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Abstract 

 

Dengue Fever virus (DENV) is a very old mosquito-borne flavivirus that has made a 

modern worldwide re-emergence as a result of population movement and growth, 

urbanisation and lapse of vector control.  The World Health Organisation estimates that 

2.5 billion people, or two-fifths of the world’s population are at risk from DENV, which 

can cause serious illness and in its severe forms, death.  Despite the humanitarian and 

economic burden that DENV and its flaviviral relatives create, there are no 

chemotherapeutic drugs available and vaccine development is challenging. 

 

Mammalian host cell infection by DENV is mediated by the Envelope glycoprotein 

(EGP), which covers the entire exposed surface of the mature virus particle and is 

comprised of three exposed protein domains (DI, DII and DIII) and a transmembrane 

anchor.  While significant effort has been invested to better understand how DIII of EGP 

participates in receptor mediated endocytosis of DENV into host cells, including the site 

and structure of the receptor binding site, or carbohydrate recognition domain (CRD), and 

the structure of ligands involved remain undefined.  A recent study of mammalian cell 

surface glycans involved in DENV infection by Dr Kazuya Hidari and co-workers 

identified DENV inhibition by the glycolipid Paragloboside, which includes the 

tetrasaccharide Lacto-N-neotetraose (nLc4)
1. 

 

This thesis reports an investigation of DENV-2 EGP DIII ligand specificity and 

characterisation of the DIII CRD involved in mammalian cell infection.  To achieve this, 

soluble and high level expression of DENV-2 ThNH-7/93 EGP DIII was established from 

Pichia pastoris (P. pastoris) yeast and the recombinant DIII was successfully purified to 

near homogeneity by single step affinity chromatography.  The biological activity of DIII 

was assessed by DENV permissible cell based assays and the recombinant protein was 

shown to have retained its wildtype host cell receptor binding activity. 

 

Recombinant DIII protein was utilised to successfully establish glycan microarray and 

saturation transfer difference nuclear magnetic resonance (STD NMR) methodologies, 
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which are useful in the study of EGP ligand specificity.   Investigation of nLc4 ligand 

binding to EGP confirmed that this tetrasaccharide binds to the CRD DIII, involving each 

of its carbohydrate moieties. Epitope mapping by STD NMR spectroscopy also revealed 

that the H-1 proton of the N-acetyl-D-glucosamine (GlcNAc) makes closest contact with 

DIII via its N-acetyl group.  Screening of carbohydrate libraries with DENV-2 and a 

multivalent DIII complex identified additional EGP specificity to several novel binding 

ligands that share a GlcNAc moiety at the first or second non-reducing cytoplasm-

exposed positions.   

 

Site-directed mutagenesis of a putative CRD was also carried out based on molecular 

modelling of nLc4 bound to DIII.  Tyrosine (Y) 326 and Glutamic acid (E) 327 were 

mutated to Alanine (A) residues by overlap extension PCR and biological evaluation of 

the P. pastoris expressed mutant proteins revealed that the receptor binding activity of 

Y326A DIII was significantly reduced.  Flaviviral sequence analysis and DIII homology 

modelling also revealed high aromatic amino acid conservation at position 326 that 

appears to act as structural support for a CRD on the most distal DIII solvent exposed 

loop.  Interestingly, this DIII loop region has been previously implicated in receptor 

binding2-4.  

 

This thesis also reports the evaluation of a library of novel compounds that incorporate a 

furanosyl or pyranosyl carbohydrate moiety substituted with a series of functional groups, 

as inhibitors of DENV.  Two compounds, 8 and 26, were identified as strong inhibitors of 

DENV-2 infection of mammalian cells.   An estimated IC50 value of 3 µM was observed 

for compound 26 and its inhibitor activity appears to be dependent on its hydrophobic 

alkyl chain functionality.  Ligand binding with DI or DII was also observed, suggesting 

that this inhibitor acts on the hydrophobic binding pocket involved in EGP rearrangement 

to facilitate host and viral membrane fusion.  Compound 8 displayed the strongest 

inhibition against DENV-2 infection of mammalian cells, with an estimated IC50 value 

of 1.5 µM and was shown to bind directly with DIII, presumably blocking host cell 

receptor binding. 
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This study reports a multi-disciplinary investigation into the carbohydrate interactions 

that mediate DENV infection.  The novel insight gained from this work into DIII receptor 

binding and the methodologies developed will facilitate further definition of DIII-ligand 

binding events that are important for mammalian cell infection, thus providing valuable 

information for rational-based drug design against DENV. 
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CHAPTER 1 

General Introduction 

 

1.1 Biological Significance of Carbohydrates 

 

1.1.1 Carbohydrates: Structure and Function 

In this modern age of biomedicinal science and its associated disciplines, one of the most 

exciting fields to have emerged is glycobiology.  Focusing on the study of structure, 

chemistry, biosynthesis and biological function of glycans and their derivatives, 

glycobiology investigates the relationship and importance of glycans in biological 

systems5.   

 

Carbohydrates, which are also referred to as sugars, saccharides and glycans, are organic 

compounds consisting of carbon, hydrogen and oxygen, and can be classified as 

monosaccharides, disaccharides or polysaccharides5.  Monosaccharides are the simplest 

sugars and can not be hydrolysed into a simpler unit.  The common monosaccharide 

classes and examples of their members found in eukaryotic systems are summarised in 

Table 1.1.  Disaccharides are formed when two monosaccharides are joined by a 

glycosidic bond.  These sugar subunits can be either the same or different and while 

disaccharides are relatively simple sugars, biologically they are some of the most 

important as they undertake many roles in living organisms5.   

 

The glycosidic linkage that joins two sugars involves the anomeric hydroxyl group, in an 

 or  configuration, of one monosaccharide and an appropriately available hydroxyl 

group in a second monosaccharide5.  Therefore in terms of nomenclature, a linkage is 

denoted with the configuration and the carbon position involved, for example the β1-4 

linkage between the D-Glucose (Glc) and D-Galactose (Gal) monosaccharide subunits of 

D-Lactose (Lac) (Figure 1.1).  Additionally, a monosaccharide can be prefixed with either 

D- or L-, which refers to the stereochemistry of the compound6.  Known as enantiomers, 

this term refers to two non-superimposable mirror images of the same compound that can 
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be distinguished by the rotation of plane-polarised light as it passes through a solution7.   

In nature, amino acids predominantly take the left-handed L- forms and sugars are 

typically of the right-handed D- form6. 

 

Table 1.1 – Common monosaccharides found in eukaryotic oligosaccharides. 
 
Sugar Class Description Examples 
Hexoses Six-carbon neutral sugars D-Glc, D-Gal, D-Mannose (Man) 
Hexosamines Hexose with an amino group at 

the 2-position 
N-acetyl-D-glucosamine (GlcNAc),  
N-acetyl-D-galactosamine (GalNAc),  

Deoxyhexoses Six-carbon neutral sugar 
without the hydroxyl group at 
the 6-position 

D-Fucose (Fuc) 

Pentose Five-carbon sugar D-Xylose (Xyl) 
Sialic acids Family of nine-carbon acidic 

sugars 
N-acetyl-D-neuraminic acid 
(Neu5Ac) 

Uronic acids Hexose with a negatively 
charged carboxylate at the 
6-position 

D-Glucuronic acid, D-Iduronic acid 

 

 

 

 

 

Figure 1.1 – Structure of Lac highlighting key structural features of glycans8. 
 

 

 

 

 

β1-4 linkage 

 Anomeric   
position 

Non-reducing 
terminal 

Reducing 
terminal 
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Finally, polysaccharides provide a variety of important functions to living organisms so 

that they can be split into three classes; storage polysaccharides, structural 

polysaccharides and signalling polysaccharides6.  Polysaccharides are polymers of 

monosaccharides linked together to form long and branched chains of repeating glycans.  

For example glycogen is a branched polymer that is made up of many -Glc 

monosaccharides and functions as a short term energy store in animals.  The substantial 

length and structure of this polysaccharide is advantageous in its biological role, as it 

prevents diffusion from or loss within cells and allows sugar subunits to be selectively 

taken from the polysaccharide chain whenever required6.  

 

While they may appear to be a relatively simplistic class of biomolecules, carbohydrates 

are in fact extremely elaborate and complex in their diversity.  The enormous range of 

carbohydrates found in Nature have evolved intimate relationships with other 

biomolecules9.  In these post genome and proteome times, the biological significance of 

the diverse array of carbohydrates associated with cells in the human body is recognised.  

Today it is understood that in addition to providing a source of energy for almost all 

living organisms and structural material to support and protect these biological systems, 

carbohydrates in the forms of glycoconjugates enable numerous and varied biomolecular 

processes6.   

 

In their glycoconjugate form, carbohydrates are linked to proteins and lipids on the 

surface of cells and organelles and fall into three classes; proteoglycans, glycoproteins 

and glycolipids5.  The extracellular matrix of animal cells, illustrated in Figure 1.2 is 

decorated with these glycoconjugates, which consist of a protein or lipid core that 

anchors the complex to the lipid bilayer of the cell membrane and glycans that are 

covalently linked at their reducing end and extend towards the cytoplasm10.   
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Figure 1.2 – Schematic overview of glycoconjugate molecules associated with the 
extracellular matrix of the animal cell plasma membrane, in cross section10. 
 

1.1.2 Glycan Diversity, Function and Significance 

The specific biological roles of the glycans that decorate the surface mammalian cells are 

yet to be fully characterised and there is much interest throughout the worldwide 

glycomics research community to decipher the language encoded by the mammalian 

glyco code, or “glycome”.  The human glycome is read in vivo by glycan binding 

proteins (GBPs), which traditionally have been termed lectins.  These proteins recognise 

specific carbohydrate sequences and upon binding mediate numerous and diverse 

functions, including cell adhesion and trafficking, transmembrane signalling events and 

host-pathogen interactions (Figure 1.3)11.   
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Figure 1.3 – Illustration of cell surface glycoconjugates binding a variety of substrates, 
including cells, soluble ligands, and microbes12,13. 
 

Widespread interest in the language of glycans stems from the fact that these 

biomolecules are highly diverse, especially when compared to the human genome which 

encodes less than 50 000 proteins14.    The source of this enormous diversity lies in the 

structure of glycans, which can have differing linkages, anomeric configurations and 

branching patterns within the various types of subunits that make up their core, backbone 

and peripheral regions14.  When considered with the proteome, this diversity among 

glycans brings additional complexity and variety to the function of proteins in the human 

body.  Given that GBPs bind to their glycan receptor with high specificity and that these 

interactions are pivotal to disease progression, deciphering the human glycome is of 

particular importance to medicinal research. 

 

1.1.3 Carbohydrates as Microbial Receptors 

Microbial pathogens, including viruses, bacteria and parasites, exploit specific cell 

surface carbohydrates during infection.  These binding events enrich the pathogen at the 
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cell surface and facilitate adsorption either directly or via one or more co-receptors.  

Significant effort has been invested to define the nature of carbohydrate molecules 

recognised by microbes during disease progression, to further understand pathogenesis 

and design intervention strategies.  Numerous interactions have been elucidated and a 

selection are summarised in Table 1.2.   

 

Table 1.2 – Summary of pathogenic microbes and their carbohydrate receptor. 
 

Pathogenic  
Microbe 

Carbohydrate or  
Glycoconjugate Receptor 

Review 
Reference 

VIRUSES 
Coronavirus OC43 9-O-acetyl-sialic acid 15 
Hepatitis C Heparan sulfate 15 
Herpes simplex 1 & 2 Heparan sulfate 15 
HIV-1 Sulfated galactosylceramide, heparan sulfate 15 
Influenza A α2-3 linked sialic acid (bird) 

α2-6 linked sialic acid (human) 
15 

Influenza B α2-3 linked sialic acid (bird) 
α2-6 linked sialic acid (human) 

15 

Influenza C 9-O-acetylsialic acid 15 
Norovirus Histo-blood group glycoepitopes in secretor-

positive individuals 
15 

Rotavirus Terminal sialic acid 15 
BACTERIA 
Escherichia coli LT-IIa GD1b ganglioside 16 
Escherichia coli LT-IIb GD1a ganglioside 16 
Shigella dysenteriae Gb3 ganglioside 16 
Vibrio cholerae GM1 ganglioside 16 
PARASITES 
Plasmodium falciparum Glycophorin A, heparan sulfate, chondroitin 

sulfate A and hyaluronic acid 
17 

Trypanosoma cruzi Terminal sialic acid 18 
 

1.1.4 Carbohydrate-Ligand Interactions as a Basis for Rational Drug Design 

Interruption of carbohydrate pathways in disease progression has been successfully 

employed and in the case of mammalian cell viral infections involving carbohydrate 

binding events, one of the best understood examples is that of human influenza virus.  

Influenza is a segmented, negative-sense ribonucleic acid (RNA) virus, of which there are 

three distinct serotypes; A, B and C19.  The virus can be further sub-typed based on the 
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serological reactivity’s of two viral surface antigens, haemagglutinin (HA) and sialidase 

(neuraminidase, NA).  Both HA and NA are glycoproteins that reside on the surface of 

influenza virus and are crucial for pathogenesis.  Once biologically active and attached to 

the virus particle, HA facilitates virus fusion and entry into the host cell through 

attachment to naturally occurring terminal Neu5Ac residues of host cell surface 

glycoproteins.  The virus particle is subsequently engulfed by an endosome, where at pH 

5.0 - 6.0 HA undergoes an irreversible conformational change that exposes a fusion 

peptide located at the N-terminus of the HA2 domain.  Subsequent fusion of the viral and 

cell membranes allows entry of the viral particle into cells and activation of the 

replication complex19.   

 
Influenza infections manifest in the epithelial lining of the respiratory tract and it is here 

that influenza NA removes host Neu5Ac residues bound by the HA of progeny virus 

particles20.  This mechanism facilitates the spread of virus particles both throughout the 

respiratory tract and onto other hosts, by freeing the HA glycoprotein and thereby 

allowing virions to bind other host cell Neu5Ac residues.  In dispersing the progeny 

influenza virus particles throughout the respiratory tract, NA cleavage of HA bound 

Neu5Ac residues also prevents virus aggregation (Figure 1.4A)20.   

 

It was from this sophisticated network of carbohydrate interactions necessary for 

influenza infection of a human host and the crystal structure of the NA catalytic site, that 

the first specific carbohydrate-based anti-influenza virus drug zanamivir (RelenzaTM) was 

designed21,22.  Zanamivir is classed as a NA inhibitor, with influenza NA having a higher 

binding affinity to zanamivir than it does to its natural substrate Neu5Ac21.  This 

disruption in the life cycle of influenza halts the release of progeny virions and results in 

aggregation of virus particles in the mucosal lining of lungs, allowing the body’s immune 

system to rapidly deal with the infection (Figure 1.4B).  Development of clinically 

significant resistance to zanamivir is considered less likely as the drug was designed to 

mimic the binding interaction of the natural Neu5Ac containing receptor that binds the 

catalytic site of NA.  As a result, no conformational change in the catalytic site is induced 
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upon zanamivir binding; therefore variation in the enzyme’s catalytic site that would 

inhibit drug activity would also inhibit binding to the virus’ natural receptor. 

 

 

Figure 1.4 – A) Mechanism of NA activity during influenza infection and B) action of 
zanamivir to block its activity23. 
 

Design of the anti-influenza drug zanamivir, as well all other carbohydrate based drugs, 

involves the multidisciplinary use of molecular modelling, molecular biology, 

biochemistry, x-ray crystallography, nuclear magnetic resonance (NMR) and medicinal 

chemistry.  While carbohydrate-based drug design is a relatively new field, the 

methodology and outcomes are both sophisticated and powerful, and may be applied to 

any pathogen or disease that exploits the human glycome. 
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1.2 Insect-borne Viral Infection 

 
1.2.1 Arboviruses 

The Arbovirus (arthropod-borne) group of viruses encompasses a number of viral 

families that utilise blood-sucking insects for transmission24.  While the Flaviviridae, 

Togaviridae and Bunyaviridae families of viruses are all capable of causing arboviral 

disease in humans, the Flaviviridae family contains some of the most important emerging, 

re-emerging and medically significant viruses facing the world today24.  Of particular 

relevance is the flavivirus genus, which is made up of a number of modern day mosquito- 

and tick-borne viruses that all evolved from a common ancestor 10 000 – 20 000 years 

ago25.  These viruses typically infect vertebrates causing serious and sometimes fatal 

infections, especially in humans26.   

 
1.2.2 Mosquito-borne Flaviviruses 

Of more than 70 flaviviruses that have been identified, around half pose a threat to 

humans and only a small number of these have been of medical importance in the last 

century25.  Those mosquito-borne flaviviruses that are considered to be medically 

important today include Dengue Fever (DENV) virus, Yellow Fever (YF) virus, Japanese 

Encephalitis (JE) virus and the remainder of the JE serogroup, which includes West Nile 

(WN) virus, St Louise Encephalitis virus, Murray Valley Encephalitis virus, Kunjin virus 

and Rocio virus.  There are currently no antiviral drugs available and few vaccines to 

prevent infection by flaviviruses, some of which are among the most significant disease-

causing microbial pathogens facing the world today25.  Of particular interest in this study 

is DENV, which causes infection by any one of four distinct serotypes (DENV-1, DENV-

2, DENV-3, DENV-4) once a human host is bitten by an infected mosquito.  DENV and 

its related illnesses can range from asymptomatic to severe and fatal manifestations that 

result in significant humanitarian and economic burden27. 

 

1.2.3 Tick-borne Flaviviruses 

Several tick-borne flaviviruses are of medical importance to humans, including tick-

borne encephalitis (TBE) virus, Langat virus and Omsk Haemorhagic virus27.  The 

mosquito- and tick-borne flaviviruses share significant sequence and structural homology. 
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1.2.4 DENV 

1.2.4.1 Epidemiology 

The earliest record of illness clinically compatible with DENV was recorded in a Chinese 

encyclopaedia during the Chin Dynasty from AD 265 to 420 and after this several 

isolated outbreaks of a similar nature were recorded28.   Historical events including 

deforestation, human settlement, industrialisation, world war, population movement and 

population growth have contributed to the emergence and geographical distribution of 

DENV across the world that we see today28.  DENV is transmitted between mosquitoes 

and humans in a continuous cycle that is independent both in evolution and transmission 

of the sylvatic cycles that exist in the forest of Malaysia and western Africa between non-

human primates and mosquitoes (Figure 1.5)29,30.  Once the principal vector, the female 

Aedes (Ae.) aegypti mosquito has taken a contaminated blood meal from a patient during 

the viremic phase of their illness, DENV infects the epithelial lining of the mosquito 

midget with no direct pathogenic effect on the vector31.  The virus then escapes to the 

haemocele and infects the salivary glands where high concentrations of the virus 

accumulate.  DENV may also be passed to the mosquito’s genital tract for transmission to 

fully developed eggs and an Ae. aegypti mosquito may be simultaneously infected with 

two DENV serotypes or strains without affecting the yield of each virus.  An extrinsic 

incubation period of 8-12 days from when the viremic human was bitten to when the 

mosquito can pass on the infection is required before successful transmission.  

Interestingly, the Ae. aegypti mosquito has only a low susceptibility to oral infection by 

DENV and these mosquitoes are nervous feeders that can be easily disturbed.  Despite 

this, they have evolved into a domestic species that is intimately associated with humans 

and as such remains a suitable and stable vector for the virus28,31.   
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Figure 1.5 – Transmission of DENV through the human and sylvatic cycles.  The latter 
does not contribute to the disease incidence among humans30. 
 

In the last century two specific and significant events have led to the current re-

emergence of DENV throughout the world.  The first occurred during and after World 

War II in South East Asia where water and sewage systems were destroyed, subsequently 

creating more favourable breeding places for the Ae. aegypti mosquito27.  This was 

followed by movement of troops and eventually rural populations to vast geographical 

areas, facilitating circulation of multiple serotypes of DENV to susceptible hosts in new 

geographical areas.  This vector migration and hyperendimicity eventually led to the 

increase in DENV infections and emergence of its severe manifestation Dengue 

Haemorrhagic Fever (DHF), which was first discovered in Manila in 1953 and occurs 

upon secondary DENV infection.  The second event of importance in the modern re-

emergence of DENV, was the lapse of vector control in the Americas.  Prior to the 1970s, 

flaviviruses were controlled through extensive mosquito education and eradication 

programmes, which were effective in controlling populations of Ae. mosquitoes27.  Their 

discontinuation, combined with unplanned rapid urbanisation and increased population 

movement, led to significant reinfestation of the Americas with the Ae. aegypti mosquito 

and therefore DENV (Figure 1.6)27.   
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Figure 1.6 – Distribution of Ae. aegypti mosquitoes throughout the Americas in 1970, at 
the end of the mosquito eradication programme, and in 200232. 
 

