrate 

activity: heparinase II. Using defined heparan sulfate oligosaccharides, mostly generated by the von 

Itzstein group (Chang, C.-W., unpublished results) within the Institute for Glycomics, the substrate 

specificity of heparinase II from two different origins (P. heparinus and B. eggerthii) was 

investigated. 
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2. Results

2.1 Cleavage of the antithrombin binding site by heparinase II 

The synthesised heparin derivative fondaparinux (Arixtra™) inhibits Factor Xa stronger than 

thrombin (Herbert et al., 1997) and mirrors the structure of the antithrombin binding site 

pentasaccharide. Heparinase II from P. heparinus cleaves fondaparinux at one site, but upon removal 

of the O-sulfate on the central glucosamine, it cleaves fondaparinux at two sites (Shriver et al., 

2000). The substrate specificity of heparinase II from B. eggerthii has not been reported and the 

specificity of heparinase II from B. stercoris has not been extensively investigated but is known to 

be different to the heparinases from P. heparinus. The main substrate of heparinase II from B. 

stercoris is acharan sulfate and the activity of the enzyme towards fondaparinux is not known.  

The enzyme investigated in this thesis is heparinase II from B. eggerthii (Uniprot E5X103) which is       

95 % identical to heparinasse II from B. stercoris (Uniprot C0JBW5).

To analyse the capability of heparinase II from B. eggerthii to cleave within the antithrombin 

binding site of heparin, the cleavage of the pentasaccharide fondaparinux containing the 

antithrombin binding site was followed by NMR spectroscopy. 1H NMR spectra were measured at 

different time points after incubation with B. eggerthii heparinase II in 20 mM Tris buffer (with 

100 mM NaCl, pH 7.5) at 37 °C. 
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Figure 84: Cleavage of fondaparinux by B. eggerthii heparinase II. 300 µM fondaparinux in 20 mM Tris buffer (with 
100 mM NaCl, pH 7.5) were incubated at 37 °C with 0.4 U of heparinase II from B. eggerthii. 1H NMR spectra are shown 
without enzyme (spectrum 1) and for different time points (5, 30, 60 min) after addition of enzyme (spectra 2-4). 1H NMR 
peaks of interest are indicated with an asterisk (olefinic protons at ~6 ppm indicate cleavage) and labelled with indices for 
the corresponding protons in the fondaparinux molecule (Figure 85).  

Figure 85: Structure of fondaparinux and cleavage products of P. heparinus heparinase II. Indicated are the potential 
cleavage sites for heparinases C1 and C2, the boxed sulfate group is known to have an inhibitory effect on heparinase 
cleavage. 
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Figure 84 shows the cleavage of fondaparinux by heparinase II from B. eggerthii and Figure 85 gives 

the corresponding structure of fondaparinux, possible cleavage sites and the cleavage products 

described for P. heparinus heparinase II cleavage. The cleavage of fondaparinux by P. heparinus 

heparinase II is an eliminative cleavage and leads to a trisaccharide and a disaccharide that contains 

a double bond (Figure 85). In the 1H NMR spectrum the cleavage of fondaparinux by heparinase II 

from B. eggerthii is clearly traceable, and confirms the cleavage described for P. heparinus 

heparinase II. The most significant changes are occurring around the newly formed double bond; the 

signal for HD4 with a chemical shift of about δ 4.2 ppm in fondaparinux, shifts to around δ 6 ppm for 

HD4’ that is now located at the double bond. The resonances for HD5 just above δ 4.8 ppm disappear 

over time; the signal is clearly visible in spectrum 1 and almost gone in spectrum 4, as that proton is 

not present in the cleavage product.  

Thus, the heparinase from B. eggerthii cleaves fondaparinux only at position C2 and not position 

C1, in agreement with what is known for the P. heparinus heparinase II. This initial experiment 

therefore suggests a similar specificity for heparinases from B. eggerthii and P. heparinus. To 

further analyse similarities and differences between the two enzymes, more potential 

heparan sulfate oligosaccharide substrates were tested. 

2.2 Investigating the substrate specificity of heparinase II 

To get a better understanding of the substrate specificity of heparinase II, defined heparan sulfate 

oligosaccharides as potential substrates for the heparinase II are required. The heparan sulfate 

oligosaccharides used in this study were all synthesised by the von Itzstein group (Chang, C.W., 

unpublished results) within the Institute for Glycomics. 
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As seen in the previous section, heparinase II is able to cleave the pentasaccharide fondaparinux at 

one site. The sulfate group on the central glucosamine (boxed in Figure 85) was shown to have an 

inhibitory effect on heparinases (Shriver et al., 2000), and therefore it would be interesting to 

analyse the cleavage of that pentasaccharide without the sulfate group. As this pentasaccharide was 

not available, the cleavage of the tetrasaccharide GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S) 

(NGNI; with GlcA: D-glucuronic acid; GlcN(NS,6S): D-glucosamine, N-sulfated and sulfated on C6 and 

IdoA: L-iduronic acid), that does not possess that critical sulfate group, was investigated (structure 

shown in Figure 86).  

Figure 86: Structure of the tetrasaccharide NGNI. In contrast to the pentasaccharide fondaprinux this terasaccharide does 
not contain a 3-O-sulfate group on the central glucosamine (NGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)).  

The activity of heparinase II from B. eggerthii towards NGNI was analysed by 1H NMR 

spectroscopy. To ensure that the enzyme was active, an activity assay with fondaparinux was 

performed as a positive control (not shown). Despite cleavage of fondaparinux, no cleavage of 

the tetrasaccharide could be observed, even after a reaction time of 24 h (Figure 87, spectrum 4). 

That was unexpected as NGNI has, apart from being one glucosamine residue shorter, the 

same sequence as fondaparinux, just without the potentially inhibiting 3-O sulfate group.  
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Figure 87: Activity of heparinase II from B. eggerthii with NGNI. 300 µM NGNI in 20 mM Tris buffer (with 100 mM NaCl, pH 
7.5) were incubated at 37 °C with 0.4 U of heparinase II from B. eggerthii. 1H NMR spectra are shown without enzyme 
(spectrum 1) and for different time points (5 min, 60 min, 24 h) after addition of enzyme (spectra 2-4). Asterisks indicate 
where signals for olefinic protons are expected, anomeric protons are labelled with indices for the corresponding protons in 
the NGNI (Figure 86; NGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)). 