In addition to historical events of the last century, more recent influences such as global 

population movement and growth, a widespread lack of vector control and global 

warming have contributed to the current re-emergency of DENV and it is now considered 

one of the most important diseases in terms of morbidity and mortality facing the world 

today.  Dengue surveillance programs coordinated by the World Health Organisation 

(WHO) have documented that DENV and its severe forms DHF and Dengue Shock 

Syndrome (DSS), have spread to the majority of the tropical and sub-tropical regions of 

the world (Figure 1.7).  The virus is now endemic in more than 100 countries spaning 

Africa, the Americas, the Eastern Mediterranean, South East Asia and the Western 

Pacific, with recent epidemic outbreaks reported in Indonesia, India, El Salvador, 

Ecuador, Honduras and Brazil27.  The WHO estimates that 2.5 billion people, or two-

fifths of the world’s population are at risk of infection by one of the four serotypes of 

DENV and approximately 50 million cases are reported annually.  These figures include 

an estimated 250 000 - 500 000 cases of DHF and DSS.  In total, DENV and its related 

illnesses cause 24 000 reported deaths annually.  A sizeable portion of affected regions 
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are located in rural areas of developing countries though, so it is thought that many cases 

of DENV go unreported27. 

 

 

Figure 1.7 – The geographical distribution of the Ae. aegypti mosquito (pink) and recent 
epidemic activity of DENV (red) throughout the world32,33.   
 

1.2.4.2 DENV Molecular- and Structural Biology 

DENV and all other flaviviruses have a 10.7 kb single-stranded positive-sense RNA 

genome, which contains a single open reading frame that encodes a polyprotein34.  

Replication of flaviviral RNA is coupled to translation, so that each viral RNA must be 

translated in order to be replicated.  Further, RNA replication has been shown to also be 

coupled to virus assembly.  Therefore, the genome must be translated into the viral 

proteins before replication and packaging of progeny virions can occur and this is 

achieved through a combination of host and viral machinery.  The N-terminus of the 

polyprotein encodes three structural proteins  that have important roles in determining the 

virion structure and in pathogenesis; capsid (Cap), pre-Membrane (pr-Mem)/Membrane 

(Mem) and envelope glycoprotein (EGP) (Figure 1.8)34.  The Cap protein is involved in 

RNA packaging and forms the nucleocapsid that houses the viral genome35.  The prMem 

is thought to function as a chaperone for EGP protein folding and assembly, after which 

the prMem is cleaved to form the mature Mem protein.  Finally the EGP is the major 

antigenic site of the virus and mediates host cell receptor binding that initiates infection35.  

The EGP is of particular interest in this work and will be discussed further in section 
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1.2.5.  The remainder of the polyprotein encodes seven non-structural (NS) proteins, NS1, 

NS2a, NS2b, NS3, NS4a, NS4b and NS5, that are essential for virus replication (Figure 

1.8)34.   

 

 

Figure 1.8 – Schematic diagram of the three structural (Cap, Mem and EGPs) and seven 
NS proteins derived from a single polypeptide encoded by the flavivirus genome. C, 
capsid protein; E, Envelope glycoprotein; M, Membrane protein36. 
 

The intracellular life cycle of DENV is the same as all its flaviviral relatives and is 

illustrated in Figure 1.9.  Infection of a human host with DENV begins upon its 

introduction by a viremic mosquito. Virions enter host cells by receptor-mediated 

endocytosis and the acidic environment of the endosome induces changes in the EGP 

structure that lead to fusion of the viral and cellular membranes, and subsequently allows 

entry of the nucleocapsid into the cytoplasm of the host cell35,37.  Once the viral genome 

is released into the cytoplasm, it is translated into the polyprotein using cellular 

machinery at the endoplasmic reticulum (ER)-derived membranes.  Post translational 

cleavage of the polyprotein by viral and host proteases yields the virus’ three structural 

proteins and seven NS proteins.  At this point the virus switches from translation to 

synthesis of a negative-stand RNA intermediate, which acts as a template for positive-

strand viral RNA production.  Immature progeny virions are first packaged in the lumen 

of the ER and these particles contain the EGP and prMem protein encasing a lipid bilayer 

and the viral nucleocapsid.  These virus particles are non-infectious, until upon entering 

the trans-Golgi network they undergo maturation by host cell proteolytic cleavage.  
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Infectious virus particles are subsequently exocytosed via a secretion pathway into the 

host bloodstream to reinfect local cells or feeding mosquitoes35,37. 

 

 

Figure 1.9 – Intracellular life cycle of DENV, from initial receptor binding and virus 
fusion with the host cell membrane, through to mature progeny virus secretion35. 
 

Processing of DENV structural proteins during polyprotein translation occurs at the ER 

lumen, where they are translocated and anchored via specific signal sequences and 

membrane anchor domains  (Figure 1.10)35.  The Cap protein contains a hydrophobic 

signal sequence at its carboxyl terminus that translocates the prMem protein into the 

lumen of the ER following their synthesis on the ER surface.  The EGP is also 

translocated into the ER lumen via the action of two prMem transmembrane domains that 

contain a stop transfer sequence and a signal sequence.  After a series of post-

translational proteolytic cleavages, the viral RNA and Cap protein remain in the host cell 

cytoplasm and the latter stays associated with the ER membrane.  In the ER lumen, the 

prMem and EGP rapidly form a stable heterodimer.  During the progression of immature 
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virions through the trans-Golgi network, the prMem protein is cleaved by furin and the 

EGP assumes its biologically active dimer formation on the surface of the virus particle35. 

 

 

Figure 1.10 – Predicted orientation and topology of structural proteins in the ER 
membrane following translation of the viral genome.  Transmembrane helices are 
illustrated as cylinders, arrows indicate the post-translational cleavage sites and the 
enzymes involved are colour coded.  E, Envelope glycoprotein; M, Membrane protein35. 
 

The mature DENV particle secreted from the trans-Golgi network is a small icosahedral 

and enveloped structure that has a diameter of 500 angstroms (Å).  Its RNA genome is 

packaged by the Cap protein in a host-derived lipid bilayer (Figure 1.11A)26 and the 

virion is surrounded by 180 copies of the EGP and Mem proteins that are orientated so 

that EGP dimers cover the entire exposed surface of each virus particle (Figure 1.11B)38. 
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Figure 1.11 – A) A central cross section looking down an icosahedral three-fold axis, 
showing the polygonal shape of the DENV membrane, obtained with cryo-electron 
microscopy (cryo-EM). The darkness of the shading is proportional to the magnitude of 
the cryo-EM density26.  B) Structure of whole DENV showing each EGP dimer39. 
 

1.2.4.3 DENV Infection and Clinical Presentation 

Following inoculation into the skin by a vireamic mosquito, DENV replicates in local 

dendritic cells (DC)30.  Systemic infection of macrophages and lymphocytes ensues, 

followed by entry of the virus into the bloodstream and subsequent infection of further 

cellular targets30.  While not all cases of DENV cause significant illness due to host 

determinants, those that do are characterised by an acute febrile illness similar to 

influenza40.  The WHO has defined classical DENV as a symptomatic infection that 

presents after an incubation period of 3 – 14 days, however in most cases this period is 

generally 4 to 7 days27,30.  Patients typically suffer from a sudden onset of fever that may 

be accompanied by severe headache and pain around the eyes, muscular pain and 

tenderness, neuralgic joint pain, maculopapular rash and in some cases, bleeding 

complications (Figure 1.12).  DENV patients can expect a slow but full recovery, 

however some fatal cases without manifestation of DHF or DSS have been reported27,30. 

 

 

 

B A 
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Figure 1.12 – Summary of the WHO case definitions of a) DENV, b) DHF and c) DSS 
infections.  A generalised time course of disease progression associated with all forms of 
DENV infection is indicated in d30. 
 

Understanding DHF and DSS has been controversial, however it is now believed that 

these severe forms of DENV result from a secondary infection and the phenomenon of 

antibody-mediated enhancement.  Infection by any of the four serotypes of DENV 

confers lifelong immunity to that particular serotype through a neutralising antibody, as 

well as serotype cross-reactive immunity early after the primary infection.  This broad 

protection rapidly decreases after 6 months though and patients become susceptible to the 
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other three serotypes of the virus41.  Enhanced disease severity in patients suffering from 

a secondary DENV infection is thought to be mediated by existing, non-neutralising 

heterotypic antibodies generated during the primary DENV infection (Figure 1.13)30.  

Recognition of the secondary DENV by these antibodies facilitates binding to the Fc 

receptors (FcR) and subsequent infection of circulating monocyte cells.  In the absence 

of these non-neutralising antibodies, monocytes remain susceptible to DENV infection, 

however their presence enhances DENV trophism for these cells.  Once infected, 

monocytes allow replication and therefore dissemination of high concentrations of the 

secondary DENV around the body, leading to a greater potential for severe disease30. 

 

 
 

Figure 1.13 – Mechanism of antibody-dependent enhancement of DENV infection in 
humans30. 
 

The initial stages of DHF do not differ significantly from the clinical course of classical 

DENV, with patients presenting a sudden onset high fever and other non-specific 

symptoms27,30.  However after around 10 – 11 days of infection, at the time of 

defervescence, a DHF patient’s condition begins to deteriorate and haemorrhagic 

manifestations ensue with or without symptoms of hypovolemia due to plasma leakage.  

These haemorrhagic symptoms include capillary fragility, petechiae, ecchymoses or 

purpura, bleeding from the mucosa, gastrointestinal tract or other sites, and haematemesis 

or melena.  Grade III and IV DHF patients may go into clinical shock (DSS) and will 

experience additional rapid and weak pulse, narrow pulse pressure or hypotension, cold 

clammy skin and altered mental status (Figure 1.12).  DHF and DSS cases are generally 

prevalent in hyperendemic areas and children under 15 years of age are most at risk27,30.  
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These severe forms of DENV require immediate medical attention, however many of the 

affected areas lie in underdeveloped and/or poor, rural and highly populated regions of 

the world. 

 

1.2.4.4 DENV Prevention Strategies  

There are currently no chemotherapeutic agents available against DENV and vaccine 

development has proven challenging due to the complex requirements of an effective 

candidate.  As such the most effective treatment of DENV is still prevention by vector 

control.  The Ae. mosquitoes must be controlled both in and around the home as this is 

where most transmission occurs.  While insecticide surface sprays can kill adult 

mosquitoes, the most effective vector control occurs when the mosquitoes are still 

larval28.  The domestic habitat of mosquito larvae includes any type of pooled water, 

therefore effective control must include eliminating, cleaning and/or chemically treating 

water-holding containers around the home.  In the case of DENV prevention in travellers 

to tropical regions of the world, the risk of infection is greatly reduced through personal 

protection with clothing and diethylmetatoluamide repellent for exposed skin28. 

 
Vaccine development against DENV has been difficult and an ideal vaccine candidate 

must be free from significant side effects, induce cross reactive neutralising antibodies 

against all four serotypes of DENV and provide lifelong immunity30.  An economical 

single dose vaccine would also be favourable for dissemination in developing countries.  

Of all the flaviviruses, vaccine development against DENV is the most challenging due to 

immune enhanced infection.  Significant research efforts have investigated live 

attenuated, inactive, subunit and DNA vaccines and a number of these, which are close to 

or undergoing clinical trials, have been recently reviewed in detail30. 

 

1.2.5 DENV EGP 

1.2.5.1 EGP Molecular Biology 

Of the 11 kb polyprotein sequence encoded by the DENV-2 ThNH-7/93 genome 

(u31949), nucleotides 841 – 2325 encode EGP. This sequence encodes three exposed 

protein domains, including nucleotides 841-993, 1234-1416 and 1678-1722 that encode 

Domain I (DI), nucleotides 994-1233 and 1417-1677 that encode Domain II (DII) and 
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nucleotides 1723-2023 that encode Domain III (DIII); in addition to a stem/stalk and 

transmembrane region from nucleotides 2024-2325 (Figure 1.14).  This latter region links 

the C-terminus of folded EGP to the outer membrane of the virus particle4. 

 
 
 
 
 
 
 
 
Figure 1.14 – Distribution of protein domains encoded by the EGP gene, as part of the 
DENV polyprotein.  Nucleotide and amino acid numbers are indicated at the top and 
bottom of the gene respectively. 
 

1.2.5.2 EGP Structure and Function 

The EGP is the major site of host cell receptor binding and host-mediated antibody 

neutralisation for DENV.  The crystal structure of DENV EGP at neutral pH was solved 

in 2003, revealing three exposed protein domains (DI-III) that form a dimer on the 

surface of the virus particle with similar architecture to its flaviviral relatives and other 

class II viral fusion proteins (Figure 1.15)4,42.  The central DI consists of 8 β-strands and 

a short amino terminal strand that extends to DII, which is made up of 12 β-sheets and 2 

alpha helices4.  Glycosylation sites are located on DII at Asparagine (Asn, N) 67 and at 

Asn153 in DI and the latter of these sites is conserved amongst the majority of 

flaviviruses.  The carbohydrate moiety at Asn153 extends across the dimer interface to 

cover the fusion loop, necessary for viral and host membrane fusion, stabilising the EGP 

dimer on the mature virus particle4,43.  Infection of mammalian cells with an EGP N153 

glutamine (Q) mutant DENV has revealed reduced infectivity, indicating that the glycan 

at this position greatly increases viral specific infectivity43.  The Asn67 glycosylation site 

located on DII is unique to DENV and significant research has revealed that its 

carbohydrate moiety is essential for virus assembly and exit43, and can bind the lectin 

dendritic cell-specific intercellular adhesion molecule 3-grabbing non-integrin (DC-

SIGN) to mediate viral entry into early cellular targets during infection43-48.  A ligand 

binding pocket that opens through a conformation shift in EGP and accepts hydrophobic 

moieties was also identified in the crystal structure at the interface of DI and DII.  This 
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region is lined with residues that influence the pH threshold for fusion and therefore has a 

role in the process of viral and host membrane fusion4.                                                      

 

 

Figure 1.15 – The pre-fusion crystal structure of DENV-2 EGP Ectodomain.  In one 
monomer, D I, II and III are coloured red, yellow and blue respectively49. 
 

Finally, DIII is an unglycosylated region of EGP and extends from the carboxyl terminus 

of DI, existing as an IgC-like module that is made up of 10 β-sheets4.    Significant 

research into events that lead to infection of host cells has revealed that DIII mediates 

host cell surface receptor binding and therefore infection2.  A compact solvent-exposed 

bulge on the exterior of DIII is made up of four residues (382-385) that are unique to 

mosquito-borne flaviviruses4 and this region has been postulated as a receptor binding 

loop2,4 (Figure 1.15).  However, the specific region that undergoes receptor-binding, or 

the carbohydrate recognition domain (CRD), is controversial and yet to be defined. 
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Figure 1.16 – Proposed mechanism for flavivirus class II membrane protein fusion. A) 
Top and B) side view of EGP dimer anchored to the viral membrane (blue).  EGP binds 
to a cell surface (pink) receptor and the virion is internalised to an endosome.  C) The 
low pH environment induces a conformational rearrangement of EGP to expose a fusion 
loop and D) trimer contact leads to hemifusion of the apposing membranes.  E) A lipidic 
fusion pore forms and the EGP assumes its final low pH conformation42. 
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Based on pre- and post-membrane fusion EGP crystal structures and the proposed 

mechanism for class II protein membrane fusion, a mechanism for conformational 

rearrangement of DENV EGP to promote membrane fusion has been proposed50.    Upon 

DIII binding to its primary mammalian cell surface receptor, the virion is absorbed into 

the host cell by endosomal uptake (Figure 1.16).   The endosome provides a low pH 

environment of 6.4 that causes the EGP dimers on the surface of the virus to 

dissociate50,51.  Release of the constraints imposed by dimer contact and differences in 

orientation allows flexing of DI and II away from each other around the hinge axis 

located at the interface of these two domains50.  Orientation of DII away from the virion 

surface exposes the fusion loop, which is inserted into the target cell membrane (Figure 

1.16C).  EGP monomers then form a trimer and act as a pre-fusion intermediate in which 

the trimers form a bridge between the host cell and viral membranes.  At this point the 

EGP transmembrane tail is anchored in the viral membrane and the fusion loop is 

anchored in the host cell membrane.  The final stage in the EGP rearrangement involves a 

shift and rotation of DIII, folding the C terminus of the EGP back towards the fusion loop 

and completing the highly stable trimeric hairpin-like structure.  Free energy released by 

the protein refolding drives the apposing host cell and virion membranes towards each 

other (Figure 1.16D).  Hemifusion must precede zipping up of the trimer stems and is 

proposed to occur after the β-strand exchange that locks DIII into the trimer position, and 

full pore formation occurs before the EGP transmembrane segments reach their final 

positions around the periphery of the fusion loops.  The final low pH post-fusion 

conformation of EGP was observed by crystal structure and revealed that the DII fusion 

loop and transmembrane region anchor next to each other in the fused membrane (Figure 

1.16E)50. 

 
1.2.5.3 EGP Host Cell Surface Receptors 

The flavivirus genus belongs to the Flaviviridae family along with the pestivirus and 

hepacivirus genera.  The latter causes infection in humans and contains only one member, 

Hepatitis C virus (HCV).  The WHO estimates that 180 million people or 3% of the 

world’s population are infection with HCV and are therefore at risk of developing 

chronic liver cirrhosis and/or liver cancer52.   
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The surface of HCV, like DENV and its flaviviral cousins is entirely coated by envelope 

glycoproteins, which in the case of HCV are two distinct species called E1 and E2.  Many 

viruses use carbohydrates as a first point of interaction during host invasion and the 

highly sulfated and negatively charged glycosaminoglycan (GAG) heparan sulfate (HS) 

has been implicated as a major determinant in HCV53, DENV54-57, JE58,59, TBE60 and 

WN59 virus infection of mammalian cells.   Flaviviral research suggests though that an 

alternative and less abundant host cell receptor also exists and that GAGs function to 

aggregate virus particles to the cell surface60.  The nature of a less abundant co-

receptor(s) recognised by the EGP of flaviviruses during endocytosis remains undefined.   

 

To date it is understood for DENV that following infection of a human host by an 

infected mosquito, the first step of virion progression involves infection of immature DCs 

or their precursor CD14+ cells, located below the skin, through the DC-SIGN lectin43-48.  

This binding interaction results in rapid internalisation of virions and may allow the virus 

to evade the host immune system and be effectively transported to suitable cellular 

targets around the body45.  The relationship between DCs and pathogens has been 

previously reported, most notably in human infection by the Human Immunodeficiency 

virus61,62.   

 

Once distributed throughout the body, the primary in vivo target cells of DENV in 

humans is still unknown.  However monocytes and macrophages, endothelial cells, 

lymphocytes, basophils, mast cells and platelets have all been implicated in disease 

progression and this has been briefly summarised in Table 1.363.  Several cell lines have 

also been established for laboratory viral propagation, including hematopoietic64, 

hepatoma65 and renal cells66,67.  Receptor-mediated endocytosis of the virus particles into 

host cells is a critical step for the DENV life cycle in a human host, therefore the nature 

of cell surface structures bound by DIII of EGP during the initial stages of infection may 

ultimately help define cellular tropism37.  It has been suggested though that DENV 

receptor usage may differ between cell types and virus serotypes and strains66,68,69.   
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Table 1.3 – Summary of DENV and DHF cell targets and their role in pathogenesis. 
 

Cell Target Role in Pathogenesis 
Reference & 

Further Reading

Dendritic cells 
First cell contact following infected mosquito bite.  

Cells carry virions from cutaneous site of infection to 
lymphoid and possibly other tissues. 

63 

Monocyte & 
Macrophage 

cells 

Major target for infection, which is mediated by the cell 
surface lectin called mannose receptor.  Vasoactive 
cytokines produced by infected cells have powerful 

effects on endothelial cell physiology. 

63,70 

Endothelial cells 

DENV activates memory T cells, resulting in the release 
of cytokines and other mediators that act on the vascular 
endothelium at sites around the body.  The major result 

is opening of junctions between endothelial cells, 
therefore increasing permeability. 

63,71 

Lymphocyte 
cells 

Secondary infection activates memory T lymphocytes 
with lower avidity for the infecting virus, resulting in 

altered T-cell functional responses. 
63,72 

Basophil/Mast 
cells 

Antibody enhanced infection results in vivo results in 
induction cell dysregulation and apoptosis. 

63,73 

Platelets 
Virion binding can cause immunological effects in 
addition to thrombocytopenia cause by antiplatelet 

autoantibody destruction. 
63 

 
 
Previous studies have identified a range of protein species in addition to HS as proposed 

mammalian cell surface receptor molecules37.  A more recent study has also identified an 

association between DENV and the mammalian cell surface glycolipid Paragloboside.  

This glycoconjugate consists of the neutral tetrasaccharide Gal1-4GlcNAc1-3Gal1-

4Glc (Lacto-N-neotetraose, nLc4) and a hydrophilic ceramide (Cer) that anchors it to the 

cell membrane.  In the human body, nLc4Cer is expressed in human milk74, is an 

intermediate in the biosynthesis of erythrocyte blood group ABH and P1 glycospingolipid 

antigens75,76 and glycolipids containing the nLc4 tetrasaccharide play a role in some 

biological recognition events.  nLc4Cer also comprises the backbone structure of the 

ganglioside family containing N-acetylglucosamine75,76 and is expressed on the surface of 

human erythrocytes and polymorphonuclear leukocytes75,76.  Given the life cycle of 

DENV and its dependence on infected blood transmission, it is not unreasonable to 

assume that DENV would utilise circulating blood cells for propagation.  Further, binding 

by all serotypes of DENV has been confirmed (Figure 1.18) and effective inhibition of 

mammalian cell infection was demonstrated by the nLc4 tetrasaccharide1. 
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Preliminary investigation into the carbohydrate determinant for DENV binding to 

nLc4Cer was carried out by Dr Kazuya Hidari and co-workers, with a series of related 

glycolipid structures (Figure 1.1.7)1.  Virus binding was assessed first by 

TLC/immunostaining, which demonstrated a DENV-2 binding preference for nLc4Cer 

over Gg3Cer and Gg4Cer (Figure 1.18B).  No DENV-2 binding to LacCer was observed 

(data not shown)1.   

 

 

 

 

 

 

 

 

 
Figure 1.17 - Glycolipid structures utilised to investigate the carbohydrate determinant of 
DENV binding to nLc4. 
 

Further investigation by ELISA-based virus binding assay demonstrated significant 

DENV-2 binding affinity for nLc4Cer at a range of concentrations, however no 

significant binding to LacCer, Gg3Cer, Ar2Cer or Ar3Cer and only marginal binding to 

Gg4Cer was reported (Figure 1.18C)1.  The addition of a non-reducing terminal Gal 

residue to the structure of Gg3Cer however, appeared to increase the binding affinity of 

DENV-2 to Gg4Cer.  Marginal binding of DENV-2 to Ar4Cer was also observed.  This 

was thought to be of interest for its structural similarity to nLc4Cer, differing only in its 

non-reducing or cytoplasm-exposed terminal residue.  Combined with a lack of affinity to 

LacCer, the authors of this study concluded that the non-reducing terminal Gal residue 

was important and that Galβ1-4GlcNAcβ is the minimum determinant for nLc4 binding to 

the surface of DENV-21. 
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Competitive inhibition of DENV-2 infection of mammalian cells with nLc4Cer was also 

assessed with a range of dendrimer structures1.  These dendrimers were selected as core 

structures to carry the glycolipids of interest as they are soluble in water, have low 

toxicity to cells and provide a multivalent platform that mimics the in vivo display of 

carbohydrates on the surface of cells (Figure 1.19A).  The three dendrimer structures, 

denoted Fan(0)3-, Ball(0)4- and Dumbbell(1)6- were coupled through silicon to nLc4 or 

Lac, which acted as a negative control.  Dendrimers were included during DENV 

infection of BHK-21 cells at concentrations up to 0.5 mM.  The Fan- and Dumbbell-nLc4 

dendrimers displayed inhibition of virus infection at all concentrations in a dose-

dependent manner (Figure 1.19B).  The most significant inhibition was observed at all 

concentrations of Dumbbell-nLc4, and a lack of inhibition by a monovalent form of the 

tetrasaccharide suggested that nLc4 binding affinity to DENV and subsequent inhibition 

of virus binding to cell surface structures necessary for infection, is dependent on glycan 

multivalency1. 

 

The tetrasaccharide nLc4 represents an interesting target for carbohydrate based-drug 

design against DENV as it appears to block host cell receptor binding and therefore virus 

internalisation, however further study is required to define this binding interaction and 

the ligand specificity of EGP DIII.  Inhibitors of receptor-mediated endocytosis would be 

effective in controlling both infection and spread of the virus and this class of inhibitor 

may be highly efficient due to the fact that the EGP CRD DIII does not undergo any 

conformation change to its tertiary structure during EGP trimerisation and this may 

favour stable inhibitor binding.  It is known that for other viruses, inhibitors of 

carbohydrate-recognition pathways (sialidase) require 10-10 M affinity to achieve a 

reasonable clinical outcome22.  It is therefore not unreasonable to assume that a similar 

affinity would also be required to effectively inhibit DENV infection. 
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Figure 1.18 – A) TLC/virus binding assay of DENV 1-4 to nLc4Cer in parallel with 
control orcinol staining of nLc4Cer.  B) TLC/virus binding assay of DENV-2 binding to 
nLc4Cer, Gg3Cer and Gg4Cer in parallel with control orcinol staining of the glycolipids.  
C) Dose-dependent ELISA-based DENV-2 binding to glycolipids1. 
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Figure 1.19 – A) Schematic of multivalent dendrimer structures utilised to display nLc4 
and B) assess its inhibition of DENV-2 infection of mammalian cells1. 
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1.3 Project Summary 

 
1.3.1 Definition of Investigation 

To-date there are no chemotherapeutic agents available against DENV or any of its 

flaviviral relatives.  This is due in part, to the fact that the nature of host cell surface 

receptor(s) and the CRD of the EGP DIII that mediate infection of mammalian cells are 

yet to be defined.  In light of this, significant research into DENV EGP DIII carbohydrate 

ligand specificity, identification of potential CRD regions and assessment of inhibitor 

libraries is required.  Using a broad-spectrum approach to investigate carbohydrate-

mediated DENV-2 infection of host cells will provide important information for rational-

based drug design against not only DENV, but ultimately other flaviviruses. 

 

The aims of this investigation were therefore: 

1. To establish rapid and high-level expression and purification of functional EGP 

DIII from Pichia pastoris yeast, and to carry out structural and functional 

characterisation of the recombinant protein to establish its suitability as an in vitro 

model to study DENV infection of mammalian cells. 

2. To investigate the ligand specificity of DENV-2 EGP DIII against an array of 

carbohydrates to further define the nLc4 binding interaction and identify new 

carbohydrate structures and properties of interest. 

3. To define the CRD of DENV-2 EGP DIII involved in receptor-mediated infection 

of mammalian cells based on nLc4 modelling to the surface of DIII. 

4. To screen available anti-microbial compounds for anti-DENV activity and 

characterise binding interactions of interest. 
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CHAPTER 2 

Materials and Methods 

 
2.1 Materials 

 
2.1.1 Reagents 

Amresco (Solon, Ohio): 

 Agarose 

BioRad (Hercules, California):  

 40% Acrylamide/Bis-acrylamide (37.5:1) 

 Sodium dodecyl sulfate 

 Tris-HCl solution (pH 6.8) 

 Tris-HCl solution (pH 8.8) 

Calbiochem (San Diego, California):  

 Potassium phosphate dibasic 

 Potassium phosphate monobasic 

Invitrogen (Carlsbad, California):  

 Custom-made synthetic primers 

 Zeocin 

Fermentas (Burlington, Ontario):  

 Page Blue stain 

 dNTPs 

Fluka (St Louise, Missouri):  

 Dextrose 

 Formaldehyde 

 Glutathione reduced  

 Glycerol 

 Polyethylene glycol 6000  

 Potassium chloride  

 Sodium chloride 

 Sodium phosphate dibasic  
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 Sodium phosphate monobasic  

 TEMED 

Gibco (Carlsbad, California):  

 Fetal calf serum (Australian) 

 HEPES buffer 

 MEM medium 

 MEM non-essential amino acids 

 New born calf serum 

 Opti-MEM medium 

 Penicillin/streptomycin 

 RPMI 1640 medium 

 Sodium pyruvate 

 Trypsin/EDTA 

Lonza (Basel, Switzerland):  

 SeaKem GTG agarose 

Oxoid (Basingstoke, Hampshire):  

 Bacteriological agar 

 Bacteriological peptone 

 Bacteriological tryptone 

 Bacteriological yeast extract 

 Casamino acids 

Roche (Grenzacherstrasse, Basel):  

 Complete EDTA-free protease inhibitor cocktail tablets  

Sigma Aldrich (St Louise, Missouri):  

 AEBSF 

 Ammonium persulfate 

 Ammonium sulfate 

 Benzamidine 

 Biotin 

 Chondroitin sulfate A 

 Chondroitin sulfate B (dermatan sulfate) 



Confidential – not to be copied     34 

 Dimethyl sulfoxide (DMSO) 

 Dimethylformamide (DMF) 

 E-64 

 EDTA 

 GBX developer and replenisher 

 GBX fixer and replenisher  

 Heparan sulfate 

 Heparin 

 IGEPAL CA-640 

 Imidazole 

 Methanol (HPLC grade)  

 MTT reagent 

 Peanut agglutinin (PNA)-FITC 

 Pepstatin A 

 Sorbitol 

 Trichloroacetic acid 

 Triton X-100 

 Tween20 

 Yeast nitrogen base with ammonium sulfate without amino acids 

Tissue Culture Biologicals (Tulare, California):  

 Fetal bovine serum 

 
2.1.2 Molecular Weight Markers 

Genesearch (Arundel, Queensland): 

 2-log DNA ladder (0.1-10 kb) 

 1 kb DNA ladder (0.5-10 kb)  

BioRad: 

 Unstained Precision Plus protein standards 

 All Blue Precision Plus protein standards 

 
Figure 2.1 – Molecular weight standards 
for A) DNA and B) protein electrophoresis. 
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2.1.3 Enzymes 

Genesearch: 

 Calf Intestine Phosphatase 

 EcoRI 

 HinfI  

 NotI 

 PmeI 

Stratagene (La Jolla, California): 

 Cloned Pfu DNA Polymerase 

 

2.1.4 Antibodies 

Cell Signalling Technology (Danvers, Massachusetts):  

 Mouse anti-Histidine (His) 

Dako Cytomation (Glostrup, Denmark):  

 Phycoerythrin-conjugated Streptavidin 

Molecular Probes (Carlsbad, California):  

 Rabbit anti-mouse Alexa Fluor 488  

 Goat anti-rabbit Alexa Fluor 488  

TropBio (Townsville, Queensland):  

 4G2 anti-DENV ascitic fluid  

 3H5 anti-DENV EGP DIII ascitic fluid 

 

2.1.5 Commercial Kits 

Amersham Biosciences (Piscataway, New Jersey): 

 ECL protein biotinylation module  

Invitrogen (Carlsbad, California): 

 EasySelect Pichia expression kit 

Pierce (Rockford, Illinois):  

 BCA protein estimation kit 

 SuperSignal West Pico chemiluminescence kit 
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Promega (Madison, Wisconsin):  

 LigaFast rapid DNA ligation kit  

Qiagen (Doncaster, Victoria):  

 QIAquick PCR purification kit 

 QIAprep Plasmid Mini- and Midiprep kits 

 
2.1.6 Prokaryotic and Eukaryotic Cells 

Table 2.1 – Summary of cells obtained for this study. 
 

Cells 
 

Organism 
Genotype/ 

Morphology 
Origin 
Tissue 

Source 

Escherichia 
coli DH5α 

Bacterial 

F- φ80lacZ∆M15 
∆(lacZYA-argF)U169 

recA1 endA1 
hsdR17(rk-, mk+) 
phoAsupE44 thi-1 
gyrA96 relA1 λ- 

- Invitrogen 

Pichia 
pastoris X-33 

Yeast Wildtype - Invitrogen 

K562 Human Lymphoblast 
Bone 

marrow 
ATCC 

BHK-21 
[C13] 

Hamster Fibroblast Kidney 
ATCC; Dr Paul Young, 

University of Queensland

Vero Monkey Epithelial Kidney 
Dr Yasuo Suzuki, 

University of Shizuoka 

C6/36 Mosquito Epithelial 
Whole 
larvae 

Dr Paul Young, 
University of Queensland

 

2.1.7 Synthetic Glycans 

Consortium for Functional Glycomics (CFG; La Jolla, California): 

 Glycan microarray library 

Institute for Glycomics (IFG; Southport, Queensland): 

 Glycan microarray library sourced from Dextra labs, Glycoseparations and Sigma 

 Synthetic Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ1-OCH2CH2Si(CH3)3 and  

GlcNAcβ1-3Galβ1-4Glcβ1-OCH2CH2Si(CH3)3 

 Furanosyl- and pyranosyl-based glycan library (compounds 1-26) 

University of Shizuoka (Shizuoka city, Shizuoka): 

 Synthetic Fan-Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ 
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2.2 Methods 

 

2.2.1 Construction of Wildtype DENV-2 EGP DIII Expression Plasmids 

2.2.1.1 PCR Amplification 

DENV-2 ThNH-7/93 (u31949) cDNA was kindly provided by Dr Kazuya Hidari 

(University of Shizuoka, Japan) and the EGP sequence is detailed in Appendix 1 (page 

162).  Several Pichia pastoris (P. pastoris) expression plasmids for the EGP carbohydrate 

recognising domain, DIII, were generated by PCR amplification from DENV-2 cDNA 

and ligation into either the intracellular (pPICZB) or secreted (pPICZαA) expression 

vectors (appendix 2, page 164).  The wildtype EGP expression plasmids generated are 

summarised in Table 2.2 and their respective multiple cloning sites and translated protein 

sequences are detailed in Appendix 3 (page 166).  

 

Table 2.2 – Summary of EGP DIII expression constructs. 
 

Gene Vector Plasmid Name Expression Type 
DIII pPICZB pPICZB-DIII Intracellular 
DIII pPICZαA pPICZαA-DIII Secreted 

GST-DIII A pPICZαA pPICZαA- GST-DIII A Secreted 
GST-DIII B pPICZαA pPICZαA- GST-DIII B Secreted 

 

The DIII gene fragment was PCR amplified using the sense primer 5-

CCGGAATTCAAAGGAATGTCATACTCTATG-3 (EGP nucleotides 883 – 904, 

EcoRI underlined), and the antisense primer 5-

TTTTTCTTTTGCGGCCGCCTTGAACCAGTTGAGCTTC-3 (nucleotides 1160 – 1179, 

NotI underlined).  All reaction mixes included 2.5 mM dNTPs, 10 ng of sense and anti-

sense primers, 0.5 ng of template DNA and 1.25 units Pfu polymerase in a 50 µL sample. 

The resulting 0.3 kb DIII dsDNA fragments were analysed by SeaKem GTG agarose gel 

electrophoresis, excised and purified using the QIAquick PCR purification kit. 

 

DIII was also fused at its 5 end with Schistosoma japonicum glutathione-S-transferase 

(GST) DNA from the pGEX-4-T1 vector (GE Healthcare) using overlap extension PCR, 

and was carried out using previously described methodology77.  Briefly, two GST-DIII 
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constructs were engineered to incorporate a thrombin cleavage site 5 of DIII and an 

enterokinase site 3 of DIII (GST-DIII A, Figure 2.2A); or enterokinase sites on either 

side of DIII (GST-DIII B, Figure 2.2B).  An appropriate flanking and hybrid primer 

(Table 2.3) was utilised to simultaneously produce two intermediate PCR products with 

overlapping 3 regions of sequence carrying the GST, DIII and proteolytic site sequences.  

These intermediate products were purified by gel extraction and an equimolar mixture 

was extended in a third PCR reaction by the flanking primers.  Successful amplification 

of the full length GST-DIII PCR product was visually confirmed and the 1 kb dsDNA 

fragment was excised and purified from SeaKem GTG agarose using the QIAquick PCR 

purification kit. 

 

Table 2.3 – Hybrid and flanking primers utilised for GST and DIII gene splicing by 
overlap extension PCR. 
 

Primer Sequence 
Orientation 
and Type  

Restriction 
Enzyme Site 

Protease 
Cleavage Site 

5'-GGAATTCATGTCCCCTATAC 
TAGGTTATTGGAAA-3' 

Sense  
Flanking 

EcoRI - 

5'-TTTTCCTTTTGCGGCCGCC 
TTATCGTCATCGTCCTTGAACC

AGTTGAGCTTCAGTTGT-3' 

Anti-sense 
Flanking 

Not I Enterokinase 

GST-DIII A Hybrid Primers
5'-TCGGATCTGGTTCCGCGTGG 
ATCCAAAGGAATGTCATACTC

TATGTGCACAG -3' 

Sense 
Hybrid 

- Thrombin 

5'- GCACATAGAGTATGACATT 
CCTTTGGATCCACGCGGAACC

AGATCCG -3' 

Antisense 
Hybrid 

- Thrombin 

GST-DIII B Hybrid Primers
5'-CCTCAAAAATCGGATGACG 

ATGACGATAAGAAAGGAATGT
CATACTCTATGTGCACA -3' 

Sense 
Hybrid 

- Enterokinase 

5'-GTATGACATTCCTTTCTTAT 
CGTCATCGTCATCCGATTTTGG

AGGATGGTCGCC -3' 

Antisense 
Hybrid 

- Enterokinase 

  Note – Altered sequence is underlined and restriction sites are highlighted in bold 
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Figure 2.2 – GST-fused DIII genes with A) thrombin and enterokinase cleavage sites or 
B) enterokinase cleavage sites upstream and downstream of the DIII gene. 
 

2.2.1.2 Construction of Plasmid DNA 

The DIII and GST-DIII PCR products were prepared for ligation into the appropriate 

expression vector by restriction digest with EcoRI and NotI.  Digestion with NotI is 

typically inefficient, so PCR products and vectors were digested overnight at 37 C with 

enzyme added at regular intervals.  On the following day EcoRI was added to both 

samples for two hours and calf intestine phosphatase to the vector only for the final hour 

of incubation at 37 C.  Digested DNA was purified by gel extraction and each insert 

DNA was ligated into the appropriate vector (Table 2.2) using the Promega Quick 

Ligation Kit and a 10:1 molar ratio of insert to vector DNA.  Newly ligated plasmid DNA 

was transformed into chemically competent DH5α Escherichia coli (E. coli) and 

transformants were selected for 25 g/mL zeocin resistance on low salt Luria-Bertani 

(LB; 1% tryptone, 0.5% yeast extract, 0.5% sodium chloride) agar.  Plasmid DNA 

integrity was confirmed by EcoRI and NotI restriction enzyme digestion and DNA 

sequencing (AGRF; Brisbane, Australia).  Sequence integrity and frame was confirmed 

by alignment against the DENV-2 ThNH-7/93 polyprotein and plasmid multiple cloning 

site sequences in Appendix 1 (page 162) and 3 (page 166) respectively.   Bacterial 

transformants were used to amplify each expression plasmid and pure stocks were 

isolated using the QIAprep Plasmid Midiprep kit. 
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2.2.2 Construction of Mutant DENV-2 EGP DIII Expression Plasmids 

Overlap extension PCR was employed to carry out site-directed mutagenesis of DENV-2 

EGP DIII resulting in three mutants; tyrosine (Y) 326 alanine (A), glutamic acid (E) 

327A and Y326A-E327A.  A single silent point mutation was also introduced to each 

mutant DIII sequence at Valine (V) 323, creating a new HinfI restriction site.  The 

primers utilised for mutagenesis are detailed in Table 2.4, and include one set of universal 

outer flanking primers and three sets of inner hybrid primers, which are colour coded 

blue for Y326A, pink for E327A and green for Y326A-E327A specific primers.  Site-

directed mutagenesis by overlap extension PCR was carried out utilising methods for 

PCR and cloning that were described in 2.2.1 for wildtype (WT) DIII. 