To confirm the results from the 1H NMR spectroscopy activity assay the activity of heparinase II from 

B. eggerthii towards NGNI was additionally monitored in a spectrophotometric assay. In that assay 

the formation of a double bond can be detected spectrophotometrically as the unsaturated product 

shows absorbance at 232 nm. Another compound tested in that spectrophotometric assay was the 

disaccharide NG (GlcN(NS,6S)β1-4GlcA, structure see Figure 88), as well as fondaparinux as a 

positive control. An increase in absorbance at 232 nm over time, denoting cleavage, can be 

seen for fondaparinux, but not for NGNI or for NG (Figure 89). Therefore, no activity of B. 

eggerthii heparinase II with tetrasaccharide NGNI was detected in that assay, in agreement with 

the 1H NMR spectroscopy data.  
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Figure 88: Structure of the dissaccharide NG. (NG: GlcN(NS,6S)β1-4GlcA). 

Figure 89: Activity of heparinase II from B. eggerthii with fondaprinux, NG and NGNI. 60 µM fondaparinux (FPX), NGNI or 
NG were incubated with 0.4 U of heparinase II from B. eggerthii and absorption was measured at 232 nm (NGNI: 
GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S), NG: GlcN(NS,6S)β1-4GlcA). 

Given the unexpected lack of activity of the heparinase II from B. eggerthii towards NGNI, it was 

of particular interest to understand if the heparinase II from P. heparinus behaves in a similar way 

or if that enzyme is able to cleave NGNI. The activity assay for heparinase II from P. heparinus 

was conducted in the same manner as for the heparinase II from B. eggerthii and cleavage was 

monitored by 1H NMR spectroscopy.  
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Figure 90: Activity of heparinase II from P. heparinus with NGNI. 300 µM NGNI in 20 mM Tris buffer (with 100 mM NaCl, 
pH 7.5) were incubated at 37 °C with 0.4 U of heparinase II from P. heparinus. 1H NMR spectra are shown without enzyme 
(spectrum 1) and for different time points (1 h, 5 h, 24 h) after addition of enzyme (spectra 2-4). The single asterisk 
highlights resonances of the anomeric protons of interest; the two asterisks indicate where signals for olefinic protons are 
expected and protons are labelled with indices for the corresponding protons in the NGNI (Figure 86; NGNI: 
GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)). 

Figure 90 shows the degradation of NGNI by P. heparinus heparinase II in the 1H NMR spectroscopy 

activity assay. The characteristic resonances for the newly formed olefinic protons in the double 

bond are indicated by two asterisks (δ 5.85 ppm) and develop over time. No signal at a chemical shift 

of δ 5.85 ppm is visible in spectrum 1 (no enzyme), but appears in spectrum 2 and more intense in 

spectra 3 and 4, confirming that eliminative cleavage occurs. The anomeric proton related signals 

around δ 5.1-5.7 ppm also show distinct changes after the addition of enzyme (single asterisk), 
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exhibiting the cleavage of the tetrasaccharide. Thus, the enzyme from P. heparinus is able to cleave 

NGNI as opposed to B. eggerthii heparinase II. The development of only a single 1H NMR peak in the 

olefinic region of the spectrum also indicates that P. heparinus heparinase II cleaves NGNI at only 

one site, leading to the formation of one unsaturated product. The possible products of this reaction 

are therefore either N and GNI or NGN and I. The 1H NMR spectra suggest that the products are most 

likely N and GNI, with the HB4 proton signal forming at a chemical shift of δ 5.9 ppm and the shift of 

the HA1 proton signal from about δ 5.7 ppm to δ 5.5 ppm. Given that NGNI does not contain the 

inhibiting sulfate group it is notable that cleavage appears to happen only at one site. The 

tetrasaccharide might be too short to be cleaved at two sites. Similarly, it is also conceivable that a 

tetrasacchairde is too short for cleavage, at all, by B. eggerthii heparinase II. To further explore 

possible differences and similarities in the specificity of the two heparinases, larger heparan sulfate 

oligosaccharides with defined sulfation patterns were tested. Accordingly, the next substrate studied 

was the hexasaccharide NGNGNG (GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1- 

4GlcN(NS,6S)β1-4GlcA, structure see Figure 91).  

Figure 91: Structure of the hexasaccharide NGNGNG. 
(NGNGNG: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcA). 
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Figure 92: Activity of heparinase II from B. eggerthii with NGNGNG. 300 µM NGNGNG in 20 mM Tris buffer (with 100 mM 
NaCl, pH 7.5) were incubated at 37 °C with 0.4 U of heparinase II from B. eggerthii. 1H NMR are shown without enzyme 
(spectrum 1) and for different time points (1 h, 5 h, 24 h) after addition of enzyme (spectra 2-4). The single asterisk 
highlights resonances of the anomeric protons of interest; the two asterisks indicate where signals for olefinic protons are 
expected (NGNGNG: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcA).  

The ability of B. eggerthii heparinase II to cleave NGNGNG was measured by 1H NMR spectroscopy, 

the reaction was incubated at 37 °C and spectra were taken at different time points (Figure 92). A 

weak activity can be observed for heparinase II. A signal with low intensity forms 1 h after addition 

of enzyme (spectrum 2) with a chemical shift of δ 5.9 ppm that is expected for olefinic protons (two 

asterisks). The appearance of only a single olefinic proton signal in the spectrum suggests that 

NGNGNG is cleaved by B. eggerthii heparinase II once. Additionally, demonstrating the cleavage is 

the decrease of the peak at δ 5.7 ppm (single asterisk) after addition of enzyme (compare spectrum 

1 and spectrum 2).  The reaction products are most likely NGN and GNG.  No further changes can be 
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observed for the longer incubation times (spectra 3 and 4), indicating that the reaction is 

finished after 1 h. This suggests that NGNGNG is not a good substrate for the heparinase II from 

eggerthii, as only a fraction of the hexasaccharide is cleaved. It is possible that the lack of activity 

after 1 h is due to enzyme stability and the enzyme simply loses activity after 1 h at 37 °C. An 

alternative explanation could be a feedback-inhibition mechanism, with one of the cleavage 

products acting as a strong inhibitor for the enzyme.  

To compare the activity of B. eggerthii heparinase II to P. heparinus heparinase II, the 1H NMR 

spectroscopy assay was repeated for that enzyme under the same reaction conditions (Figure 93).  

The spectrum for NGNGNG (spectrum 1) shows distinct changes after 1 h of incubation with 

heparinase II from P. heparinus for the entire spectrum (spectrum 2). The resonances appearing at a 

chemical shift of δ 5.9 ppm (two asterisks) indicate the formation of olefinic protons. The signal at δ 

5.7 ppm is decreased in spectrum 2 compared to spectrum 1. For the spectra measured after 5 h and 

24 h (spectra 3 and 4) these effects get more pronounced. When comparing to the spectra obtained 

for the enzyme from B. eggerthii, for both enzymes resonances at about δ 5.9 ppm for olefinic 

protons can be observed that confirm the generation of unsaturated products. While only one 

olefinic proton peak is visible in the 1H NMR spectrum for B. eggerthii heparinase II, two peaks form 

in the spectrum for heparinase II from P. heparinus, indicating that that enzyme cleaves NGNGNG at 

two sites as opposed to B. eggerthii heparinase II. Most likely cleavage occurs at the same postion as 

for B. eggerthii leading to NGN and GNG, followed by further cleavage of NGN. The decrease in the 

signal at δ 5.7 ppm is seen for both enzymes, whereas it is much more significant for P. heparinus 

heparinase II. The integrals for that peak were determined for in both cases before enzyme 

addition and after 24 h. For B. eggerthii heparinase II the signal decreases after 24 h to 84.1 % of 

the original peak area before enzyme addition and to 25.4 % for P. heparinus. So, while both 

heparinases cleave the hexasacharide NGNGNG, the activity for heparinase II from P. heparinus is 

significantly higher than for the enzyme from B. eggerthii and it appears to cleave at two 

sites while B. eggerthii heparinase II cleaves only one site.  
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Figure 93: Activity of heparinase II from P. heparinus with NGNGNG. 300 µM NGNGNG in 20 mM Tris buffer (with 
100 mM NaCl, pH 7.5) were incubated at 37 °C with 0.4 U of heparinase II from P. heparinus. 1H NMR are spectra shown 
without enzyme (spectrum 1) and for different time points (1 h, 5 h, 24 h) after addition of enzyme (spectra 2-4). The single 
asterisk highlights resonances of the anomeric protons of interest; the two asterisks indicate where signals for olefinic 
protons are expected (NGNGNG: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcA). 

The natural substrate for heparinase II from B. stercoris is acharan sulfate with the repeating 

disaccharide unit: α-D-N-acetylglucosaminyl-2-O-sulfo-α-L-iduronic acid (Figure 94). It was reported 

that B. stercoris heparinase II cleaves acharan sulfate more efficiently than heparan sulfate and 

heparin (Hyun et al., 2010). Consideration of the structure of acharan sulfate indicates the possibilty 

that the nearly identical heparinase II from B. eggerthii favours an iduronic acid in the 

oligosaccharide over a glucuronic acid.  
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Figure 94: Structure of acharan sulfate. 

The next heparan sulfate oligosaccharide used was therefore the hexasaccharide NGNGNI 

(GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA) with an iduronic acid 

(structure see Figure 95).  

Figure 95: Structure of the hexasaccharide NGNGNI. 
(NGNGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4doA). 

The activity of heparinase II from B. eggerthii towards the hexasaccharide NGNGNI was followed 
by 1H-NMR spectroscopy at 37 °C and the time course is presented in Figure 96.  
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Figure 96: Activity of heparinase II from B. eggerthii with NGNGNI. 300 µM NGNGNI in 20 mM Tris buffer (with 100 mM 
NaCl, pH 7.5) were incubated at 37 °C with 0.4 U of heparinase II from B. eggerthii. 1H NMR spectra are shown without 
enzyme (spectrum 1) and for different time points (1 h, 5 h, 24 h) after addition of enzyme (spectra 2-4). The single asterisk 
highlights resonances of the anomeric protons of interest; the two asterisks indicate where signals for olefinic protons are 
expected (NGNGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4doA). 

A weak activity of the heparinase from B. eggerthii with NGNGNI is visible. The characteristic 

resonances at δ 5.9 ppm (two asterisks) for olefinic protons appear after 1 h incubation with the 

enzyme (Figure 96, spectrum 2), but the intensity is very low. The signal is again a single peak as 

seen for NGNGNG before, suggesting NGNGNI cleavage at one site, leading to NGN and GNI. The 

signal at a chemical shift of δ 5.7 ppm (indicated by single asterisk) does not show any significant 

change over time. Overall, NGNGNI appears to be an even less suitable substrate for the heparinase 

from B. eggerthii than NGNGNG, which was not converted by the enzyme very efficiently. The 

integral for the peak at δ 5.7 ppm is reduced to only 97.9 % after 24 h incubation for NGNGNI, 

whereas it was reduced to 84.1 % for NGNGNG. This result was unexpected as NGNGNI contains an 

iduronic acid instead of a glucuronic acid as in NGNGNG and it was previously described that 

the virtually identical heparinase II from B. stercoris favours iduronic acid over glucuronic acid (Hyun 

et al.,2010).  
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Heparinase II from P. heparinus cleaved NGNGNG with much higher activity than the enzyme from B. 

eggerthii. To investigate the ability of P. heparinus heparinase II to cleave the hexasaccharide 

NGNGNI the reaction was monitored by 1H NMR spectroscopy as previously described.  

Figure 97: Activity of heparinase II from P. heparinus with NGNGNI. 300 µM NGNGNI in 20 mM Tris buffer (with 100 mM 
NaCl, pH 7.5) were incubated at 37 °C with 0.4 U of heparinase II from P. heparinus. 1H NMR spectra are shown without 
enzyme (spectrum 1) and for different time points (1 h, 5 h, 24 h) after addition of enzyme (spectra 2-4). The single asterisk 
highlights resonances of the anomeric protons of interest; the two asterisks indicate where signals for olefinic protons are 
expected (NGNGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4doA). 

Figure 97 displays the activity of heparinase II from P. heparinus towards NGNGNI. The most 

dramatic changes occur at the first time point investigated, after 1 h incubation (spectrum 2), but 

changes become more distinct after longer incubation times (5 h and 24 h). The signals appearing at 

a chemical shift of δ 5.9 ppm (two asterisks) after addition of enzyme are diagnostic for the 

formation of a double bond that is generated in case of eliminative cleavage. The resonances for the 

anomeric protons also show clear changes over time, the peak at δ 5.7 ppm (indicated by a single 

asterisk) is greatly reduced 1 h after addition of enzyme (spectrum 2) and almost gone after 24 h 
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(spectrum 4). The activity of heparinase II from P. heparinus towards NGNGNI is comparable to its 

activity towards NGNGNG (Figure 93), but cleavage of NGNGNI seems to be more complete, with the 

integral for the signal at δ 5.7 ppm getting reduced to 2.9 % of the original signal (before incubation). 