 

The first two PCR products for each mutant DIII were generated by simultaneous but 

separate amplification of DIII with one flaking and one hybrid primer.  The resulting 0.1 

kb and 0.2 kb dsDNA fragments had an overlapping region at their 3 end that included 

the point mutations of interest.  These fragments were purified using the QIAquick Gel 

Extraction kit and quantitated by agarose gel electrophoresis.  The full length mutant DIII 

genes were finally amplified in a third PCR reaction by mixing equal molar ratios of the 

two overlapping DIII fragments for each mutant and using the universal flanking primers.  

The final PCR products were purified using the QIAquick Gel Extraction kit.  

 

Mutant DIII genes were ligated into the pPICZαA vector at its EcoRI and NotI restriction 

sites using at 10:1 molar ratio of plasmid and vector DNA.  Chemically competent DH5α 

E. coli were transformed with the pPICZαA-DIII Y326A, pPICZαA-DIII E327A and 

pPICZαA-DIII Y326A-E327A expression constructs, and transformants were selected 

with 25 µg/mL zeocin on LB agar.  Plasmid DNA integrity was confirmed by EcoRI and 

NotI restriction enzyme digestion, HinfI restriction enzyme digestion and DNA 

sequencing (AGRF, Brisbane, Australia). 
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Table 2.4 – Summary of site-directed mutagenesis hybrid and flanking primers used in 
overlap extension PCR. 
 

Primer Sequence 
Orientation 
and Type 

Restriction 
Enzyme Site 

Silent 
Mutation 

Non-Silent 
Mutation 

5'-CCGGAATTCAAAGG 
AATGTCATACTCTATGT

GCACA-3' 

Sense  
Flanking 

EcoRI - - 

5'-TTTTCCTTTTGCGGC 
CGCCTTGAACCAGTTG

AGCTTCAGTTGTC-3' 

Anti-sense 
Flanking 

Not I - - 

5'-TATCAGAGTCCAA 
GCAGAAGGGGAC-3' 

Sense  
Hybrid 

HinfI V323V Y326A 

5'-GTCCCCTTCTGCTTG 
GACTCTGATA-3' 

Anti-sense 
Hybrid 

HinfI V323V Y326A 

5'-TTATCAGAGTCCAAT 
ATGCAGGGGAC-3' 

Sense  
Hybrid 

HinfI V323V E327A 

5'-GTCCCCTGCATATTG 
GACTCTGATAA-3' 

Anti-sense 
Hybrid 

HinfI V323V E327A 

5'-ATCAGAGTCCAAGC 
AGCAGGGGAC-3' 

Sense  
Hybrid 

HinfI V323V 
Y326A-
E327A 

5'-GTCCCCTGCTGCTTG 
GACTCTGAT -3' 

Anti-sense 
Hybrid 

HinfI V323V 
Y326A-
E327A 

Note - mutated residues are underlined and restriction sites are highlighted in bold 
 

2.2.3 P. pastoris Transformation and Phenotype Selection 

All methods for P. pastoris transformation and selection were based on those 

recommended for the EasySelect Pichia Expression kit.  P. pastoris X-33 yeast cells 

were grown overnight at 28 C in Yeast Extract Peptone Dextrose (YPD) medium (1% 

yeast extract, 2% peptone, 2% dextrose) and washed with 500 mL of ice cold sterile 

MilliQ water and pelleted at 1500 × g.  Washing in 250 mL of ice cold sterile MilliQ 

water and then 20 mL of ice cold 1M sorbitol followed before resuspension in 1 mL of 

the latter and storage on ice.  Electrocompetent cells were placed in a 0.2 cm cuvette with 

1 µL of PmeI linearised plasmid DNA and the mixture was pulsed in an Eppendorf 

electroporator with 1700 volts for 5 mSec.  Cells were allowed to recover in 1 M sorbitol 

for two hours at 28 C with no shaking and during this time the DIII gene inserted into 

the yeast genome by homologous recombination at its alcohol oxidase (AOX) 1 region.  

Transformants were subjected to 100 µg/mL zeocin selection on Yeast Extract Peptone 

Dextrose Sorbitol (YPDS) medium (1% yeast extract, 2% peptone, 2% dextrose, 1M 
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sorbitol) agar for two to three days at 28 C.  Multiple copies of the gene of interest can 

be inserted into the yeast genome via homologous recombination and transformants were 

screened for multicopy integration by streaking on YPDS agar containing 500 µg/mL and 

1000 µg/mL zeocin.  Viable and pure colonies were further screened for their methanol 

utilisation by normal growth on both minimal methanol (1.43% yeast nitrogen base, 

0.002% biotin, 0.5% methanol) and minimal dextrose (1.43% yeast nitrogen base, 

0.002% biotin, 2% dextrose) agar over two days at 28 C. 

 

2.2.4 Analysis of WT and Mutant DIII Expression 

2.2.4.1 Recombinant Protein Expression Trials  

Small scale expression trials were carried out by seeding 5 mL cultures of Buffered 

Glycerol-complex (BMGY) medium (1% yeast extract, 2% peptone, 100 mM potassium 

phosphate, 1.34% yeast nitrogen base, 0.002% biotin, 1% glycerol) for 12-16 hours of 

growth at 28 C with shaking at 250 rpm.  Once an OD600 5.0 was reached, cells were 

pelleted at 1500 × g and washed once with Buffered Methanol-complex (BMMY) 

medium (1% yeast extract, 2% peptone, 100 mM potassium phosphate, 1.34% yeast 

nitrogen base, 0.002% biotin, 0.5% methanol) before resuspension in the same medium to 

give an OD600 1.0.  Methanol induction of WT and mutant recombinant DIII protein 

expression was carried out for up to 96 hours at 28 C and 20 C and 0.5% methanol was 

supplemented every 24 hours.  Protease inhibitors, including 5 mM AEBSF, 500 µM  

E-64, 20 µM pepstatin A, 20 mM EDTA, a cocktail of these inhibitors and 1% casamino 

acids were added to the BMMY medium at the beginning of methanol induction.  GST-

DIII protein expression trials were carried out at 20 C for 24 hours and the serine 

protease inhibitor benzamidine was also added at 1, 2, 4, 8, 16, 32 and 64 µM to 

pPICZαA-GST-DIII A cultures during methanol induction to inhibit cleavage at the 

thrombin proteolytic signal sequence. 

 

2.2.4.2 SDS-PAGE and Western Blot Analysis  

Following methanol induction, intracellular proteins were released from yeast cells by 

microtube 0.5 mm glass bead lysis in breaking buffer (50 mM sodium phosphate (pH 7.4), 

1 mM PMSF, 1 mM EDTA, 5% glycerol) and secreted proteins were 10% trichloroacetic 
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acid precipitated.  Protein samples were adjusted to 1 × reduced sample buffer, heated at 

95 C for 5 minutes and separated on 13% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) against Precision Plus protein standards according to the 

Laemmli method (Table 2.5)78.   

 

Table 2.5 – Composition of SDS-PAGE gels. 
 

Separating Gel 13% Stacking Gel 4% 
MilliQ water 4.095 mL MilliQ water 3.25 mL 
1.5M Tris-HCl (pH 8.8) 2.5 mL 1.5M Tris-HCl (pH 6.8) 1.25 mL 
10% SDS 100 µL 10% SDS 50 µL 
40% Acrylamide/Bis-
acrylamide (37.5:1) 

3.25 mL 40% Acrylamide/Bis-
acrylamide (37.5:1) 

500 µL 

10% Ammonium persulfate 50 µL 10% Ammonium 
persulfate 

25 µL 

TEMED 5 µL TEMED 5 µL 
 10 mL  5 mL 

 

Gels were run in a BioRad Mini Protein II apparatus at 180 V for 45 minutes before 

staining with Page Blue or electrotransfer of separated protein to Immobilon P 

Polyvinylidene difluoride (Pall; East Hills, New York) membranes in a BioRad semi-dry 

transfer apparatus at 15 V for 30 minutes.  Membranes were immediately blocked with 

5% skim milk powder in Tris buffered saline-Tween 20 (TBS-T) buffer (0.02 M Tris, 137 

mM sodium chloride, 0.1% Tween20, pH 7.6) with gentle shaking for one hour at room 

temperature (RT) or overnight at 4 C.  Membranes were washed 3 × 5 minutes with 

TBS-T and incubated with mouse anti-His diluted 1:10 000 with 5% blocking buffer for 

one hour at RT.  Membranes were washed again and primary antibody was detected with 

goat anti-mouse horse radish peroxidase (HRP; 1:10 000).  The membranes were washed 

a final time and the HRP was activated with the SuperSignal West Pico 

chemiluminescent kit according to the manufacturer’s instructions.  Membranes were 

wrapped in a single layer of cling wrap and exposed onto CL-XPosure film (Pierce) for 1 

– 30 minutes.  Protein signals were developed in GBX developer and replenisher solution 

for < 1 minute with agitation and excess solution was washed off with tap water.  Films 

were then fixed in the GBX fixer and replenisher solution and finally washed with water 

and allowed to dry. 
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2.2.5 WT and Mutant DIII Expression and Purification 

2.2.5.1 Large Scale Intracellular and Secreted Protein Expression  

P. pastoris expression was carried out as detailed in section 2.2.4.1.  Briefly, 

transformants were grown overnight in BMGY medium to OD600 5.0 at 28 C to generate 

biomass.  Yeast cells were then washed before 0.5% methanol induction in BMMY 

medium at 20 C for 48 hours for intracellular expression and 24 hours for secreted 

expression. 

 

2.2.5.2 Intracellular Recombinant Protein Purification 

At the completion of protein expression, intracellular DIII and yeast proteins were 

immediately released from yeast cells by BeadBeater (Biospec; Bartlesville, Oklahoma) 

0.5 mm glass bead lysis in phosphate buffered saline (PBS; 1.37 M sodium chloride, 26.8 

mM potassium chloride, 80.7 mM sodium phosphate dibasic, potassium phosphate 

monobasic, pH 7.4).  Four complete EDTA-free protease inhibitor cocktail tablets were 

included per litre of yeast culture. To ensure the protein sample remained chilled against 

the friction created, the BeadBeater was cooled with a jacket of dry ice.   

 

The cell lysate was adjusted to 0.5% Triton X-100 and clarified at 20 000 x g, before 

dialysis into chromatography equilibration buffer (50mM sodium phosphate (pH 8), 100 

mM sodium chloride, 10 mM imidazole). His-tagged DIII protein was then isolated from 

the cell lysate at 4 C on a 10 mL HisSelect nickel-affinity column (Sigma) packed and 

run on a Biologic LP system (BioRad) at 1 mL/minute, so that the column was under 

gentle and constant pressure.  Once the sample was loaded, the column was washed 

extensively with equilibration buffer to remove non-specific proteins.  His-tagged DIII 

protein was then eluted from the column with elution buffer (50 mM sodium phosphate 

(pH 8), 100 mM sodium chloride, 250 mM imidazole).  Pure protein fractions were 

finally exchanged to PBS and concentrated at 4 C using an Amicon stirred cell 8050 

(Millipore) fitted with a 3K MWCO ultrafiltration membrane (Pall) and under 75 psi of 

pressure from nitrogen gas.  The efficiency of protein purification was analysed by SDS-

PAGE and anti-His western blot analysis. 
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2.2.5.3 Secreted Recombinant Protein Purification 

2.2.5.3.1 DIII 

At the completion of protein expression, secreted DIII was concentrated from BMMY 

medium by 70% ammonium sulfate precipitation.  This was achieved by gradually 

adding solid ammonium sulfate to samples at RT with constant stirring, until the desired 

concentration had completely dissolved.  Protein pellets were collected by centrifugation 

at 20 000 × g for 30 minutes at 4 C and then gently resuspended in PBS by a 

combination of soaking and pipetting.  DIII rich samples were dialysed against 

chromatography equilibration buffer to remove excess ammonium sulfate, before 

HisSelect affinity purification as outlined in section 2.2.5.2.  Pure His-tagged DIII eluted 

from the column was also buffer exchanged with PBS and concentrated using an Amicon 

stirred cell 8050 fitted with a 3K MWCO membrane (Pall).  DIII purification was 

monitored by SDS-PAGE and anti-His western blot analysis. 

 

2.2.5.3.2 GST-DIII 

GST-DIII B rich culture medium was immediately buffer exchanged to PBS and 

concentrated by ultrafiltration with an Ultrasette lab tangential flow device (Pall) fitted 

with a 10K MWCO membrane.  Purification of GST-DIII was achieved with a two-step 

affinity purification scheme that allowed removal of free GST and DIII protein.  

Concentrated sample for purification was first applied to a 25 mL glutathione-Sepharose 

GST-affinity column (Amersham Bioscience) run on a Biologic LP system at 1 

mL/minute.  The column size allowed non-specific protein to be washed from the column 

at 2 mL/minute with PBS buffer, before elution with 50 mM Tris-HCL containing fresh 

10 mM Glutathione reduced (pH 8).  The GST and GST-DIII rich sample was then buffer 

exchanged to PBS alone for purification by HisSelect affinity chromatography, which 

was carried out as detailed in section 2.2.5.2.  Pure GST-DIII samples were finally buffer 

exchanged to PBS and concentrated using an Amicon stirred cell 8050 fitted with a 10K 

MWCO membrane (Pall).  Samples were analysed by SDS-PAGE, anti-His and anti-GST 

western blot analysis. 
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2.2.5.4 Protein Estimation 

The concentration of protein samples in PBS were determined using the BCA protein 

estimation kit and following the manufacturer’s instructions.  Briefly, 10 µL of 0 – 2 

mg/mL BSA standards in PBS were aliquoted into a 96-well clear plate in duplicate, 

along with the same volume of DIII protein samples.  The BCA reagents A and B were 

mixed at a ratio of 50:1 and 100 µL was added to each well.  Samples were incubated at 

37 C for 30 minutes and absorbance values were read on a Victor3 plate reader 

(PerkinElmer; Waltham, Massachusetts) at 595 nm.  Sample concentrations were 

calculated from the BSA standard curve. 

 

2.2.6 Structural Evaluation of Secreted DIII 

2.2.6.1 Batch and Chromatography-mode Dynamic Light Scattering 

Dynamic light scattering (DLS) was utilised to measure the hydrodynamic radius and 

molecular weight of protein species in solution.  Batch-mode DLS was performed with a 

PD2000DLS dynamic light scattering detector combined with a PDDLS/Coolbatch 90T 

platform (Precision Detectors; Bellingham, Massachusetts), equipped with fixed angle 

90 laser (682 nm), a refrigerated cuvette and a digital correlator with 256 channels 

configurable within 1024 positions.  All measurements were carried out on 0.5 mg/mL 

protein sample in PBS at 5 C and 37 C, with variations of the sample time and last 

channel parameters to give a suitable correlation function.  Data was recorded using the 

Precision Deconvalve software and data represents the average of 20 measurements with 

a fit error of 10-4 and 10-5.  The modality (number of protein species) and dispersity 

(variation in species size) of the protein solution were noted and the hydrodynamic radius 

of protein species calculated using the Stokes–Einstein equation.   

 

Chromatography-mode DLS was performed at 37 C with an EnterpriseMDP PD2100 

series DLS detector (Precision Detectors), following separation of protein species in PBS 

on a Biosep-SEC-S 2000 gel filtration column (Phenomenex) from a 0.5 mg/mL sample.  

Data was recorded and the molecular weight of protein species calculated using the 

Precision Acquire32 and Discover32 software (Precision Detectors) respectively. 
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2.2.6.2 DIII-Specific Antibody Detection 

Black 96-well OptiPlate (PerkinElmer) wells were coated in triplicate with 10 µg of DIII 

(100 µL) overnight before blocking with 20 µg BSA for an hour at RT.  Wells were 

washed three times with 150 µL PBS and probed with mouse anti-His antibody diluted 

1/1000 or 3H5 monoclonal antibody diluted 1/100 for one hour at RT.  Primary 

antibodies were then detected with rabbit anti-mouse AlexaFluor 488 by the addition of 1 

µL in each well for a further 30 minutes.  Wells were washed again as above and the 

fluorescence read at excitation and emission wavelengths of 485 nm and 535 nm 

respectively on a Victor3 plate reader.  The BSA background mean fluorescence intensity 

(MFI) was subtracted from DIII samples. 

 

2.2.7 Culture of DENV-2 and Permissible Cell Lines  

2.2.7.1 Mammalian and Mosquito Cell Culture 

K562 (ATCC CCL-243), BHK-21 (ATCC CCL-10), Vero (ATTC CCL-81) and C6/36 

(ATCC CRL-1160) cells were stored long term in culture medium supplemented with 

20% serum and 5% DMSO and frozen in liquid nitrogen.    

 

Cells were brought up from liquid nitrogen as required under the following culture 

conditions: 

 K562: Cells were maintained at 37 C with 5% CO2 as a suspension culture in RPMI 

1640 medium, supplemented with 10% new born calf serum and 1% 

penicillin/streptomycin.  Cells were grown to 80-90% confluency before passaging by 

diluting cells 1/20 with culture medium in a new flask. 

 BHK-21 [C13]: Cells were maintained at 37 C with 5% CO2 as an attached culture 

in MEM medium supplemented with 10% new born calf serum, 1 mM MEM non-

essential amino acids, 1 mM sodium pyruvate and 1% penicillin/streptomycin.  Once 

cells reached 80% confluence, the medium was removed and cells were washed with 

PBS before disruption with 0.25% tripsin/EDTA at 37 C for five minutes.  Detached 

cells were collected in culture medium and centrifuged at 1200 rpm for three minutes 

and seeded 1/20 in fresh culture medium and flask. 
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 Vero: Cells were maintained at 37 C with 5% CO2 as an attached culture in Opti-

MEM medium supplemented with 3% fetal bovine serum and 1% 

penicillin/streptomycin.  Confluent cells were passaged as outlined above for BHK-

21 cells. 

 C6/36: Cells were maintained at 28 C as a semi-attached culture in RPMI 1640 

medium supplemented with 10% fetal calf serum, 1% penicillin/streptomycin and 20 

mM HEPES buffer.  The culture medium was gently aspirated from 80% confluent 

cells and detachment was achieved by vigorous pipetting of medium over cells.  

Unattached cells were centrifuged at 1200 rpm for three minutes before being seeded 

1/20 in fresh culture medium and flask. 

 

2.2.7.2 DENV-2 Propagation 

DENV-2 ThNH-7/93 was kindly provided by Dr Yasuo Suzuki and propagation was 

carried out by infecting 80-85% confluent C6/36 cells in a 25 cm2 flask for two hours at 

28 C with virus diluted in maintenance medium (RPMI 1640 medium, 2% fetal calf 

serum, 1% Penicillin/Streptomycin and 20 mM HEPES buffer).   C6/36 cells infected 

with DENV-2 were directly overlayed with 20 mL of maintenance medium and incubated 

for five to seven days at 28 C, until clear cytopathic effect (CPE) to the cells were 

visible under the microscope. 

 

DENV-2 was harvested from infected C6/36 cell culture by clarifying the five to seven 

day post-infection culture medium at 8600 × g for 30 minutes.  This and all subsequent 

steps of virus purification were carried out at 4 C under sterile conditions to ensure the 

integrity of the virus.  The virus-rich supernatant was transferred to a sterile vessel and 

stirred gently and continuously for up to 12 hours to dissolve 8% polyethylene glycol 

6000 and 2.2% sodium chloride.  Precipitated virus was collected by centrifugation at 

8600 × g for 30 minutes and then resuspended in PBS.  The virus suspension was then 

extensively dialysed against PBS buffer using a 10K MWCO dialysis cassette (Pierce) 

and again centrifuged at 15 000 × g for five minutes to remove precipitated salts from the 

solution.  DENV-2 particles were concentrated as necessary by additional 

ultracentrifugation at 45 000 rpm (45Ti rotar) for three hours.  This allowed the pelleted 
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virus to be resuspended in an appropriate volume of PBS.  Aliquots of virus were stored 

at -80 C.   

 

2.2.7.3 DENV-2 Titration 

Vero cells (4.2  104/well) were seeded into a 96-well tissue culture plate and incubated 

for 24 hours at 37 C with 5% CO2 in Opti-MEM culture medium (section 2.2.7.1).  

Twenty four hours later, cell monolayers were washed three times with 100 L of serum-

free culture medium (maintenance medium) by subsequently overlaying new medium 

onto old medium so that the cells were constantly covered.   Serial dilutions of virus were 

prepared in maintenance medium and 50 L per well was overlaid onto cells for two 

hours at 37 C with 5% CO2.  Cells were manually rocked every 30 minutes to ensure 

effective dispersal of the virus.  Upon completion of infection, the virus solution was 

replaced with 200 L of maintenance medium and cells were incubated for 66 hours at 37 

C with 5% CO2. 

 

Before virus infected cells could be visualised, they were washed with 3.6% 

formaldehyde-PBS solution and then fixed by incubation in 200 L of the same solution 

for 20 minutes.  Fixed cells were washed three times with 200 L of PBS for five 

minutes and then permeabilised for 20 minutes at RT with 100 L of 1% IGEPAL CA-

640 diluted in PBS.  The detergent was removed and cells washed by soaking for 3 × 5 

minutes in 200 µL PBS.  DENV-2 was probed with 4G2 mAb diluted 1/300 in 4% skim 

milk-PBS for one hour at 28 C and then washed by soaking cells for 3 × 5 minutes with 

200 µL PBS.  The primary antibody was then probed with goat anti-mouse HRP, diluted 

1/300 with 4% skim milk-PBS for a further hour at 28 C.  Cells were washed again with 

PBS for 3 × 5 minutes and DENV-2 infected cells were stained with the HRP-

Immunostain kit (Konica Japan) for visualisation under a light microscope.  Foci, which 

are groups of 5-50 virus infected cells, were counted and the virus concentration 

expressed as focus forming units (FFU)/mL (see equation below). 
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       FFU        ×  dilution factor  =  FFU/mL 

                                    volume (mL) 

 

2.2.8 Functional Evaluation of Secreted DIII  

2.2.8.1 DIII Cell Binding Assay 

The DENV-2 EGP cell surface receptor binding assay was carried out as previously 

described3.  Affinity purified recombinant DIII in PBS was first labelled with biotin, 

using the ECL protein biotinylation module following the manufacturer’s instructions.  

Biotinylated DIII was diluted with binding buffer (PBS with 4% fetal bovine serum and 

10mM HEPES (pH 7.2)) to give a range of concentrations between 0 and 1200 µg/mL.  

Confluent K562, BHK-21 and C6/36 cells were washed once with cold PBS, harvested at 

1000 × g for three minutes and 5 × 105 cells were resuspended in 100 µL of the protein 

sample.  Biotinylated DIII was allowed to bind to the surface of cells for one hour on ice 

and samples were gently agitated after 30 minutes to minimise cell clumping.  Cells were 

washed with cold PBS and re-pelleted at 1000 × g for three minutes to remove excess 

protein and this was repeated three times.  Washed cells were then resuspended in 100 µL 

of phycoerythrin-conjugated Streptavidin diluted 1:20 with binding buffer and incubated 

on ice for 60 minutes with gentle agitation after half this time.  Labelled cells were 

washed to remove excess antibody as above.  Cell samples were finally resuspended in 

500 µL of cold PBS for analysis of fluorescence intensity using a Becton-Dickinson 

(Franklin Lakes, New Jersey) fluorescence-activated cell sorter at excitation and emission 

wavelengths of 488 nm and 578 nm respectively.  Flow cytometry data was analysed 

using winMDI (version 2.8)79 and/or plotted in Excel. 

 

2.2.8.2 DIII Blocking of Mammalian Cell DENV-2 Infection 

Blocking of DENV-2 ThNH-7/93 infection of Vero cells with recombinant DIII protein 

was achieved using methodology similar to that described in section 2.2.7.3.  Confluent 

Vero cells in a 96-well tissue culture plate were first equilibrated at 4 C for one hour 

before washing with maintenance medium and binding of 0 – 1000 µg/mL DIII protein, 

diluted in maintenance medium, for one hour at 4 C.  The wells were then adjusted to 

5.4 × 105 FFU DENV-2 and incubated at 4 C for a further two hours with gentle 
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intermediate rocking.  Wells were then washed three times with 100 µL of maintenance 

medium by subsequent addition and removal of medium, before the cells were finally 

overlayed with 200 µL of maintenance medium and virus infection was allowed to 

proceed for 66 hours at 37 C with 5% CO2.  Virus infected cells were fixed, 

permeabilised and visualised as described in section 2.2.7.3 and data was plotted in Excel. 

 

2.2.9 Ligand Blocking of DIII Host Cell Receptor Binding 

2.2.9.1 Ligand Blocking of DIII Binding to Cells 

To assess GAG binding to DIII 0, 1, 10, 20, 40, 80 and 100 µg/mL of heparin (Hep), 

heparan sulfate (HS), chondroitin sulfate (CS) and dermatan sulfate (DS) were included 

in the DIII-cell binding assay.  Glycans were pre-incubated with 10 µg/mL DIII and 

bound to K562 or 50 µg/mL of DIII and bound to BHK-21 cells, under the same 

conditions outlined in section 2.2.8.1. 

 

2.2.9.2 Ligand Blocking of DENV-2 Mammalian Cell Infection 

Blocking of DENV-2 ThNH-7/93 infection mammalian cells by GAGs was achieved 

under similar conditions to those detailed in section 2.2.8.2.  Briefly, 5.4 × 105 FFU 

DENV-2 was incubated with 0, 0.1, 1, 10 and 100 µg/mL of Hep, HS, CS or DS at 4 C 

for 30 minutes.  Pre-eqilibrated and washed Vero cells were then infected with GAG-

bound DENV-2 for two hours at 4 C with gentle intermediate rocking.  Wells were 

washed three times with 100 µL of maintenance medium by subsequent addition and 

removal of medium, before the cells were finally overlayed with 200 µL of maintenance 

medium and virus infection was allowed to proceed for 66 hours at 37 C with 5% CO2.  

Virus infected cells were fixed, permeabilised and visualised as described in section 

2.2.7.3 and data was plotted in Excel. 

 

2.2.10 Glycan Microarray Analysis of DENV-2 and DIII 

2.2.10.1 384-well Plate Glycan Microarray 

2.2.10.1.1 Glycan Microarray Fabrication 

Glycans from the CFG were prepared for immobilisation by the addition of biotin at their 

reducing end by Dr Regan Hartnell (Griffith University, Australia).  Streptavidin-coated 
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384-well black plates (Pierce) were washed three times with 50 µL of PBS-0.005% 

Tween 20 to prepare for binding of 20 µg of each biotinylated glycan in triplicate, in 

addition to PBS as a blank.  Glycans were diluted in PBS-0.005% Tween 20 to 2 mg/mL 

so that the total volume of each spot was 10 µL.  After one hour at 25 C, wells were 

washed three times with PBS-0.005% Tween 20 and used immediately for arraying.  

 

2.2.10.1.2 Analysis of DIII Glycan Microarray 

Antibody-DIII complexes were pre-formed at 4 C for 15 minutes by mixing DIII, mouse 

anti-His, rabbit anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 488 at a 

molar ratio of 1.0:0.5:0.25:0.125.  Glycan-coated 384-well black plates from section 

2.2.10.1.1 were probed with 10 µL of the pre-formed complex, so that each well was 

incubated with 0.5 µg of DIII protein for one hour at 25 C in the dark.  Wells were 

washed once with PBS-0.005% Tween 20, followed by PBS and then MilliQ water, and 

fluorescence read at an excitation of 485 nm and emission of 535 nm using a Victor3 

plate reader.         

 

Each microarray included Arachia hypogaea PNA-FITC binding to its ligand Lac, by 

diluting the lectin 1/50 with PBS-0.005% Tween 20 and arraying under the same 

conditions outlined above for DIII protein.  Successful binding of PNA-FITC to Lac was 

used as a positive control.  

 

2.2.10.1.3 Analysis of DENV-2 Glycan Microarray 

Glycan-coated wells of 384-well black plates from section 2.2.10.1.1 were probed with 

2.86 × 103 FFU of DENV-2 ThNH-7/93 in 10 µL at 25 C.  After one hour, excess virus 

was removed and bound virus was probed for a further hour with 4G2 mAb diluted 1/20 

with PBS-0.005% Tween 20.  Excess and unbound virus and antibody were removed 

with a single PBS-0.005% Tween 20 wash, before fluorescent detection of bound virus 

with a complex of rabbit anti-mouse Alexa Fluor 488 (1/25) and goat anti-rabbit Alexa 

Fluor 488 (1/50).  After incubation for one hour in the dark at 25 C, wells were washed 

twice with PBS-0.005% Tween 20, PBS and then MilliQ water.  Fluorescence was read 

at an excitation of 485 nm and emission of 535 nm using a Victor3 plate reader.  As in 
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section 2.2.10.1.2, each microarray included binding of PNA-FITC to Lac as a positive 

control. 

 

2.2.10.2 Printed Slide Glycan Microarray 

2.2.10.2.1 Glycan Microarray Fabrication 

Chemistry for functionalisation of glass slides with a polyethylene glycol spacer moiety 

was developed by Dr Regan Hartnell.  Four 1500 pL spots of each glycosylamines were 

printed from a 10 mM stock in a 1:1 solution of DMSO/DMF, in duplicate onto prepared 

slides by Dr Chris Day (Griffith University, Australia).  Printed slides were then 

neutralised with a solution of 1 M ethylene glycol and 1% v/v pyridine in DMF for 30 

min at RT, before desiccator storage until required. 

 

2.2.10.2.2 Analysis of DIII Glycan Microarray 

Printed slides from section 2.2.10.2.1 were blocked for one hour at 37 C in PBS-1% 

BSA and washed 3 × 2 minutes in PBS-0.05% Tween 20.  Slides were dried by 

centrifugation at 900 rpm for 2 minutes and each microarray was probed with 15 µg of 

DIII complexed with mouse anti-His, rabbit anti-mouse Alexa Fluor 488 and goat anti-

rabbit Alexa Fluor 488, which was prepared as outlined in section 2.2.10.1.2, in 120 µL 

of PBS-1% BSA-0.05% Tween 20.  The DIII solution was confined to the desired region 

of the slide using an adhesive frame and cover, allowing two simultaneous hybridisations 

to be carried out on a single slide.  After one hour at either 4 C or 25 C in the dark, the 

slides were washed for 3 × 2 minutes in PBS-0.05% Tween 20 at the appropriate 

temperature and dried.  The slide was immediately scanned in a PerkinElmer 

ProScanArray and analysed with the ScanArray Express software.  Positive binding in 

this investigation was defined as binding spots with a MFI of > 550, following 

subtraction of the mean slide background.   

 

2.2.10.2.3 Analysis of DENV-2 Glycan Microarray 

Printed slides from section 2.2.10.2.1 were blocked and dried as described in section 

2.2.10.2.2 above.  Each microarray was probed with 3.432 × 103 FFU of DENV-2, 

diluted in 120 µL PBS-1% BSA-0.5% Tween 20, for one hour at 25 C.  Excess virus 
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was then removed by centrifugation at 900 rpm and the slide was probed for 30 minutes 

with 4G2 polyclonal antibody diluted 1/20 in PBS-1% BSA-0.5% Tween 20.  The slide 

was briefly rinsed with PBS-1% BSA-0.5% Tween 20 and bound virus was finally 

detected by incubation at 25 C for one hour with a complex of rabbit anti-mouse Alexa 

Fluor 488 (1/25) and goat anti-rabbit Alexa Fluor 488 (1/50).  Excess virus and 

antibodies were removed by washing the slide for 3 × 5 minutes in PBS-1% BSA-0.5% 

Tween 20, before the fixing in 3.6% formaldehyde-PBS solution for 30 minutes.  Excess 

formaldehyde was removed by washing as above and the slide was finally dried, scanned 

and analysed as per section 2.2.10.2.2. 

 

2.2.11 Saturation Transfer Difference Nuclear Magnetic Resonance Spectroscopy 

Samples were prepared for saturation transfer difference nuclear magnetic resonance 

(STD NMR) spectroscopy by mixing a quantity of DIII and ligand to give an excess 

molar ratio of the latter in 300 L of deuterated PBS buffer (pH 7.4) for analysis in a 

shigemi tube.  STD NMR spectra were acquired on a Bruker 600 MHz Advance 

spectrometer using a conventional 1H/13C/15N gradient cryoprobe system in a total 

volume of 300 µL deuterated PBS puffer (pH 7.4). Saturation of the protein resonances 

was achieved by applying a cascade of 40 selective Guassian-shaped pulses of 50 ms 

duration each and a 100 µs delay between each pulse resulting in a total saturation time 

of ~2 seconds. A total of 1024 scans per STD NMR experiment were acquired, and a 

WATERGATE sequence was used to suppress the residual HDO signal. A spin lock filter 

with strength of 5 kHz and duration of 10 ms was applied to suppress protein background.   

 

Experimental conditions for all samples analysed are outlined in Table 2.6 below.  Most 

important to this study is mono- and multivalent nLc4, for which a protein saturation 

frequency of -2.00 ppm was chosen.  An additional STD NMR experiment using an on-

resonance frequency of -1.00 ppm was acquired for the DIII:multivalent nLc4 complex 

and not for the DIII: monovalent nLc4 complex due to close proximity of the -OTMSE-

group signal of monovalent nLc4. STD NMR experiments using 200 µg DIII on a regular 

Bruker probe and a protein:ligand ratio of 1:100 for glucose, galactose and N-

Acetylglucoseamine were also acquired. Control STD NMR experiments using the same 
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experimental set-up but in the absence of the protein were acquired to demonstrate the 

specificity of the observed STD NMR effects.  

 

Table 2.6 – Summary of STD NMR spectroscopy experiments. 
 

Protein Ligand 
Molar 
ratio 

Temperature Saturation Cryoprobe 

200 µg DIII Glc 1:100 5 C 7.80 ppm No 
200 µg DIII Gal 1:100 5 C 7.80 ppm No 
200 µg DIII GlcNAc 1:100 5 C 7.80 ppm No 
200 µg DIII LacNAc 1:100 5 C 7.80 ppm No 

50 µg DIII 
GlcNAcβ1-4Galβ1-3Glcβ-
OTMSE 

1:100 5 C -2.00 ppm Yes 

50 µg DIII 
Fan-Galβ1-3GlcNAcβ1-4 
Galβ1-3Glcβ 

1:25 5 C 
-1.00 ppm    
-2.00 ppm 

Yes 

50 µg DIII 
Galβ1-3GlcNAcβ1-4Galβ 
1-3Glcβ-OTMSE 

1:100 5 C -2.00 ppm Yes 

50 µg DIII Manα1-2Man 1:100 5 C 
-1.00 ppm    
-2.00 ppm 

Yes 

50 µg DIII 
Furanosyl/pyranosyl-based 
compound 8 

1:100 5 C -1.00 ppm    Yes 

LacNAc – N-acetyl-D-lactosamine; ppm – parts per million; TMSE – 2-(trimethylsilyl)ethanol, CH2CH2Si(CH3)3  
 

2.2.12 Competitive Inhibition of DENV-2 Infection 

2.2.12.1 Competitive Inhibition of DENV-2 Infection by Furanosyl- and Pyranosyl-based 

Compounds 

To assess inhibitor potency by focus forming assay, compounds 1-26 were dissolved in 

DMSO and diluted to a maximum concentration of 100 µM in serum-free OptiMEM 

medium containing 0.5% DMSO and DENV-2 ThNH-7/93.  Confluent Vero cells were 

infected in the presence of inhibitors or DMSO alone (negative control) using the same 

conditions detailed in section 2.2.7.3.  Briefly, confluent cells were washed three times 

with 100 L of serum-free culture medium (maintenance medium) by subsequently 

overlaying new medium onto old medium so that the cells were constantly covered.   

Serial dilutions of virus and inhibitor were prepared in triplicate in maintenance medium 

and 50 L per well was overlaid onto cells for two hours at 37 C with 5% CO2.  Cells 

were manually rocked every 30 minutes to ensure effective dispersal of the virus.  Upon 
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completion of infection, the virus solution was replaced with 200 L of maintenance 

medium and cells were incubated for 66 hours at 37 C with 5% CO2. 

 

Before foci could be visualised, the cells were first washed with 3.6% formaldehyde-PBS 

solution and then fixed by incubation in 200 L of the same solution for 20 minutes.  

Fixed cells were washed three times with 200 L of PBS for five minutes and then 

permeabilised for 20 minutes at RT with 100 L of 1% IGEPAL CA-640 diluted in PBS.  

The detergent was removed and cells washed by soaking for 3 × 5 minutes in 200 µL 

PBS.  DENV-2 was probed with 4G2 mAb  diluted 1/300 in 4% skim milk-PBS for one 

hour at 28 C and then washed by soaking cells for 3 × 5 minutes with 200 µL PBS.  The 

primary antibody was then probed with goat anti-mouse HRP, diluted 1/300 with 4% 

skim milk-PBS for a further hour at 28 C.  Cells were washed again with PBS for 3 × 5 

minutes and DENV-2 infected cells were stained with the HRP-Immunostain kit (Konica 

Japan) for visualisation under a light microscope.  Foci were counted and the percent 

inhibition of DENV infection for each concentration of inhibitor was calculated using the 

equation: 

       % Inhibition = 100% – (   # FFU inhibitor * 100 ) 
                                               # FFU no inhibitor 

 

An IC50 value for compound 8 and 26 was estimated as the concentration necessary to 

inhibit approximately 50% of DENV-2 infection of Vero cells under the focus forming 

assay conditions above; and was assessed at several concentrations ranging between 0 to 

50 µM (compound 8: 0.156, 0.3125, 0.625, 1.25, 2.5, 5, 10, 25 and 50 µM; compound 26: 

0.195, 0.39, 0.78, 1.56, 3.125, 6.25, 12.5, 25 and 50 µM).  Percent infectivity of 

compounds at each concentration was plotted against the concentration of compounds 

and the IC50 value estimated from a graph. 

 

2.2.12.2 MTT Cell Viability Assay with Furanosyl- and Pyranosyl-based Compounds 

Vero cell viability in the presence of 1, 10 and 100 µM of compounds, as well as 0.5 % 

DMSO alone, was measured by compound incubation with confluent cells for 24 hours at 

37 C with 5% CO2.  After this time, wells were adjusted to acidified OptiMEM medium 
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and 10 µL of MTT reagent in the same medium was added to each well.  Plates were 

incubated at 37 C for 2.5 hours until a clear purple precipitate was noted under the 

microscope.  The medium in each well was replaced with 200 µL of DMSO and the 

purple precipitate dissolved by mixing in the dark at 60 rpm for 5 minutes.  The 

absorbance of samples was read immediately at 595 nm using a Victor3 plate reader. 

 

2.2.13 Characterisation of EGP-Furanosyl-based Inhibitor Binding 

2.2.13.1 Blocking of DENV Binding of Cell Surface 

Blocking of DENV-2 ThNH-7/93 binding to host cell surface receptors essential for 

infection was assessed with 1, 10 and 100 µM compound 8 and 26 using the same 

methods detailed in section 2.2.8.2.  Briefly, pre-complexed DENV-2 and inhibitor were 

bound to Vero cells at 4 C for two hours, before cells were washed and infection was 

allowed to proceed for 66 hours at 37 C with 5% CO2.  Virus infected cells were fixed, 

permeabilised and visualised as described in section 2.2.7.3 and data was plotted in Excel. 

 

2.2.13.2 DENV-2 and DIII ELISA Capture Assay  

Compound 8 and 26 association with EGP DIII or EGP DI/DII was assessed by first 

coating clear 96-well high protein binding Spectra-plate (PerkinElmer) wells overnight at 

37 C in triplicate with 120 µL of 4G2 polyclonal antibody (1/25) or mouse anti-His 

monoclonal antibody (1/500).  Coated wells were washed three times with 150 µL PBS-

0.005% Tween 20 before blocking with 10 µg BSA for an hour at 37 C.  Wells were 

then overlayed with 120 µl of either 1.34 × 105 FFU DENV-2 ThNH-7/93 or 10 µg DIII 

diluted in PBS-0.5% DMSO and after hybridisation at 37 C for one hour, non-bound 

virus or protein was removed by washing.  Compound 8 and 26, diluted to 5, 10, 20 and 

40 µM in 120 µL PBS-0.5% DMSO, were then allowed to bind to both virus and DIII for 

one hour at 37 C with regular agitation.  At the end of this time the compound solution 

was removed from each well and its absorbance read at 240 nm (compound 8) or 230 nm 

(compound 26).  Absorbance values were compared to that for each compound 

concentration prior to incubation with DENV-2 or DIII, to detect a decrease in 

absorbance and therefore concentration. 
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CHAPTER 3 

Expression and Purification of Functional Dengue 
Fever 2 Virus Envelope Glycoprotein Domain III 

 
3.1 General Introduction 

 
3.1.1 DENV EGP Recombinant Expression 

As previously discussed, the EGP is the site of host cell receptor binding by DENV that 

leads to infection of mammalian cells and is the major antigenic target of the host 

immune system.  Recombinant expression of this protein is important for in vitro 

investigation of its activity and various studies have described the expression of full 

length (nucleotides 1-1272), Ectodomain (nucleotides 1-1179) and Domain III (DIII) 

(nucleotides 883-1179) forms of DENV EGP. These recombinant models of DENV have 

been expressed from an array of systems, including E. coli bacteria, P. pastoris yeast, 

Baculovirus infected insect cells and mammalian cells (Table 3.1).  