This suggests that NGNGNI is the better hexasaccharide substrate for this enzyme. The formation of 

two olefinic proton peaks is visible in the 1H NMR spectrum, similar to the signals seen for NGNGNG 

whereas the signals are less intense for NGNGNI. This suggests the cleavage of NGNGNI by 

P. heparinus heparinase II occurs at two sites, first leading to NGN and GNI as suggested for 

B. eggerthii heparinase II and subsequent cleavage of NGN.  

The activity of heparinase II from P. heparinus towards NGNGNI is again much higher than for the 

heparinase II from B. eggerthii as already seen for NGNGNG and NGNI and the enzyme from P. 

heparinus appears to cleave NGNGNI at two sites and not only at one site as proposed for B. 

eggerthii heparinase II. 

All the heparan sulfate oligosaccharides tested proved to be poor substrates for the heparinase II 

from B. eggerthii. The other characteristic feature in the structure of acharan sulfate is the acetyl 

group on the gluosamine. All substrates used so far contained a sulfate group instead. The 

compound NGNGNGNG (NGNGNGNG: GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1- 

4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcA; with GlcN(NAc,6S): D-glucosamine, N-acetylated 

and sulfated on C6), investigated next, therefore contains no iduronic acid, but acetyl groups on all 

glucosamine residues. Being an octasaccharide, it is also the longest oligosaccharide studied yet. 

Figure 98: Structure of the octasaccharide NGNGNGNG. 
(NGNGNGNG: GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcA).  
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To investigate whether the octasccharide NGNGNGNG is a more suitable substrate for B. 

eggerthii heparinase II cleavage, the activity was measured by 1H NMR spectroscopy at 37 °C 

over a time course of 24 h. No changes in the proton chemical shifts are visible over the 

complete incubation time of 24 h, indicating no cleavage of NGNGNGNG (Figure 99).  

Figure 99: Activity of heparinase II from B. eggerthii with NGNGNGNG. 300 µM NGNGNGNGI in 20 mM Tris buffer (with 
100 mM NaCl, pH 7.5) were incubated at 37 °C with 0.4 U of heparinase II from B. eggerthii. 1H NMR spectra are shown 
without enzyme (spectrum 1) and for different time points (1 h, 5 h, 24 h) after addition of enzyme (spectra 2-4). The single 
asterisk highlights resonances of the anomeric protons of interest; the two asterisks indicate where signals for olefinic 
protons are expected (NGNGNGNG: GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1- 
4GlcN(NAc,6S)β1-4GlcA). 

As P. heparinus heparinase II was more active than B. eggerthii heparinase II towards all substrates 

tested before, it was expected to also cleave the octasaccharide NGNGNGNG even though 

the enzyme from B. eggerthii did not show any cleavage. To verify this experimentally, we 

undertook a further 1H NMR spectroscopy activity assay.  
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Figure 100: Activity of heparinase II from P. heparinus with NGNGNGNG. 300 µM NGNGNGNG in 20 mM Tris buffer (with 
100 mM NaCl, pH 7.5) were incubated at 37 °C with 0.4 U of heparinase II from P. heparinus. 1H NMR spectra are shown 
without enzyme (spectrum 1) and for different time points (1 h, 5 h, 24 h) after addition of enzyme (spectra 2-4). The single 
asterisk highlights resonances of the anomeric protons of interest; the two asterisks indicate where signals for olefinic 
protons are expected (NGNGNGNG: GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1-4GlcAα1-4GlcN(NAc,6S)β1- 
4GlcAα1-4GlcN(NAc,6S)β1-4GlcA). 

Figure 100 displays the time course of P. heparinus heparinase II incubated with the NGNGNGNG 

octasaccharide. It can be seen that the enzyme cleaves NGNGNGNG, the representative olefinic 

proton resonances at δ 5.9 ppm (two asterisks) are visible in the 1H NMR spectrum after 1 h 

incubation (spectrum 2). The reaction is mostly complete after 1 h since additional changes seen 

after 5 h and 24 h (spectra 3 and 4) are only marginal. Other distinct changes are visible in the 

chemical shift region characteristic for anomeric protons, with new peaks forming at about 

δ 5.25 ppm and the signal at δ 5.5 ppm (single asterisk) decreasing over time. As the octasaccharide 

is quite complex and offers multiple possible cleavage sites, the interpretation of the 1H NMR 

spectra to determine cleavage sites is not sufficient. Additional NMR spectroscopy experiments or 
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other analytical methods to measure the oligosaccharide products are necessary to fully characterise 

the reaction. From the 1H NMR spectroscopy cleavage assay it can be assumed that the 

octasaccharide is cleaved at least twice or at two different sites as two distinct signals for olefinic 

protons can be seen. 

Overall heparinase II from P. heparinus is much more active than heparinase II from B. eggerthii 

towards all substrates investigated by 1H NMR spectroscopy. This suggests that the 

substrate specificity of B. eggerthii heparinase II is much more distinct than for P. heparinus 

heparinase II which appears to have broader substrate specificity.  

The activity of both heparinases towards the different heparan sulfate substrates that were 

investigated is summarised in Table 11. 
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Substrate Structure 
B. eggerthii 

heparinase II 

P. heparinus 

heparinase II 

FPX   

NGNI   

NGNGNG   

NGNGNI   

NGNGNGNG   

Table 11: Activity of heparinases towards different substrates.     
:  cleavage
: weak cleavage 
: very weak cleavage  
:  no cleavage 
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2.3 Affinity studies with heparinase II from Bacteroides eggerthii 

Heparinase II from B. eggerthii showed only weak or no cleavage of the heparan sulfate 

olifosaccharides tested. The disaccharide NG and the tetrasaccharide NGNI were refractory to 

heparinase cleavage; therefore the ability of the enzyme to bind these compounds was investigated 

using 1H NMR spectroscopy-based inhibition assays and spectrophotometric assays. For this purpose 

the enzyme was pre-incubated with either NG or NGNI, then the confirmed substrates fondaparinux 

or heparan sulfate were added and the reaction was incubated at 37 °C. 

In the 1H NMR spectroscopy-based assay, it can be seen that the addition of either NG or NGNI 

inhibited the cleavage of fondaparinux effectively (Figure 101). Cleavage of fondaparinux alone is 

clearly occurring, with the diagnostic resonances visible at δ 6.0 ppm (two asterisks) in the 1H NMR 

spectrum, confirming the formation of a double bond. In the presence of NG or NGNI, on the 

contrary, almost no cleavage is detected. No significant changes can be seen after addition of 

enzyme and the characteristic signals for olefinic protons at δ 6.0 ppm are not present in the 1H NMR 

spectra (two asterisks). For NG slight activity can be observed as the signal for proton HD1 (see Figure 

85) at a chemical shift of about δ 5.27 ppm (single asterisk), that disappears when fondaparinux is

cleaved, is slightly reduced after 60 min reaction time. 