 

Early attempts at recombinant DENV EGP production focused on prokaryotic E. coli 

expression, producing full length and truncated EGP with a range of fusion partners.  In 

some cases low yields of recombinant EGP protein species have been predominantly 

expressed in the soluble portion of the bacterial cells via fusion partners3,80-83, however 

the majority of attempts have produced insoluble aggregates of the EGP enclosed in 

inclusion bodies84-94.  The recovery of functional protein expressed under these 

conditions requires denaturation and refolding of the recombinant protein and while this 

technique has been successfully employed to produce EGP species with intact 

antigenicity and activity, additional work-up procedures are required.  E. coli based EGP 

expression systems have also been limited by low protein yield and those constraints 

typical of a prokaryotic expression system, including post-translational modifications and 

codon usage.  To overcome this, eukaryotic yeast, insect and mammalian cell based 

expression systems have also been adopted.  
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Successful full length and Ectodomain recombinant DENV EGP expression from 

Spodoptera frugiperda insect cells have been reported95-105.  Mammalian cells have also 

been utilised to express recombinant EGP species106,107 and more recently non-infectious 

whole virus-like particles108-111.  While the recombinant products of these eukaryotic 

systems are valuable, they are limited by their small scale and low yield.  The P. pastoris 

yeast system is free of these constraints and has been reported to express significant 

levels of DENV EGP92,112-122, and as such was of particular interest in this study.   

 
Table 3.1 – Summary of EGP expression systems. 
 

Expression System EGP Form References 
E. coli bacterial cells Full length, Ectodomain, DIII 3,80-94 

Baculovirus infected insect cells Full length, Ectodomain 95-105 

P. pastoris yeast cells 
Full length, Ectodomain, DIII, 
virus-like particles 

92,112-122 

Mammalian cells DIII, virus-like particles 106-111 

 

3.1.1.1 P. pastoris Expression System 

P. pastoris is a methylotrophic yeast that is capable of utilising methanol as its sole 

carbon source via a novel and complex metabolic pathway that is tightly regulated by the 

alcohol oxidase (AOX) 1 promoter123.  In the presence of all other carbon sources, such 

as glucose, glycerol or ethanol, the AOX1 promoter is tightly repressed at the 

transcription level.  However in the presence of methanol, the AOX1 promoter is strongly 

induced and expression of the enzyme AOX catalyses the first step of the metabolic 

pathway that ultimately produces glyceraldehyde-3-phosphate.  P. pastoris also possess a 

second AOX promoter, however AOX2 only regulates a minority of methanol 

utilisation123.    

 

The AOX1 promoter of P. pastoris can be exploited in the expression of recombinant 

proteins by insertion of the gene of interest into a range of vectors containing the AOX1 

gene, in addition to an E. coli and P. pastoris marker gene and zeocin antibiotic 

resistance.  Following selection and amplification of plasmid DNA in E. coli, the gene of 

interest is inserted into the P. pastoris genome via homologous recombination123.  Gene 

insertion takes place at the 5 AOX1 region of the P. pastoris genome through a single 
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crossover event between this region and either the AOX1 promoter or AOX1 terminator 

region of the P. pastoris vector (Figure 3.1)124.  This crossover results in the insertion of 

one or more copies of the DNA of interest upstream of the P. pastoris AOX1 gene.  The 

resulting transformants will have normal utilisation of methanol as a source of carbon and 

are therefore referred to as Mut+.  In the event that the crossover occurs in the 3 AOX1 

region of the P. pastoris genome, the foreign DNA will interrupt the AOX1 loci and 

result in a transformant that can not effectively utilise methanol as a source of carbon.  

Such transformants must rely solely on the AOX2 promoter for conversion of methanol 

to energy and are referred to as MutS.  As a result these transformants experience a 

significantly reduced growth rate compared to that of Mut+ transformants; however this 

growth characteristic can be useful for the successful expression of very complex 

proteins123,124.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1 – Illustration of recombinant gene insertion into the P. pastoris genome by 
homologous recombination at the 5' AOX1 region, creating a Mut+ transformant for 
recombinant protein expression. 
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P. pastoris is especially favoured in the case of recombinant eukaryotic protein 

expression as it is able to carry out many of the post-translational modifications that are 

typically associated with higher eukaryotes125, while providing a rapid and large scale 

system.  These modifications include the processing of signal sequences, correct protein 

folding, disulfide bridge formation and O- and N- linked glycosylation of recombinant 

proteins, albeit of a different glycosylation pattern125.  P. pastoris is also preferred over 

other more traditional yeast expression systems as they tend to not hyperglycosylate 

recombinant proteins, typically adding 8-14 mannose residues per oligosaccharide 

chain124.  Commercially available P. pastoris cells and vectors from Invitrogen allow for 

both intracellular and secreted expression of recombinant proteins in either WT or gene 

knockout yeast cell lines.   

 
3.1.2 Structural and Functional Evaluation of Recombinant EGP 

Many of the recombinant DENV EGP constructs detailed in the literature were 

engineered for immunological investigation and/or vaccine development.  As such the 

methods for biological evaluation of these proteins have generally focused on 

antigenicity, neutralising epitopes and the immunological response they can elicit in a 

host.  However, some earlier investigations into the role of EGP in DENV infection 

outlined techniques useful in the evaluation of EGP function2,3,93.  Of interest to this 

study are two mammalian cell based assays that measure recombinant EGP binding to 

host cell surface receptors and subsequent blocking of viral infection.  The identity and 

structural integrity and solution properties of recombinant DIII produced in this work was 

also evaluated by a DIII-specific neutralising antibody and dynamic light scattering 

(DLS); and these methods will be reviewed. 

 
3.1.2.1 DLS Analysis of Protein Properties in Solution 

DLS is a well established technique for measuring particle size and distribution in 

solution126.  The method is based on the theory that small particles in a suspension move 

in a random pattern, so that when a source of light of known frequency is directed at 

these moving particles, the light is scattered at frequency relevant to size.  Suitable 

instrumentation has been developed that directs a laser beam through a sample and light 

scattering is measured over time.  Smaller particles will cause a greater shift in light 
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frequency compared to large particles and this is directly related to the hydrodynamic 

radius of a particle.  The specific hydrodynamic radius of a protein is affected by its 

molecular weight, shape and solvent layering; and a proteins behaviour in solution may 

also be directly affected by the buffer in which it is solubilised126.  DLS is particularly 

suited to rapid analysis of recombinant protein samples to evaluate size distribution in 

solution, and in particular to detect aggregated species.  This information is especially 

useful for functional analysis of pure recombinant proteins. 

 
3.1.2.2 EGP Mammalian Cell Surface Binding Assay 

The outer surface of mammalian cells are decorated with receptor molecules that 

predominantly exist as glycoconjugates.  A rapid and sensitive flow cytometric assay for 

detection of DENV EGP binding to the surface of host cells has been published3.  Hung 

and coworkers produced a recombinant DENV DIII species and confirmed that this EGP 

domain alone can bind to the surface of host cells.  This assay utilises the high affinity 

biotin-streptavidin interaction to detect DIII bound to mammalian cells in solution at low 

temperature, which prevents EGP endocytosis promoted upon receptor binding.  Fetal 

bovine serum and HEPES buffer are also included to prevent cell clumping, reduce non-

specific DIII binding and maintain cell viability.  The assay relies on an ELISA-based 

detection system so that once biotinylated DIII is bound to the cell surface, fluorescence-

conjugated streptavidin is overlayed and cells are sorted for detection of DIII binding 

using flow cytometry (Figure 3.2).  A shift in fluorescence compared to the blank cell 

sample, containing FBS only, indicates DIII binding and the assay is sensitive enough to 

detect dose-dependent binding at nM concentrations. 

 
Hung and co-workers measured DIII binding to DENV permissible C6/36 mosquito cells 

and BHK-21 mammalian cells at concentrations up to 625 µg/mL and 250 µg/mL 

respectively.  Significant shifts in fluorescence were observed at low concentrations of 

DIII, which increased in a dose-dependent manner and saturated when cells were 

incubated with higher concentrations of biotinylated DIII3(Figure 3.3).  In this published 

study, the same cell binding assay was utilised to observed competitive inhibition of DIII 

binding to cell surface receptors by the glycosaminoglycan (GAG) heparan sulfate (HS) 

(data not shown). 
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Figure 3.2 – EGP mammalian cell binding assay scheme. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 3.3 – Binding of soluble DIII to 
BHK-21 and C6/36 cells observed by 
Hung and co-workers3. 
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3.1.2.3 Mammalian Cell Virus Infection Blocking Assay 

Utilising a combination of classical virological methods and those previously published 

methods for flaviviruses3, the WT receptor binding activity of recombinant DIII can be 

measured.  Recombinant DIII binding to cell surface receptors necessary for infection 

will block DENV binding, so that only receptors not bound by recombinant DIII are free 

to bind DENV.  This assay also relies on low temperatures to prevent endocytosis of 

either DIII or virus until non-bound particles are removed.  After an incubation period to 

allow bound virus to infect host cells, virus infected cells or foci can be detected (Figure 

3.4). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 – Mammalian cell virus infection EGP blocking assay scheme. 
 

Our interest in understanding DENV EGP-mediated mammalian host cell surface ligand 

recognition and to identify the binding site or carbohydrate recognition domain (CRD) 

involved, led us to investigate the expression of the EGP DIII.  High level and functional 

expression of the CRD DIII was required, chiefly to undertake ligand recognition and 

site-directed mutagenesis studies.  This chapter outlines an evaluation of intracellular and 

secreted expression and purification of DENV-2 ThNH-7/93127 virus EGP DIII in P. 

pastoris yeast and subsequent confirmation of its structural and functional integrity.   
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3.2 Results and Discussion 

 

3.2.1 WT EGP DIII Cloning, Expression and Purification 

Only poor flaviviral DIII expression from P. pastoris has been previously reported, with 

a maximum of 100 µg of recombinant GST-fused DIII recovered per litre of culture92.  

To explore DIII expression from this system further, several constructs were engineered 

and are summarised in Table 3.2.  The DENV-2 ThNH-7/93 EGP DIII gene was first 

cloned into the pPICZB and pPICZαA vectors to evaluate both intracellular and secreted 

yeast expression.  A second series of DIII constructs were also engineered to incorporate 

an N-terminal GST-fusion partner and proteolytic cleavage sites to allow non-tagged DIII 

to be isolated. 

 

Table 3.2 – Summary of constructs for WT DIII expression from P. pastoris yeast. 
 

Plasmid Name 
N-terminal Fusion 

Tag/Proteolytic Site 
C-terminal Proteolytic 

Site/Fusion Tag 
Type of 

Expression 
pPICZαA-DIII - 6 × His Secreted 
pPICZB-DIII - 6 × His Intracellular 

pPICZαA-GST-DIII A GST/Thrombin Enterokinase/6 × His Secreted 
pPICZαA-GST-DIII B GST/Enterokinase Enterokinase/6 × His Secreted 
 

These constructs were designed to allow EGP DIII expression from P. pastoris yeast 

under several different conditions, with the aim of establishing a high level and functional 

expression of the EGP CRD.   

 

3.2.1.1 Cloning of Expression Constructs 

The DIII region of EGP, which spans nucleotides 883-1179 of DENV-2 ThNH-7/93 EGP 

sequence, was PCR amplified and a 0.32 kb DNA fragment was observed by gel 

electrophoresis (Figure 3.5A).  This DIII gene fragment was ligated into both the pPICZB 

(intracellular) and pPICZαA (secreted) vectors and zeocin resistant transformants were 

screened for plasmid DNA by restriction digestion.  The 3.6 kb vector and 0.32 kb DIII 

fragments of interest were observed (Figure 3.5B) and sequencing confirmed that both 
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constructs included the correct DIII sequence in frame with the poly His-tag (pPICZB, 

pPICZαA) and the -Factor secretion signal (pPICZαA). 

 

 

Figure 3.5 – A) Gel electrophoresis of DENV-2 ThNH-7/93 EGP DIII PCR product. B) 
pPICZB-DIII (Lane 1) and pPICZαA-DIII plasmid DNA (Lane 2) digested with EcoRI 
and NotI. 
 

The GST-fused DIII constructs were engineered using overlap extension PCR, which is 

reviewed in detail in Chapter 5 (section 5.1.3, page 123).  DIII was spliced at its 5 end 

with GST and proteolytic signal sequences were inserted upstream and downstream of 

the DIII sequence.  Using this scheme, two constructs were engineered so that GST-DIII 

A included a thrombin site immediately upstream and an enterokinase site immediately 

downstream of DIII, and GST-DIII B included enterokinase restriction sequences either 

side of DIII.   

 

Overlap extension PCR involves 3 separate PCRs.  The first two reactions yielded the 

DIII gene (Lane 1, Figure 3.6A) and GST gene (Lane 2, Figure 3.6A).  These DIII and 

GST PCR products included an overlapping region of sequence at their 3 ends, so that a 

third PCR reaction was successful in amplifying the full length 1 kb GST-DIII gene 

(Figure 3.6B).  The GST-DIII A and B genes were ligated into the pPICZαA vector, and 

restriction digest of the resulting DNA confirmed the 3.6 kb vector DNA and 1 kb GST-

DIII gene for both the pPICZαA-GST-DIII A (Figure 3.6C) and pPICZαA-GST-DIII B 
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plasmids.  Finally, sequencing confirmed that both constructs included the correct GST-

fused DIII sequence in frame with the -Factor secretion signal sequence and poly His-

tag of the pPICZαA vector. 

 

 

Figure 3.6 – Gel electrophoresis of A) overlapping DIII (Lane 1) and GST (Lane 2) 
intermediate PCR products and B) 1 kb GST-DIII PCR product.  C) EcoRI and NotI 
digestion of GST-DIII plasmid DNA.  
 

3.2.1.2 P. pastoris Transformation and Phenotype Selection 

Electroporation of P. pastoris X-33 cells with linearised pPICZB-DIII, pPICZαA-DIII, 

pPICZαA-GST-DIII A and pPICZαA-GST-DIII B plasmid DNA yielded several hundred 

to several thousand transformants resistant to 100 µg/mL zeocin.  One of the advantages 

of the P. pastoris expression system is that multiple copies of the plasmid DNA can be 



Confidential – not to be copied     68 

inserted into the yeast genome, by homologous recombination, during transformation.  

During this process, the zeocin resistance gene is also inserted into the yeast genome; 

therefore the level of zeocin resistance in transformants is proportional to their gene copy 

number.  To select pPICZB-DIII, pPICZαA-DIII and pPICZαA-GST-DIII transformants 

that were successful in multicopy integration of the DIII gene, cells were re-plated on 

YPDS agar containing 500 µg/mL and 1000 µg/mL zeocin.  While no colonies survived 

at the higher concentration, around 20% of transformants for each construct possessed a 

suitable number of copies of the DIII gene and therefore zeocin resistance to grow at 500 

µg/mL of the antibiotic.  These transformants were also found to be Mut+ or normal in 

their methanol utilisation and were therefore chosen for screening of recombinant DIII 

expression. 

 

3.2.1.3 Intracellular DIII Expression and Purification 

One of the most documented challenges with P. pastoris expression is proteolytic 

degradation and to explore this, expression trials with pPICZB-DIII transformants to 

screen for recombinant protein expression were carried out at both 20 C and 28 C.  No 

recombinant DIII was detected by anti-His western blot analysis following expression at 

the recommended 28 C, however transformant ▲ was observed to express a 15 kDa 

His-tagged protein at 20 C (Lane 4, Figure 3.7A).  The highest yield of recombinant 

DIII expression from transformant ▲ was observed after 48 hours of methanol induction 

(Lane 2, Figure 3.7B).  Beyond this time the yield of DIII decreased and this can most 

likely be attributed to proteolytic degradation. 

 

Intracellular DIII expression was scaled up for pPICZB-DIII transformant ▲ and 

recombinant DIII was released by glass bead lysis.  To minimise endogenous protease 

activity, high concentrations of a protease inhibitor cocktail were included during yeast 

lysis, in addition to Triton X-100 to release any DIII present in the insoluble protein 

fraction.  Degradation of recombinant DIII during yeast lysis was successfully inhibited 

and HisSelect affinity chromatography yielded approximately 1 mg/L of protein, which 

included the desired 15 kDa DIII protein in addition to high molecular weight 
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contaminants (Lane 4, Figure 3.8) and a minor 50 kDa His-tagged aggregate (Lane 5, 

Figure 3.8). 

 

Figure 3.7 - A) anti-His western blot analysis of DIII expressed by pPICZB-DIII 
transformants at 20 C. B) Optimum expression from transformant ▲ was observed after 
48 hours of methanol induction (Lane 1, 24 hours; 2, 48 hours; 3, 72 hours; 4, 96 hours). 
 

 

Figure 3.8 – SDS-PAGE (LEFT) and anti-His western blot analysis (RIGHT) of 15 kDa 
intracellularly-expressed DIII His-affinity purification (Lane 1, cell lysate; 2, non-bound; 
3, wash; 4 and 5, elution). 

 

Due to the high molecular weight contaminants present following His-affinity 

purification of intracellularly expressed DIII, further purification such as gel filtration 

chromatography was required.  However this would be difficult and of little value due to 
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the low yield of recombinant DIII remaining after affinity purification.  As a consequence 

the alternative P. pastoris yeast secretion system was also evaluated for DIII production. 

 

3.2.1.4 Secreted DIII Expression and Purification 

Secretion of recombinant proteins from P. pastoris yeast is favourable in that only a 

small number of endogenous proteins are simultaneously secreted; however yeast 

proteases are among these proteins.  To maximise recombinant protein yield, pPICZαA-

DIII transformants were also analysed for DIII secretion at both 20 C and 28 C.  As 

previously seen in section 3.2.1.3 for intracellular protein expression, the yield of 15 kDa 

DIII was higher at the lower induction temperature (Figure 3.9).  Induction at 20 C 

appears to inhibit endogenous proteolytic activity against DIII and as such this was 

adopted as a standard culture condition.   

 

 
 

Figure 3.9 – SDS-PAGE of DIII secreted from pPICZαA-DIII transformants at 20 C 
(Lane 1) and 28 C (Lane 2). 
 
 
Further analysis of DIII expression from pPICZαA-DIII transformants at 20 C revealed 

high level secretion of a His-tagged protein from transformant ▲ (Lane 6, Figure 3.10A).  

Western blot analysis of transformants also confirmed that no His-tagged DIII was 
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retained inside the yeast cells during methanol induction (Lanes 1, 3 and 5, Figure 

3.10A).  The highest yield of DIII in the culture medium of transformant ▲ was seen 

after 48 hours of methanol induction, however it was not significantly higher than that at 

24 hours (Figure 3.10B).  In the interest of developing a rapid expression system the 

latter time for methanol induction was adopted.  A broad range of protease inhibitors was 

also included during methanol induction of transformant ▲, however no increase in the 

yield of DIII in the culture medium was observed (data not shown). 

 

 
Figure 3.10 – Anti-His western blot analysis of DIII secreted from pPICZαA-DIII 
transformants at 20 C.  A) The total cellular fraction (lanes 1, 3 and 5) and culture 
medium (Lanes 2, 4 and 6) of transformants was analysed for 15 kDa DIII protein.  B) 
Optimum expression from transformant ▲ was observed after 48 hours of methanol 
induction (Lane 1, 24 hours; 2, 48 hours; 3, 72 hours; 4, 96 hours). 

 

Over-expression of the recombinant protein was observed by SDS-PAGE, which 

revealed a high concentration of DIII compared to endogenous proteins present in the 

culture medium (Figure 3.9).  Before effective His-affinity purification could be achieved 

though, the litre scale of the yeast culture had to be reduced.  The small size of DIII and 

the rich nature of the culture medium made ultrafiltration difficult and protein 

precipitation was thought to be more useful.  Thus, 70% ammonium sulfate precipitation 

of DIII allowed rapid and effective 100-fold concentration of samples.  Pelleted DIII 

protein, yeast proteins and media components were completely resuspended in PBS by a 
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combination of soaking and gentle pipetting, and excess ammonium sulfate was removed 

by dialysis against PBS buffer.   

 

DIII-rich samples were applied to HisSelect affinity resin in the presence of 10 mM 

imidazole to reduce non-specific protein binding and after all non-bound proteins were 

washed from the column, pure DIII was eluted with 250 mM imidazole.  Page Blue (Lane 

3, Figure 3.11) and silver stain (data not shown) SDS-PAGE in addition to anti-His 

western blot analysis (Lane 4, Figure 3.11) showed that recombinant DIII was 

successfully purified to near homogeneity; and employing this strategy 7 mg/L of soluble 

DIII was rapidly isolated.   The level of purity achieved using this strategy is sufficient 

for protein-ligand binding studies.  The only published report of EGP DIII from P. 

pastoris yeast yielded a maximum of 100 µg/L of pure DIII, and those that report high 

level DIII expression systems utilise bacteria and as such yield insoluble EGP that 

requires refolding.  The optimised methodology developed in this study for high level P. 

pastoris expression and purification of a DENV EGP DIII represents one of the most 

efficient approaches for soluble flaviviral DIII expression and purification reported to 

date.    

 
 
Figure 3.11 – SDS-PAGE (LEFT) and anti-His western blot analysis (RIGHT) of 15 kDa 
secreted DIII His-affinity purification (Lane 1, secreted protein fraction; 2, non-
bound/wash; 3 and 4, elution). 
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3.3.1.5 Secreted GST-fused DIII Expression and Purification 

N-terminally GST-fused DIII, incorporating proteolytic cleavage sites for isolation of 

non-tagged DIII, was engineered as a multi-purpose recombinant model of the EGP CRD.  

GST was chosen over other fusion proteins such as maltose binding protein for its 

molecular weight, which is not significantly higher than DIII and its previous use as a 

fusion protein in STD NMR spectroscopy studies128.  The increase in molecular weight of 

GST-DIII compared to DIII alone may be advantageous in STD NMR spectroscopy 

studies as a result of improved spin diffusion of larger biomolecules that can enhance 

ligand binding detection128.  This construct may also be useful in future studies where 

non-tagged DIII is required. 

 

The first GST-DIII expression construct, pPICZαA-GST-DIII A, was designed so that the 

N-terminal GST tag could be cleaved with thrombin and the C-terminal His-tag cleaved 

by enterokinase, resulting in several useful forms of recombinant DIII protein (Figure 

3.12A).  Expression trials with pPICZαA-GST-DIII A transformants at 20 C for 24 

hours revealed predominantly 25 kDa GST (Lane 2, Figure 3.12B) and 15 kDa DIII-His 

species in the culture medium (Lane 1, Figure 3.12B), suggesting extensive cleavage by 

endogenous proteases at the thrombin site.  Anti-His and anti-GST western blot 

confirmed a small concentration of full length 40 kDa GST-DIII, however the majority of 

His-tagged recombinant protein was cleaved (Lane 1, Figure 3.12B).  Inclusion of the 

serine-protease specific inhibitor benzamidine in the BMMY medium at a range of 

concentrations failed to inhibit thrombin cleavage, indicating that it took place prior to or 

during secretion of the recombinant protein (data not shown). 

 

Interestingly, the published P. pastoris DIII expression system that yielded poor 

concentrations of the recombinant protein also employed an N-terminal GST-fusion 

secretion construct that incorporated a thrombin cleavage site92.  Expression trials with 

the almost identical pPICZαA-GST-DIII A construct in this work suggest that P. pastoris 

has an endogenous protease that can recognise the thrombin proteolytic signal sequence.  

This observation has not previously been reported and presumably accounts for the 

published low yield of DIII secretion from this system. 
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Figure 3.12 – A) Illustration of the GST-DIII A construct.  B) Anti-His (Lane 1) and 
anti-GST (Lane 2) western blot analysis of GST-DIII secreted by pPICZαA-GST-DIII A 
transformants. 

 

While P. pastoris proteases were able to recognise the thrombin signal sequence of GST-

DIII A, the presence of His-tagged DIII in Figure 3.12B indicated that the enterokinase 

site was unaffected.  This was exploited by re-engineering GST-DIII B so that an 

enterokinase site was inserted at the N- and C-terminus of the DIII protein (Figure 3.13A).  

Analysis of expression trials confirmed optimum secretion of a 40 kDa species from 

pPICZαA-GST-DIII B transformant ▲ after 24 hours at 20 C (Figure 3.13B), however 

the yield was low compared to that from pPICZαA-DIII transformants.  To overcome this, 

induction of recombinant protein expression was carried out on a 3-4 litre scale.  The 

molecular weight of the fusion protein allowed for effective and rapid ultrafiltration of 

the rich BMMY medium for 15-fold concentration of the sample.   
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Figure 3.13 - A) Illustration of the GST-DIII B construct.  B) Anti-His western blot 
analysis of GST-DIII secreted from pPICZαA-GST-DIII transformants at 20 C.  C) 
Optimum expression from transformant ▲ was observed after 24 hours of methanol 
induction (Lane 1, 24 hours; 2, 48 hours; 3, 72 hours; 4, 96 hours). 
 

Analysis of samples from initial GST-DIII B chromatography revealed some endogenous 

cleavage of the enterokinase cleavage site.  GST-affinity chromatography was successful 

in removing 15 kDa DIII and isolating 40 kDa GST-DIII (Lane 4, Figure 3.14A).  

However, overlaying of the anti-His western blot with anti-GST also revealed 

simultaneous elution of free 25 kDa GST protein from the chromatography column (Lane 

4, Figure 3.14B).  To overcome this, subsequent His-affinity purification was employed.  

SDS-PAGE and western blot analysis of the final product of this two-step purification 

protocol revealed three major species in solution at 45 kDa, 40 kDa and 36 kDa (Lanes 3 

and 6, Figure 3.14C).  Successful isolation of these species by His-affinity 

chromatography suggests that GST has undergone N-terminal degradation, and that the 

45 kDa species represents full length GST-DIII protein.  In addition to the lengthy 

purification procedures and degradation, a low yield of <0.5 mg/L was obtained.  As a 

result, P. pastoris expression of GST-fused DIII was not deemed advantageous over or in 

addition to the secreted DIII expression system established in this study.   
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Figure 3.14 – A) Anti-His and B) anti-His plus anti-GST western blot analysis of GST-
affinity purification of GST-DIII protein (Lane 1, neat culture medium; 2, concentrated 
culture medium; 3, non-bound/wash; 4, elution).  C) SDS-PAGE (LEFT) and anti-His 
western blot (RIGHT) analysis of pure GST-DIII following GST-affinity (Lane 2 and 5) 
and His-affinity (Lane 3 and 6) chromatography. 
 

3.2.2 Structural and Functional Evaluation of Recombinant DIII 

To confirm the integrity of DIII secreted from P. pastoris yeast, the recombinant model 

for DENV infection of mammalian cells was assessed to confirm protein folding, 

neutralising antibody binding and biological activity. 

 

3.2.2.1 Structural Evaluation of Recombinant DIII 

DLS was employed to monitor solution properties and structural characteristics of 

recombinant DIII secreted from P. pastoris yeast.  As previously introduced in sections 

2.2.6.1 (page 46) and 3.1.2.1, DLS uses laser light diffraction to measure the 
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hydrodynamic radius, dispersity and modality of a pure protein solution.  The 

hydrodynamic radius refers to the apparent size of a hydrated/solvated protein species 

and is influenced by the particle shape and size.  The polydispersity refers to the 

distribution of molecular mass of a protein species and the modality of a solution 

indicates the number of protein species of different hydrodynamic radius present.  Each 

batch-DLS result represents an average of 20 measurements and the statistical 

significance of this data was assessed by the fit error, which is an indication of the quality 

of the measurement.  Lower values indicate higher quality and in this study, data with a 

fit error of 10-4 and 10-5 were accepted. 

 
Batch-mode DLS analysis of DIII at both 5 C and 37 C revealed a reproducible 

trimodal distribution of protein species with no significant difference observed at both 

temperatures (Figure 3.15A).  The smallest measured resolvable peak had an average 

hydrodynamic radius of 2.51 nm, which is consistent with a low molecular weight protein, 

and a small polydispersity (6.35%) or “spread” of protein species (Figure 3.15A).  Mass 

normalisation confirmed that this uniform species was also the most prominent in 

solution (Figure 3.15B).  Further software analysis following chromatography-mode DLS 

(Peak 1, Figure 3.15C) confirmed that the molecular weight of this major DIII species is 

16.85 kDa and constitutes 61% of total protein in solution. 

 
The second batch-mode peak was identified as a low polydispersed species with an 

average radius of 15.47 nm (Figure 3.15A) and chromatography-mode DLS showed that 

this species makes up 15.5% of the solution (Peak 2, Figure 3.15C).  The final batch-

mode peak had a large radius and high polydispersity, however this species was not 

detected following mass normalisation of data (Figure 3.15B) or during separation for 

chromatography-mode DLS (Figure 3.15C), indicating that its concentration in the 

protein solution is extremely low.  These minor species may represent either unfolded or 

aggregated protein. 

 
The antigenicity of the recombinant protein species analysed by DLS was also analysed 

by ELISA with a DENV EGP DIII specific neutralising antibody 3H5.  Detection by 

fluorometric methods demonstrated that the purified recombinant protein was bound by 
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the DIII-recognising 3H5 antibody, emitting 2000 units of MFI above the BSA blank 

samples.  These results in addition to the DLS suggest that the protein species secreted 

from P. pastoris yeast is folded DENV EGP DIII. 

 

 

Figure 3.15 - A) Batch-mode DLS analysis of DIII showed a trimodal distribution in 
PBS at 37 C.  B) Mass normalisation of data and C) HPLC gel filtration confirmed a 
major monomeric species in solution (peak 1) and an addition minor species (peak 2). 
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3.2.2.2 Functional Evaluation of Recombinant DIII 

As previously discussed, EGP DIII is responsible for host cell surface receptor binding 

that mediates virus infection.  While the specific nature of the receptor(s) bound during 

infection by DENV is currently undefined, both mammalian and mosquito cell lines 

susceptible to infection have been identified.  To confirm that the recombinant DIII 

secreted from P. pastoris yeast can effectively function in in vitro models of DENV 

infection, it was assessed for binding to cell surface receptors involved in viral entry.  

Cell lines were selected for these experiments based on their susceptibility to DENV 

infection and their suitability to the assay conditions. 

 
Utilising those assay conditions reviewed in section 3.1.2, the first assay measured DIII 

binding to the surface of K562 and BHK21 mammalian cells and C6/36 mosquito cells, 

by probing for biotinylated DIII bound at 4 C in the presence of bovine serum and 

HEPES (pH 7.2).  Under these assay conditions, the bovine serum helped to reduce 

aggregation of cells, the HEPES buffer stabilised the pH, and the use of low temperatures 

prevented endocytosis of DIII by the cells.  Flow cytometric analysis of fluorescence 

emitted by cells revealed dose-dependent binding of recombinant DIII to both 

mammalian cells and mosquito cells (Figure 3.16).   

 

Significant shifts in fluorescence were detected at low concentrations of DIII bound to 

both K562 and BHK-21 cells.   While C6/36 cells were difficult to work with under these 

assay conditions, the data obtained shows a binding trend (Figure 3.16).  Their binding 

capacity for DIII appeared lower than that of the mammalian cells though and this is 

consistent with the DIII binding data published for BHK-21 and C6/36 cells; and 

suggests a differential display of EGP receptors on each cell line3.  When compared with 

the literature, the capacity for the yeast-expressed DIII to bind the surface of host cells 

appears to be slightly lower than that published for bacterial-expressed DIII.  This could 

be due to differential receptor expression on cell lines utilised in each study or biological 

inactivity of the higher molecular weight DIII species secreted from P. pastoris yeast that 

were observed by DLS (Figure 3.15).  
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Figure 3.16 – Histogram overlay and binding curve of DIII binding to the surface of  
A) K562, B) BHK-21 and C) C6/36 cells. 
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To further define the biological activity of DIII, DENV-2 infection of mammalian cells 

was competitively inhibited by the recombinant protein.  Based on the binding profile 

noted for K562 and BHK-21 cells, concentrations from 0 – 1000 µg/mL DIII were bound 

to the surface of Vero cells before infection with DENV-2.  Detection of virus infected 

cells confirmed that DIII was successful in blocking DENV-2 infection and an error of 

less than 10% was observed between replicates.  This data suggests that the cell surface 

receptor(s) bound by recombinant DIII are necessary and contribute significantly to 

infection.  It is therefore reasonable to conclude that the recombinant DIII protein is 

biologically active.  The inhibition curve in Figure 3.17 shows that DIII binding to 

DENV receptor(s) is dose-dependent and 50% of those receptor molecules utilised by the 

virus on Vero cells could be blocked by 10 µg of DIII.  Complete inhibition of infection 

was not achieve though, even at 1000 µg/ml DIII, which is presumably due to the 

receptor binding function of DII.  This region of EGP on the surface of DENV would be 

freely available to bind to its receptor under these assay conditions.  Both the cell binding 

and virus infection assays could be improved for future studies by the inclusion of a non-

specific protein to act as a negative control. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.17 – Recombinant DIII blocking of DENV-2 ThNH-7/93 infection of Vero cells.  
The error observed between replicates was <10%. 
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3.2.3 Summary 

The evaluation of DIII expression from P. pastoris yeast undertaken in this study was 

successful in developing an optimised high level expression and purification procedure 

for DENV-2 EGP DIII.  This methodology represents one of the most efficient 

approaches for soluble flaviviral DIII production reported to date.  The ability of DIII 

secreted from P. pastoris yeast to bind mammalian host cell surface receptors and block 

subsequent DENV-2 infection strongly suggests that this recombinant virus model is 

biologically active.  Given the cell surface receptor binding function of flaviviral EGP 

DIII, this recombinant EGP represents a suitable model to study ligand specificity 

relevant to DENV infection, to identify the site and structure of the CRD and to screen 

compound libraries for inhibitor activity. 
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CHAPTER 4 

Investigation of Dengue Fever 2 Virus Envelope 
Glycoprotein Domain III Ligand Specificity 

 
4.1 General Introduction 

 
4.1.1 Investigation of DENV EGP Ligand Specificity 

DENV infection of mammalian cells appears to be a complex multi-step process and 

research has identified a role for several mammalian cell surface structures, including 

some glycans.  Numerous studies have reported inhibition of DENV infection by the 

glycosaminoglycan (GAG) heparan sulfate (HS)54-57 and it is thought that this and other 

negatively charged carbohydrates may act to aggregate virus particles on the cell surface 

and therefore facilitate EGP binding to its primary receptor for infection.  While the 

structure of this primary DENV receptor is still not known, recent investigation of the 

glycolipid paragloboside and in particular its carbohydrate entity Lacto-N-neotetraose 

(nLc4) are of interest1.  As outlined in Chapter 1 (section 1.2.5.3, page 24), multivalent 

forms of this tetrasaccharide have been shown to inhibit mammalian cell infection by all 

four serotypes of DENV, in a dose-dependent manner.  Some preliminary studies into the 

minimal determinant for nLc4 binding to DENV-2 EGP have been published and 

concluded an essential role for the non-reducing terminal Gal moiety, however this study 

was limited by the available structures1.  In addition to this, the domain of EGP that nLc4 

interacts with and therefore its mode of action also remains undefined.  Emerging 

functional glycomics tools may provide valuable information into the ligand specificity 

of DIII for nLc4 and GAGs, and these will be introduced. 

 

4.1.1.1 Glycan Microarray 

Glycan microarray is a relatively new functional glycomics tool that has evolved from 

thin layer chromatography of glycolipids to resemble modern DNA microarray 

technology.  This technique was pioneered by Dr Tan Feizi and co-workers and 

subsequently others so that today glycan microarray methods involve attachment of 

glycans at their reducing end to an absorptive or functionalised group on the surface of a 
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plate or slide11.  A range of covalent and non-covalent systems for glycan immobilisation 

have been developed and are summarised in Table 4.1.  Non-covalent immobilisation of 

glycans to a microarray is achieved via an adsorptive surface, whereas covalent 

attachment involves coupling of a reactive group on the glycan with a functionalised 

surface. 

 
Table 4.1 – Glycan attachment to a microarray surface11. 
 

NON-COVALENT SYSTEMS 

Surface Adsorptive Group 
Nitrocellulose Alkyl, lipid, none 

Oxidised polystyrene Alkyl, lipid, none 
Fluoroalkylsilane C6F17 

Streptavidin Biotin 

COVALENT SYSTEMS 

Surface Reactive Group 
Thiol Maleimide (thioether) 

Alkyne Azide (cycloaddition) 
NHS Amine (amide) 

Benzaquinone Cyclopentadiene (cycloaddition) 
Aryl-CF3 diazarine None (carbine insertion) 

 

Plates or slides coated with glycans can be probed with a substrate of interest, which can 

be a glycan binding protein (GBP) in the form of a lectin, enzyme, antibody, toxin, 

bacterium, virus or other micro-organisms.  Despite the specificity of GBPs for their 

carbohydrate ligands, the most significant challenge for this technology is the low affinity 

that is typical of these interactions.  To overcome this both in vivo and in vitro, 

multivalent displays of glycans and GBPs have evolved and these interactions are 

characterised by simultaneous binding of multiple ligands on one surface to receptors on 

another129.  Multivalent interactions are typically much stronger than the monovalent 

equivalent and the mechanism for this lies in the enthalpy of binding, which increases 

proportionally with valency129,130.  Termed the “multivalency effect”, an increase in the 

association constant for binding of multivalent ligands, relative to their monovalent 

analogues, is caused by an increase in positive entropy contributions130.  In vivo both 

glycoconjugate associated glycans and GBPs can form multivalent displays and this is 
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illustrated by DENV which is enveloped with 180 copies of the EGP.  The necessary 

valency for successful array of ligands in vitro with recombinant proteins can be achieved 

using pre-formed complexes of protein and fluorescence-labelled antibodies, and the 

valency required will vary depending on the GBP of interest.   

 

Glycan microarray is a useful tool that allows rapid and efficient library screening to 

qualitatively assess the relative binding affinity and elucidate the nature of carbohydrates 

bound by a GBP.  This is best illustrated by a recent survey of haemagglutinins (HA) 

from modern and pandemic influenza viruses131.  Avian influenza virus preferentially 

binds to non-reducing terminal α2-3-linked Neu5Ac residues displayed on the surface of 

epithelial cells in a bird’s intestine, whereas the human influenza virus binds to non-

reducing terminal α2-6-linked Neu5Ac residues in the epithelial lining of the human 

respiratory tract.  A library of 200 glycans and glycoproteins was screened and detected 

HA specificity for not only the sialic acid linkage, but also revealed fine differences in 

specificity for fucosylation, sulfation and sialyation at positions two and three at the non-

reducing or cytoplasm-exposed end of the glycans131.  This study highlights the 

usefulness of glycan microarray screening as a rapid tool to assess ligand specificity of 

viral GBPs.  

 

4.1.1.2 Saturation Transfer Difference Nuclear Magnetic Resonance Spectroscopy 

Saturation Transfer Difference Nuclear Magnetic Resonance (STD NMR) spectroscopy 

is a well defined technique that allows characterisation of the binding interaction between 

a ligand and protein in aqueous solution132,133.  STD NMR spectroscopy is effective in 

detection of carbohydrate ligand binding to GBPs at a nM affinity, without the need for 

isotope labeling of the protein or ligand, or excessive quantities of protein134.  In solution 

a binding ligand constantly exchanges between its free and bound state and can be 

captured by selective saturation of protein signals using a Gaussian pulse cascade134.  

Any ligand in fast exchange with the protein also receives saturation from the protein and 

can be detected by subtracting a spectrum acquired with protein saturation from one 

without protein saturation (Figure 4.1)133.  The resulting STD NMR difference spectrum 

reveals only signals from binding ligands132,133.  This technique is rapid to implement and 
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produces easy to interpret spectra, however the interpretation of results must take into 

consideration the relaxation times of ligand protons and the influence of temperature134. 

 

 

Figure 4.1 – Schematic of STD NMR spectroscopy detection of ligand binding to a 
protein receptor133. 
 