Figure 101: Inhibition of B. eggerthii heparinase II fondaparinux cleavage by NG and NGNI. 1H NMR spectra for 300 µM 
fondaparinux (FPX) were measured with or without 3 mM NGNI or 3 mM NG in 20 mM Tris buffer (with 100 mM NaCl, 
pH7.5), at 37 °C with 0.4 U of heparinase II from B. eggerthii. The single asterisk highlights resonances of the anomeric 
protons of interest; the two asterisks indicate where signals for olefinic protons are expected. (NG: GlcN(NS,6S)β1-4GlcA; 
NGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)). 

FPX

6.0 5.8 5.6 5.4   ppm

*

*

* 

Without 
enzyme

t = 60 min

FPX + 
enzyme

FPX + NG

6.0 5.8 5.6 5.4   ppm

*

*

*

FPX + NGNI

6.0 5.8 5.6 5.4   ppm

*

*

*

NG +
enzyme

t = 60 min

NG + FPX 
+ enzyme

NGNI +
enzyme

t = 60 min

NGNI + FPX
+ enzyme

**

**

**

**

**

**

**

**

**

167 



VII HEPARINASES 

To confirm the 1H NMR spectroscopy results and the inhibitory effect of both NG and NGNI, a 

spectrophotometric assay was also performed (Figure 102). The cleavage of fondaparinux was 

followed spectrophotometrically with or without equimolar concentrations of NG or NGNI.  

The addition of NG as well as NGNI clearly inhibits the cleavage of fondaparinux, as the increase in 

absorption, which correlates with the formation of a double bond, is reduced in comparison to 

fondaparinux alone. This confirms the 1H NMR spectroscopy results. NGNI shows a more potent 

inhibition than NG; as already seen in the 1H NMR spectroscopy assay, consequently the binding of 

NGNI to B. eggerthii heparinase II is stronger (Figure 102). 

A similar spectrophotometric assay was carried out using heparan sulfate instead of fondaparinux as 

a substrate (Figure 103). As heparan sulfate is too complex for a clear 1H NMR spectrum, only the 

photometric assay was performed for heparan sulfate. The same trend as for fondaparinux can be 

observed for the cleavage of heparan sulfate by B. eggerthii heparinase II (Figure 103): inhibition 

of cleavage by both NGNI and NG, with a stronger effect observed for NGNI. 

Figure 102: Spectrophotometric inhibition assay of fondaparinux cleavage by heparinase II from B. eggerthii. 60 nM 
fondaparinux (FPX) with or without 600 nM NG or NGNI were incubated with B. eggerthii heparinase II at 37 °C and 
absorption was measured at 232  nm (NG: GlcN(NS,6S)β1-4GlcA; NGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)). 
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Figure 103: Spectrophotometric inhibition assay of heparan sulfate cleavage by heparinase II from B. eggerthii. 10 µg 
heparan sulfate (HS) with or without 600 nM NG or NGNI were incubated with B. eggerthii heparinase II at 37 °C and 
absorption was measured at 232  nm (NG: GlcN(NS,6S)β1-4GlcA; NGNI: GlcN(NS,6S)β1-4GlcAα1-4GlcN(NS,6S)β1-4IdoA(2S)).  

3. Discussion and Conclusions

The cleavage of different defined heparin/ heparan sulfate oligosaccharides by heparinase II from 

B. eggerthii and P. heparinus was investigated by spectrophotometry and for the first time using 
1H NMR spectroscopy. While NMR spectroscopy is widely used to characterise heparin/ heparan 

sulfate oligosaccharides, only two reports could be found in the literature that use this method to 

monitor the cleavage process, both were investigating heparinase I from P. heparinus (Chuang et 

al., 2002; Limtiaco et al., 2011).  

Heparinase II from B. eggerthii was shown to cleave the pentasaccharide fondaparinux via an 

elimination mechanism at one site, yielding a trisaccharide and a disaccharide with a newly formed 

double bond. This is in agreement to what is known about the activity of heparinase II from P. 

heparinus (Shriver et al., 2000). No cleavage of the synthetic disaccharide NG or the tetrasaccharide 

NGNI could be observed. That result was not expected given that the sequence of NGNI mirrors 

fondaparinux, although one glucosamine residue shorter and it does not contain the 3-O sulfate 

group that was previously shown to inhibit heparinase cleavage (Shriver et al., 2000). Interestingly, it 

was seen that the heparinase II from P. heparinus is able to cleave NGNI, presenting a distinct 
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difference in the substrate specificity of the two heparinases. As only one distinct signal for an 

olefinic proton was visible in the 1H NMR spectrum it can be concluded that P. heparinus heparinase 

II cleaves NGNI at only one site. It was reported that the enzyme cleaves the pentasaccharide 

fondaparinux without the inhibiting 3-O sulfate group at two sites, leading to two disaccharides and 

one monosaccharide (Shriver et al., 2000). It is therefore interesting that NGNI is cleaved only at one 

linkage, at the N-G linkage, leading to N and GNI. The length of the tetrasaccharide might simply not 

be sufficient for additional cleavage by the P. heparinus heparinase II. That is consistent with reports 

suggesting that P. heparinus heparinase II cleaves its substrates in an endolytic fashion and has a 

preference for longer substrates with at least 4-6 sugar units binding in the active site, that was 

shown to be a long deep canyon (Rhomberg et al., 1998; Shaya et al., 2006).  

While heparinase II from B. eggerthii did not cleave NG or NGNI, it could be shown that it was able 

to bind both compounds, with a higher binding affinity for NGNI. Given that heparinase II 

from B. eggerthii is able to bind, but not cleave NGNI, it could be possible that the minimum chain 

length required for cleavage is five sugar units. To test that hypothesis the cleavage of the 

hexasaccharide NGNGNG was investigated, but the activity of heparinase II from B. eggerthii 

was only very low, whereas P. heparinus heparinase II cleaved NGNGNG with a significantly higher 

activity. The results further suggest that B. eggerthii heparinase II cleaves NGNGNG once, 

generating NGN and GNG, whereas P. heparinus heparinase II appears to cleave the same linkage 

and then additionally cleaves NGN.  

The same trend was seen for the hexasaccharide NGNGNI that contains an iduronic acid instead of a 

glucuronic acid. The activity towards NGNGNI of the heparinase II from B. eggerthii was even 

lower than for NGNGNG. In fact the iduronic acid was thought to make that hexasaccharide a 

better substrate for B. eggerthii heparinase II as acharan sulfate, which was reported to be B. 

stercoris heparinases II preferred substrate over heparan sulfate, contains only iduronic acid 

and no glucuronic acid (Hyun et al., 2010). Again, the 1H NMR spectra indicate that the 

heparinase II from B. eggerthii cleaves the hexasaccharide at only one site producing NGN and 

GNI, while heparinase II from P. heparinus cleaves that same site as well as NGN. 

Apart from having iduronic acids, acharan sulfate also contains only acetate groups on the 

glucosamine residues and no sulfates, so it was investigated whether the heparinase II from B. 

stercoris can cleave a substrate that is acetylated but does not have any iduronic acids: NGNGNGNG. 

Surprisingly B. eggerthii heparinase II did not cleave this octasaccharide at all, while P. heparinus 

heparinase II cleaves NGNGNGNG efficiently. Due to the complexity of the octasaccharide it is hard 
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to derive the number of cleavage sites from the 1H NMR spectra, but as multiple signals are 

observed in the olefinic region of the spectrum, NGNGNGNG is most likely cleaved at least twice or 

at two different positions.  

The heparinase II from B. eggerthii appears to have a highly distinct substrate specificity that is much 

more defined than for the P. heparinus heparinase II, which cleaved all substrates investigated. The 

two heparinases from the two different organisms that have a 57 % identity on protein level (Hyun 

et al., 2010), are therefore clearly different regarding their substrate specificity. Expression and 

purification of almost identical B. stercoris enzyme was reported to be fast and simple, making it 

deployable for a wide spectrum of possible applications (Hyun et al., 2010).  

The broad specificity of heparinase II from P. heparinus is in good agreement with the literature, as 

the enzyme was reported to cleave linkages with glucuronic as well as iduronic acid and had activity 

towards various heparin/ heparan sulfate tetrasaccharides, hexasaccharides and octasaccharides 

with different sulfation/acetylation patterns (Desai et al., 1993). To fully explore the hypothesis that 

for B. eggerthii heparinase II the minimal heparin/ heparan sulfate length required for cleavage is 

five saccharide units and to further characterise the specificity of heparinases, more heparin 

and heparan sulfate fragments of different lengths, composition, sulfation and acetylation patterns 

are needed. Further studies are also required to determine the cleavage products generated by 

the different enzymes to confirm and identify cleavage sites.  

Heparin and heparan sulfate are ubiquitous throughout the body and are involved in numerous 

events such as cell differentiation, inflammation, blood coagulation, cancer and viral and microbial 

pathogenesis. To understand their role in these processes it is essential to determine their structure. 

Due to the very heterogeneous nature of these molecules such investigations have only started 

recently and are proving to be a considerable analytical challenge (Huang et al., 2013). To sequence 

heparin or heparan sulfate the molecules need to be fragmented into smaller oligosaccharides first 

and then analysed by highly precise analytical methods such as HPLC or mass spectrometry. The 

fragmentation can be performed chemically or enzymatically, but enzymatical methods are more 

selective and can be done under milder conditions. Chemical methods include nitrous acid or 

oxidative breakdown and enzymatic methods use heparinases (Bienkowski and Conrad, 1985; 

Linhardt et al., 1990; Rhomberg et al., 1998). To utilise heparinases in these processes, an 

understanding of the linkage these enzymes cleave is crucial. Apart from structure determination, 

heparin and heparan sulfate oligosaccharides generated by heparinases can get isolated, structurally 

characterised and used to explore binding to bioactive molecules and identify binding motifs.  
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LMWHs (low molecular weight heparins) are generated from the highly inhomogeneous heparin and 

therefore have predetermined variability. As LMWHs are important drugs that are widely used, they 

demand a controlled, standardised and reproducible manufacturing method. A better understanding 

of the specificity of heparinases is essential to facilitate the effective use of these enzymes in LMWH 

production. The existence of multiple enzymes cleaving heparin/heparan sulfate with different 

specificities, such as the two heparinases investigated, leads to more options for LMWH design.  

Another more direct application possible for heparinases is the neutralisation of heparin. Patients 

undergoing cardiopulmonary bypass surgery need anticoagulation treatment and heparins are 

usually administered in this context. Bleeding complications are frequent and heparin needs to be 

neutralised after removal of the cardiopulmonary bypass. For this purpose protamine is the only 

drug available, but as protamine shows substantial side effects, other heparin neutralising drugs are 

desirable (Shenoy et al., 1999; Tripathi et al., 2012). Heparinase I has already been tested for 

neutralisation of heparin and was shown to reverse the prolonged clotting time caused by heparin in 

animal models and in clinical trials, but further studies are required to estimate side effects and 

efficacy (Heres et al., 2001). Heparinases that cleave within the antithrombin binding site will 

neutralise the anticoagulation activity of heparin and could therefore present a more specific 

alternative to protamine without as many undesired side effects. 

Heparins, LMWHs and heparinases have also been shown to be implicated in tumour metastasis and 

angiogenesis (Hasan et al., 2005; Tripathi et al., 2012; Zacharski and Ornstein, 1998; Zacharski et al., 

2000). In tumours, angiogenesis is the most common form of neovascularisation, the formation of 

new blood vessels, which is crucial for tumour growth and metastasis. Heparinases were shown to 

reduce neovascularisation by removing binding sites for growth factor FGF through heparin- and 

heparan sulfate-cleavage (Raman and Kuberan, 2010; Sasisekharan et al., 1994). 

Further exploration of the distinct activities and specificities of different heparinases will therefore 

advance our understanding of heparins and heparan sulfates and facilitate their use in diverse 

potential clinical applications.  
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VIII GENERAL DISCUSSION AND FUTURE DIRECTIONS 

Heparan sulfates are found in mammalian cells and tissues as part of heparan sulfate proteoglycans 

on the cell surface and in the extracellular matrix and are involved in numerous biological processes, 

including cell adhesion, proliferation, differentiation, migration and inflammation (Bernfield et al., 

1999; Tumova et al., 2000; Wrenshall et al., 1999). 

The enzyme heparanase cleaves heparan sulfates in humans, whereas bacteria generally express 

heparinases that cleave the same substrate. Therefore it was intriguing to find heparanase-

homologous enzymes in a number of bacterial species (CAZY glycoside hydrolase family 79, 

http://www.cazy.org), among them the pathogenic bacterium Burkholderia pseudomallei.  

In this thesis it was sought to characterise the bacterial heparanase from B. pseudomallei and to 

investigate its role within the pathogenic bacterium. 

For that purpose the recombinant heparanase from B. pseudomallei was expressed and purified 

using a GST-tag, which was established as a fast and reproducible method.  

Cleavage of heparan sulfate by the bacterial heparanase was followed by 1H NMR spectroscopy for 

the first time and was also visualised on polyacrylamide gels. These experiments indicate that 

heparan sulfate is cleaved endolytically, within the polysaccaharide chain and not from the end. 

Apart from heparan sulfate, the recombinant enzyme is also able to cleave the fluorogenic 

compound MUG (4-methylumbelliferyl β-D-glucopyranosiduronic acid) in an exolytic fashion. As this 

reaction occurs at an unphysiological pH optimum of 2.5 and with only about 3 % activity at pH 5 

(Tredwell, G, 2008), it is not clear if that activity is biologically relevant. Inflamed tissue does display 

a lower pH, but only down to a pH of about 5.4 (Steen et al., 1995). MUG might therefore not be a 

preferential substrate for the bactrerial heparanase compared to heparan sulfate, which is cleaved 

efficiently at a pH of 5. In fact, it was seen in preliminary experiments that addition of heparan 

sulfate inhibits MUG cleavage (data not shown).  

Human heparanase is implicated in cancer and inflammation and regarded as a promising drug 

target. However, the absence of a three-dimensional structure of the enzyme makes selective 

inhibitor design difficult. Determining the crystal structure of B. pseudomallei heparanase was 

anticipated to generate a surrogate model for structure-based drug design directed at the human 

enzyme. The only structure available in the glycoside hydrolase family 79 is of the β-glucuronidase 

from Acidobacterium capsulatum (Michikawa et al., 2012). However, that enzyme was suggested to 
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be an exo-acting glucuronidase and is therefore quite different to the human heparanase, which was 

reported to exclusively cleave in an endolytic fashion (Peterson and Liu, 2012).  

The crystal structure of B. pseudomallei heparanase was solved with a resolution of 1.6 Å and 

revealed that the overall structure of the bacterial enzyme is very similar to the structural model of 

human heparanase and to the structure of the β-glucuronidase from A. capsulatum. 

For all three enzymes the conserved active site glutamic acid residues that act as nucleophile and 

proton donor in the hydrolysis reaction, are found at almost identical positions in the catalytic (αβ)8-

TIM-barrel domain. The essential role of the active site glutamic acids E144 and E255 for B. 

pseudomallei heparanase activity was confirmed using mutants without these catalytic amino acids. 

The absence of either one of the glutamic acids essentially abolished enzyme activity, which is in 

agreement to what is reported for the human heparanase (Hulett et al., 2000).  

Moreover, in the structure alignment the C-terminal domains for the three GH 79 family enzymes 

were seen to be very similar. The C-terminal region of the human heparanase was reported to be 

involved in heparanase secretion and activation as well as in non-enzymatic functions and was 

suggested as an alternative drug target (Fux et al., 2009b). As the novel structure of B. pseudomallei 

heparanase appears to be very similar to the proposed human heparanase structure in the C-

terminal region, inhibitors designed using the bacterial structure could possibly also be applied to 

the human enzyme.  

A combination of C-terminal- and active site-directed inhibitors is expected to inhibit heparanase 

more efficiently, as all functions of the enzyme are targeted. Consequently, the effect on tumour 

growth, angiogenesis, metastasis and inflammation for the inhibitor combination is likely to be more 

effective than for active site inhibitors alone. 

The shape of the active site reinforces the conclusions about the endo-activity of the heparanase 

from B. pseudomallei, as it is shaped like a groove, similar to that suggested for the human 

heparanase. A groove-like active site is expected for an endo-acting enzyme, as it can accommodate 

more than one unit of a polymer-substrate, which is necessary for cleavage within the chain.   

The active site represents a significant difference between the structure of B. pseudomallei 

heparanase and the β-glucuronidase from A. capsulatum, as the active site of the enzyme from A. 

capsulatum is pocket-shaped (Michikawa et al., 2012). The pocket-shaped active site appears to 

have just enough room to fit a glucuronic acid, which indicates that the enzyme is most likely only 

able to cleave in an exolytic fashion.  
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The difference in shape of the active sites was seen to be at least partly due to a loop in the 

A. capsulatum β-glucuronidase structure that reduces the size of the active site and is much smaller 

in the heparanase from B. pseudomallei. The same region in the human enzyme corresponds to the 

6 kDa linker peptide in the pro-enzyme, that has to be removed in order to generate the active 

heterodimer (Abboud-Jarrous et al., 2008). It is likely that the loop in the human enzyme is 

positioned in a way that covers the active site, rendering the enzyme inactive (Nardella et al., 2004).  

The superimposition with the bound glucuronic acid and the model with the disaccharide in 

B. pseudomallei heparanase revealed that the active site, which is mainly negatively charged, should 

provide enough space to accommodate three or four sugar units. These considerations imply that 

the sequence recognised by the enzyme’s active site is about three or four sugar units long and most 

likely very specific, due to the negatively-charged nature of heparan sulfate and the substantial 

amount of negative charges in the active site. This leads to the conclusion that the regions of the 

substrate that are favoured by the bacterial heparanase are low in sulfation content. 

Future binding studies of defined tri- and tetrasaccharide heparan sulfate fragments with different 

sequence and sulfation pattern combinations will allow a deeper understanding of the recognition 

sequence for the heparanase from B. pseudomallei.  

The anticipated length of the saccharide-chain involved in binding is in good agreement with the 

human heparanase, for which a recognition site of three sugar units was proposed (Okada et al., 

2002). 

The crystal structure of B. pseudomallei heparanase and the structural models with bound 

substrates make it possible to predict which amino acids are likely to be important for substrate 

binding and enzyme activity and the selective mutation of these amino acids will clarify the possible 

role of these amino acids.  

However, it would be of great advantage to obtain a crystal structure of the heparanase from 

B. pseudomallei in complex with a ligand, to understand in detail how the bacterial heparanase 

engages with the substrate, which amino acids are involved in binding and which groups of the 

heparan sulfate compounds are essential or are accommodated in the active site. This information 

would be very valuable for structure-based drug design as it gives insight into how and where an 

inhibitor could bind.  

In order to get a complex structure, it is essential to find a suitable ligand first. The co-crystallisation 

and soaking experiments performed were not successful and it appears that the generation of a 

complexed crystal is not as straight-forward as for the β-glucuronidase from A. capsulatum for which 
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soaking with glucuronic acid for 5 minutes was sufficient to obtain a complex (Michikawa et al., 

2012). Glucuronic acid alone is most likely not bound by B. pseudomallei heparanase strong enough 

to form a complex, as STD NMR experiments did not indicate any binding.  

STD NMR spectroscopy is a very powerful technique to analyse ligand-protein interactions and STD 

NMR studies, in addition to 1H-NMR spectroscopy activity assays accomplished within this thesis, 

provided crucial insight into the substrate specificity of the bacterial heparanase. However, from the 

ligands investigated by STD NMR spectroscopy, the strongest binding was measured for MUG, 

whereas the heparan sulfate compounds showed only weak binding. In order to find a molecule 

suitable for complex-formation with the enzyme for crystallisation it is therefore necessary to screen 

more possible ligands by STD NMR spectroscopy. Compounds used in such studies should 

incorporate the novel knowledge of the binding site and substrate preferences observed so far. In 

addition to STD NMR spectroscopy, techniques like isothermal titration calorimetry or surface 

plasmon resonance could assist to better understand ligand-protein interactions. 

Analysing the cleavage of possible substrates by 1H-NMR spectroscopy led to the discovery of the 

octasaccharide NGNGNGNG as the first suitable, well-defined heparan sulfate oligosaccharide 

substrate for the heparanase from B. pseudomallei. The octasaccharide is N-acetylated and does not 

contain N-sulfates as opposed to the other compounds investigated. This indicates that N-sulfated 

heparan sulfate molecules are not as well accepted as N-acetylated molecules, which is in 

agreement to the prediction that substrates with lower sulfation content would be more suitable for 

the negatively-charged active site.   

The octasaccharide was the only substrate investigated that was cleaved efficiently by the bacterial 

heparanase, whereas some of the other compounds were cleaved to a very low extent only. The 

human enzyme on the other hand was seen to cleave more than one substrate, including for 

instance the pentasaccharide fondaparinux, which is not cleaved by the bacterial heparanase at all. 

The substrate specificity of the two enzymes is therefore not identical and the studies performed in 

this thesis suggest that the human heparanase has a broader substrate specificity than the bacterial 

enzyme.  

More heparan sulfate fragments of different length, sequence and with varying sulfation and 

acetylation patterns are needed to investigate the substrate specificity of the human and the 

bacterial heparanase in more depth and to see how similar or different the two enzymes are 

regarding their substrates. If the substrate specificity is fully understood, the bacterial enzyme could 
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be used instead of the human enzyme to test inhibitors in initial activity assays, as the expression of 

human heparanase is time-consuming and expensive. 

In this context the octasaccharide substrate would be useful as a defined substrate for the bacterial 

enzyme, as it allows measurement of the effect of different inhibitors on substrate cleavage. This 

was already utilised for the platinum compound Triplatin NC, which was demonstrated to inhibit 

heparanase activity by complexing with the substrate. 

The recombinant enzyme was seen to be stable at 4°C for prolonged time periods, and in 

combination with the easier and cheaper expression method this could make the bacterial 

heparanase a convenient substitute for the human heparanase.  

Moreover, the heparanase from B. pseudomallei could represent a valuable tool in other 

applications, maybe similar to the different applications of bacterial heparinases.  

Heparinases are used for the generation of low molecular weight heparins (LMWH), analysis of 

heparin and heparan sulfate, neutralisation of heparin and were suggested for other direct clinical 

applications such as wound healing and reduction of neovascularisation (Heres et al., 2001; Raman 

and Kuberan, 2010; Silver, 1998).  

To facilitate a more specific utilisation of heparinases in these applications, it is essential to 

understand their activity and specificity. Therefore, the activity of two heparinases from two 

organisms towards different heparan sulfate compounds was investigated and compared within this 

thesis: heparinase II from B. eggerthii and heparinase II from P. heparinus.  

Interestingly, it was seen that the two heparinases, with different origins, display a different 

substrate specificity; P. heparinus heparinase II appears to have a broader substrate specificity 

compared to heparinase II from B. eggerthii. 

Having enzymes with different specificity might be an asset to structurally characterise heparins and 

heparan sulfates or to generate different LMWHs. In this regard the heparanase from 

B. pseudomallei could also be a valuable addition to the repertoire of heparan sulfate degrading 

enzymes.  

Given their diverse biological functions it will be of great value to investigate the sequence of 

glycosaminoglycans. Deciphering the sequence of other biopolymers such as DNA and proteins has 

vastly increased our understanding at the structural and functional level. Analysing the sequence of 

the even more complicated glycosaminoglycans has only begun but is expected to have a similar 

outcome. 
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As heparinases cleave heparin and heparan sulfate via an elimination mechanism, the cleavage leads 

to the formation of an unsaturated uronic acid at the non-reducing end of the products. This 

unnatural double bond might not always be desirable and could even contribute to unwanted side 

effects of LMWHs or in other applications of heparinases. Therefore the use of the bacterial 

heparanase that cleaves its substrate by hydrolysis without creating a double bond might have an 

advantage over heparinases or could offer an alternative option to produce LMWHs with different 

attributes. Given that the anticoagulation effect of heparins and LMWHs is primarily due to the 

binding of antithrombin III to a specific pentasaccharide sequence (Thunberg et al., 1982), it is 

desirable that that sequence remains intact during the generation of LMWHs. Fondaparinux is the 

O-methylated glycoside form of that pentasaccharide sequence and as it was seen that the 

heparanase from B. pseudomallei does not cleave the pentasaccharide, as opposed to the 

heparinases, the bacterial heparanase might be very useful in the production of effective LMWHs.  

Moreover, the controlled use of the bacterial heparanase in clinical applications in conditions that 

would benefit heparan sulfate degradation is conceivable, as for example in amyloid diseases, for 

which it has been shown that heparanase over-expression had a protective effect (Li et al., 2005).  

To facilitate the use of the heparanase from B. pseudomallei in future in the diverse applications 

discussed, it is of importance to further characterise the activity and the properties of this 

interesting enzyme.  

Besides its possible role in drug design and potential direct applications, the bacterial heparanase 

might also be important for its organism of origin, B. pseudomallei. The bacterium causes the 

potential fatal infectious disease melioidosis for which no vaccine is available to date (Silva and Dow, 

2013). Melioidosis is often characterised by dissemination of the bacterium to many organs (White, 

2003), and given that human heparanase assists tumour cells to spread throughout the body, a 

similar role for B. pseudomallei heparanase during infection is possible. The heparanase deletion 

mutant of B. pseudomallei generated within this thesis could help to investigate the role of the 

enzyme for the bacterium.  

If future experiments do prove a role of the heparanase from B. pseudomallei in melioidosis, the 

generation of inhibitors against the enzyme could not only be used for inhibition of the human 

enzyme in the treatment of cancer and inflammation, but could also be of value in the treatment of 

melioidosis.  
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