STD NMR spectroscopy is not only useful for ligand screening, but also for epitope 

mapping of a bound ligand.  In a typical STD NMR spectrum, ligand moieties that are in 

close proximity to the receptor protein receive more saturation from the protein than 

moieties that are solvent exposed.  Therefore, ligand moieties that make direct contact 

with the protein will result in stronger STD NMR signals132.  Under these conditions STD 

NMR spectra are useful for determining the binding epitope of a ligand and this 

information is of great importance for the design of novel drugs.  STD NMR 

spectroscopy is also capable of providing binding constants for ligands and monitoring 

competitive ligand binding and allosteric effects132.   Recent development of this 

technique has also expanded its usefulness to detect ligand binding to whole virus 

particles135, non-infectious virus-like particles136, liposome-bound membrane proteins137, 

whole cells138,139 and immobilised proteins140.   

 

Both glycan microarray and STD NMR spectroscopy are powerful and rapid techniques 

suited to the study of GBP ligand specificity and they were thought to be of particular 

value in the study of DENV-2 EGP receptor binding.  Glycan libraries were selected 

from the Consortium for Functional Glycomics (CFG; Figure 4.2) and Institute for 

Glycomics (IFG; Figure 4.3) to investigate DIII binding to the putative ligands nLc4 and 

GAGs, as well as screen a diverse array of glycans for novel binding interactions.  The 

mammalian cell-based assays detailed in Chapter 3 (section 3.1.2.2 and 3.1.2.3, page 62 
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and 64) were also employed.  These functional glycomics techniques have not previously 

been applied to flaviviral EGPs and as such the study represents a preliminary and novel 

investigation involving DENV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 – Consortium for Functional Glycomics (CFG) glycan microarray library. 
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Ser

32. Blood Group A-trisaccharide GalNAc1-3[Fuc1-2]Gal

33. Lactodifucotetraose Fuc1-2Gal1-4[Fuc1-3]Glc

34. Blood Group B-Trisaccharide Gal1-3[Fuc1-2]Gal

35. Globotriose Gal-4Gal1-4Glc

36. Tn Antigen GalNAc1-O-Ser

37. Lewisy Fuc1-2Gal1-4[Fuc1-3]GlcNAc

38. Blood Group H Type II Trisaccharide Fuc1-2Gal1-3GlcNAc

39. Lewisb tetrasaccharide Fuc1-2Gal1-3[Fuc1-4]GlcNAc

40. Galactosyl-Tn Antigen Gal1-3GalNAc1-O-Ser

41. 1-3 Galactobiose Gal1-3Gal

42. Empty

43. Linear B-2 Trisaccharide Gal1-3Gal1-4GlcNAc

44. Linear B-6 Trisaccharide Gal1-3Gal1-4Glc

45. 1-3,1-4,1-3 Galactotetraose Gal1-3Gal1-4Gal1-3Gal

46. Sialyl Lewisa Neu5Ac2-3Gal1-3[Fuc1-4]GlcNAc

SerSer
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Gal

Glc

Man

GalNAc

GlcNAc

ManNAc

Fuc

Xyl

Neu5Ac

Neu5Gc

KDN

Symbol Nomenclature
47. Sialyl Lewisx Neu5Ac2-3Gal1-4[Fuc1-3]GlcNAc

48. Sulpho Lewisa SO3-3Gal1-3[Fuc1-4]GlcNAc

49. Sulpho Lewisx SO3-3Gal1-4[Fuc1-3]GlcNAc

50. 3'-Sialyllactosamine Neu5Ac2-3Gal1-4GlcNAc

51. 6'-Sialyllactosamine Neu5Ac2-6Gal1-4GlcNAc

52. Empty

53. LS-Tetrasaccharide b Gal1-3[Neu5Ac2-6]GlcNAc1-3Gal1-4Glc

54. LS-Tetrasaccharide c Neu5Ac2-6Gal1-4GlcNAc1-3Gal1-4Glc 

55. Disialyllacto-N-tetraose Neu5Ac2-3Gal1-3[Neu5Ac2-6]GlcNAc1-3Gal1-4Glc

56. 3'-Sialyllactose Neu5Ac2-3Gal1-4Glc

57. 6'-Sialyllactose Neu5Ac2-6Gal1-4Glc

58. Neocarratetraose-41, 3-di-O-sulphate (Na+) C24H36O25S2Na2 (Mixed anomers. Tetrasaccharide of regular -
carrageenan)

59. Neocarratetraose-41-O-sulphate (Na+) C24H37O22SNa (Mixed anomers. Derived from C1003 by removal of 
the non-reducing terminal 4-sulphate)

60. Neocarrahexaose-24,41, 3, 5-tetra-O-sulphate (Na+) C36H52O40S4Na4 (Mixed anomers. A hybrid sequence comprising 
carrageenan disaccharides in the order --, derived from the 
carrageenan from Chondrus crispus)

61. Neocarrahexaose-41, 3, 5-tri-O-sulphate (Na+) C36H53O37S3Na3 (Mixed anomers. Hexasaccharide of regular -
carrageenan)

62. Neocarraoctaose-41, 3, 5, 7-tetra-O-sulphate (Na+) C48H70O49S4Na4 (Mixed anomers. Octasaccharide of regular -
carrageenan)

63. Neocarradecaose-41, 3, 5, 7, 9-penta-O-sulphate (Na+) C60H87O61S5Na5 (Mixed anomers. Decasaccharide of regular -
carrageenan)

64. 1-6Galactobiose Gal1-6Gal

65. Terminal disaccharide of globotriose GalNAc1-3Gal

66. Receptor for pili of P. aeruginosa GalNAc1-4Gal

67. P1 Antigen Gal1-4Gal1-4GlcNAc

68. -D-N-acetylgalactosaminyl-1-3Gal-1-4Glc GalNAc1-3Gal1-4Glc

69. Bacterial cell wall muramyl discaccharide GlcNAc1-4MurNAc

SO3

SO3

Gal

Glc

Man

GalNAc

GlcNAc

ManNAc

Fuc

Xyl

Neu5Ac

Neu5Gc

KDN

Symbol Nomenclature
47. Sialyl Lewisx Neu5Ac2-3Gal1-4[Fuc1-3]GlcNAc

48. Sulpho Lewisa SO3-3Gal1-3[Fuc1-4]GlcNAc

49. Sulpho Lewisx SO3-3Gal1-4[Fuc1-3]GlcNAc

50. 3'-Sialyllactosamine Neu5Ac2-3Gal1-4GlcNAc

51. 6'-Sialyllactosamine Neu5Ac2-6Gal1-4GlcNAc

52. Empty

53. LS-Tetrasaccharide b Gal1-3[Neu5Ac2-6]GlcNAc1-3Gal1-4Glc

54. LS-Tetrasaccharide c Neu5Ac2-6Gal1-4GlcNAc1-3Gal1-4Glc 

55. Disialyllacto-N-tetraose Neu5Ac2-3Gal1-3[Neu5Ac2-6]GlcNAc1-3Gal1-4Glc

56. 3'-Sialyllactose Neu5Ac2-3Gal1-4Glc

57. 6'-Sialyllactose Neu5Ac2-6Gal1-4Glc

58. Neocarratetraose-41, 3-di-O-sulphate (Na+) C24H36O25S2Na2 (Mixed anomers. Tetrasaccharide of regular -
carrageenan)

59. Neocarratetraose-41-O-sulphate (Na+) C24H37O22SNa (Mixed anomers. Derived from C1003 by removal of 
the non-reducing terminal 4-sulphate)

60. Neocarrahexaose-24,41, 3, 5-tetra-O-sulphate (Na+) C36H52O40S4Na4 (Mixed anomers. A hybrid sequence comprising 
carrageenan disaccharides in the order --, derived from the 
carrageenan from Chondrus crispus)

61. Neocarrahexaose-41, 3, 5-tri-O-sulphate (Na+) C36H53O37S3Na3 (Mixed anomers. Hexasaccharide of regular -
carrageenan)

62. Neocarraoctaose-41, 3, 5, 7-tetra-O-sulphate (Na+) C48H70O49S4Na4 (Mixed anomers. Octasaccharide of regular -
carrageenan)

63. Neocarradecaose-41, 3, 5, 7, 9-penta-O-sulphate (Na+) C60H87O61S5Na5 (Mixed anomers. Decasaccharide of regular -
carrageenan)

64. 1-6Galactobiose Gal1-6Gal

65. Terminal disaccharide of globotriose GalNAc1-3Gal

66. Receptor for pili of P. aeruginosa GalNAc1-4Gal

67. P1 Antigen Gal1-4Gal1-4GlcNAc

68. -D-N-acetylgalactosaminyl-1-3Gal-1-4Glc GalNAc1-3Gal1-4Glc

69. Bacterial cell wall muramyl discaccharide GlcNAc1-4MurNAc

SO3

SO3
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Gal

Glc

Man

GalNAc

GlcNAc

ManNAc

Fuc

Xyl

Neu5Ac

Neu5Gc

KDN

Symbol Nomenclature
70. UA-2S  GlcNS-6S Na4 (I-S) C12H15NO19S3Na4 (Predominant disaccharide 

produced from heparin by heparinase I and II)

71. UA  GlucNS-6S Na3 (II-S) C12H16NO16S2Na3 (Produced from heparinase II 
digestion of heparin and heparin sulphate)

72. UA  2S-GlcNS Na3 (III-S) C12H16NO16S2Na3 (Produced from heparin by 
digestion with heparinase I and II)

73. UA  2S-GlcNAc-6S Na3 (I-A) C14H18NO17S2Na3 (Minor component produced from 
heparin by heparinase II)

74. UA  GlcNAc-6S Na2 (II-A) C14H19NO14SNa2 (Product of the action of 
heparinases II and III on heparin and heparan sulphate)

75. UA  2S-GlcNAc Na2 (III-A) C14H19NO14SNa2 (Minor product of the action of 
heparinase II on heparin)

76. UA  GlcNAc Na (IV-A) C14H20NO11Na (Produced from heparin sulphate by 
digestion With heparinase III)

77. Empty

78. UA  GalNAc-4S Na2 ( Di-4S) C14H19NO14SNa2 (Produced from various chondroitin sulphates By the action of 
chondroitinases ABC, B and AC-1)

79. UA  GalNAc-6S Na2 ( Di-6S) C14H19NO14SNa2 (Produced from various chondroitin sulphates By the action of 
chondroitinases ABC, AC-1 and C)

80. UA  GalNAc-4S,6S Na3 ( Di-disE) C14H18NO17S2Na3 (Produced from various chondroitin sulphates By the action of 
chondroitinases ABC, B and AC-1)

81. UA  2S-GalNAc-4S Na2 ( Di-disB) C14H18NO17S2Na3 (Produced from various chondroitin sulphates by action of 
chondroitinase ABC and/or B. Most typically from chondroitin sulphate B 
(dermatan sulphate))

82. UA  2S-GalNAc-6S Na3 ( Di-disD) C14H18NO17S2Na3 (Produced from various chondroitin sulphates by the action of 
chondroitinase ABC)

83. UA  2S-GalNAc-4S-6S Na4 ( Di-tisS) C14H17NO20S3Na4 (Produced as a minor component by the action of 
chondroitinase ABC on various chondroitin sulphates, particularly B)

84. UA  2S-GalNAc-6S Na2 ( Di-UA2S) C14H19NO14SNa2 (Produced as a minor component from various chondroitin
sulphates by the action of chondroitinase ABC)

85. UA  GlcNAc Na ( Di-HA) C14H20NO11Na (The only unsaturated disaccharide produced from hyaluronic acid 
by the action of chondroitinase ABC or AC-1)

86. Empty

87. Lacto-N-tetraose Gal1-3GlcNAc1-3Gal1-4Glc

88. Lacto-N-neotetraose Gal1-4GlcNAc1-3Gal1-4Glc

89. Lacto-N-hexaose Gal1-4GlcNAc1-6[Gal1-3GlcNAc1-3]Gal1-4Glc

90. Empty

Gal

Glc

Man

GalNAc

GlcNAc

ManNAc

Fuc

Xyl

Neu5Ac

Neu5Gc

KDN

Symbol Nomenclature
70. UA-2S  GlcNS-6S Na4 (I-S) C12H15NO19S3Na4 (Predominant disaccharide 

produced from heparin by heparinase I and II)

71. UA  GlucNS-6S Na3 (II-S) C12H16NO16S2Na3 (Produced from heparinase II 
digestion of heparin and heparin sulphate)

72. UA  2S-GlcNS Na3 (III-S) C12H16NO16S2Na3 (Produced from heparin by 
digestion with heparinase I and II)

73. UA  2S-GlcNAc-6S Na3 (I-A) C14H18NO17S2Na3 (Minor component produced from 
heparin by heparinase II)

74. UA  GlcNAc-6S Na2 (II-A) C14H19NO14SNa2 (Product of the action of 
heparinases II and III on heparin and heparan sulphate)

75. UA  2S-GlcNAc Na2 (III-A) C14H19NO14SNa2 (Minor product of the action of 
heparinase II on heparin)

76. UA  GlcNAc Na (IV-A) C14H20NO11Na (Produced from heparin sulphate by 
digestion With heparinase III)

77. Empty

78. UA  GalNAc-4S Na2 ( Di-4S) C14H19NO14SNa2 (Produced from various chondroitin sulphates By the action of 
chondroitinases ABC, B and AC-1)

79. UA  GalNAc-6S Na2 ( Di-6S) C14H19NO14SNa2 (Produced from various chondroitin sulphates By the action of 
chondroitinases ABC, AC-1 and C)

80. UA  GalNAc-4S,6S Na3 ( Di-disE) C14H18NO17S2Na3 (Produced from various chondroitin sulphates By the action of 
chondroitinases ABC, B and AC-1)

81. UA  2S-GalNAc-4S Na2 ( Di-disB) C14H18NO17S2Na3 (Produced from various chondroitin sulphates by action of 
chondroitinase ABC and/or B. Most typically from chondroitin sulphate B 
(dermatan sulphate))

82. UA  2S-GalNAc-6S Na3 ( Di-disD) C14H18NO17S2Na3 (Produced from various chondroitin sulphates by the action of 
chondroitinase ABC)

83. UA  2S-GalNAc-4S-6S Na4 ( Di-tisS) C14H17NO20S3Na4 (Produced as a minor component by the action of 
chondroitinase ABC on various chondroitin sulphates, particularly B)

84. UA  2S-GalNAc-6S Na2 ( Di-UA2S) C14H19NO14SNa2 (Produced as a minor component from various chondroitin
sulphates by the action of chondroitinase ABC)

85. UA  GlcNAc Na ( Di-HA) C14H20NO11Na (The only unsaturated disaccharide produced from hyaluronic acid 
by the action of chondroitinase ABC or AC-1)

86. Empty

87. Lacto-N-tetraose Gal1-3GlcNAc1-3Gal1-4Glc

88. Lacto-N-neotetraose Gal1-4GlcNAc1-3Gal1-4Glc

89. Lacto-N-hexaose Gal1-4GlcNAc1-6[Gal1-3GlcNAc1-3]Gal1-4Glc

90. Empty
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GlcNAc
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Xyl

Neu5Ac

Neu5Gc

KDN

Symbol Nomenclature
91. 3'-Fucosyllactose Gal1-4[Fuc1-3]Glc

92. Lea trisaccharide Gal1-3[Fuc1-4]GlcNAc

93. Lacto-N-fucopentaose I [Fuc1-2]Gal1-3GlcNAc1-3Gal1-4Glc

94. Lacto-N-fucopentaose II   Gal1-3[Fuc1-4]GlcNAc1-3Gal1-4Glc

95. Lacto-N-fucopentaose III   Gal1-4[Fuc1-3]GlcNAc1-3Gal1-4Glc

96. Lacto-N-difucohexaose I   [Fuc1-2]Gal1-3[Fuc1-4]GlcNAc1-3Gal1-4Glc

97. Empty

98. Empty

99. Monofucosyl-para-Lacto-N-hexaose IV Gal1-3GlcNAc1-3Gal1-4[Fuc1-3]GlcNAc1-3Gal1-4Glc

100. Monofucosyllacto-N-hexaose III Gal1-4[Fuc1-3]GlcNAc1-6[Gal1-3GlcNAc1-3]Gal1-4Glc

101. Difucosyllacto-N-hexaose Gal1-4[Fuc1-3]GlcNAc1-6[Fuc1-2Gal1-3GlcNAc1-3]Gal1-4Glc

102. Trifucosyllacto-N-hexaose Gal1-4[Fuc1-3]GlcNAc1-6[Fuc1-2Gal1-3[Fuc1-4]GlcNAc1-3]Gal1-4Glc

103. Empty

104. 6'-Sialyllactosamine Neu5Ac2-6Gal1-4GlcNAc
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Figure 4.3 – IFG glycan microarray library141. 
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KDN

Symbol Nomenclature
105. Sialyllacto-N-tetraose a Neu5Ac2-3Gal1-3GlcNAc1-3Gal1-4Glc

106. Sialyllacto-N-tetraose b Gal1-3[Neu5Ac2-6]GlcNAc1-3Gal1-4Glc

107. Sialyllacto-N-neotetraose c Neu5Ac2-6Gal1-4GlcNAc1-3Gal1-4Glc 

108. Monosialyl, monofucosyllacto-N-neohexose

Gal1-4[Fuc1-3]GlcNAc1-6[Neu5Ac2-6Gal1-4GlcNAc1-3]Gal1-4Glc

109. Disialyllacto-N-tetraose Neu5Ac2-3Gal1-3[Neu5Ac2-6]GlcNAc1-3Gal1-4Glc

110. H-disaccaride Fuc1-2Gal

111. 2'-Fucosyllactose Fuc1-2Gal1-4Glc

112. Biantennary 2,6-sialylated-N-glycan-Asn

Neu5Ac2-6Gal1-4GlcNAc1-2Man1-6[Neu5Ac2-6Gal1-4GlcNAc1-2Man1-6]Man1-4GlcNAc1-4GlcNAc-Asn

113. Heparin (GlcA/IdoA/1-4GlcNAc1-4)n (n=200)

114. Chondroitin sulfate (GlcA/IdoA1-3(±4/6S)GalNAc1-4)n (n<250)

115. Dermatan sulfate ((±2S)GlcA/IdoA/1-3(±4S)GalNAc1-4)n (n<250)

116. Chondroitin 6-Sulfate (GlcA/IdoA1-3(±6S)GalNAc1-4)n (n<250)

117. Colominic acid (Neu5Ac2-8Neu5Ac)n (n<50)

118. Hyaluronan fragments (8mer) (GlcA1-3GlcNAc1-4)n (n=8)

119. Hyaluronan fragments (10mer) (GlcA1-3GlcNAc1-4)n (n=10)

120. Hyaluronan fragments (12mer) (GlcA1-3GlcNAc1-4)n (n=12)

121. Hyaluronan fragments (4mer) (GlcA1-3GlcNAc1-4)n (n=4)

Asn
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4.2 Results and Discussion 

 

4.2.1 Investigation of DENV-2 EGP DIII Ligand Specificity 

Glycan microarray technology lends itself to rapid high-throughput screening of GBP 

interactions as it allows multivalent displays of both ligands and the receptor molecule, 

with minimal wash steps required.  For these reasons, glycan microarray was adopted in 

this study to detect DIII-ligand binding interaction from large glycan libraries before 

confirmation of binding and investigation of ligand binding epitopes by STD NMR 

spectroscopy.   

 

Glycans were arrayed with both recombinant DIII and whole DENV-2 ThNH-7/93 to 

distinguish between ligand binding to the CRD DIII and the remainder of the EGP.  To 

achieve this, a 384-well plate microarray was developed first and then a printed slide 

microarray as the specialised equipment and resources were available.  Optimisation of 

the printed slide microarray was carried out by Dr Regan Hartnell, Dr Chris Day and Dr 

Joe Tiralongo (Griffith University, Australia) prior to this work.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 – Illustration of DIII and DENV-2 glycan microarray.  Valency, relative 
binding affinity and fluorescence intensity were amplified for DIII with a pre-formed 
protein-antibody complex. 
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While DENV has evolved significant multivalency in its structure with 180 copies of 

EGP on the surface of each virus particle, monomeric recombinant DIII alone does not 

have sufficient affinity to binding ligands to remain captured on the microarray.  To 

overcome this, glycans were bound with a preformed DIII-antibody complex that 

included mouse anti-His, rabbit anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa 

Fluor 488 mAbs to provide a valency of 8 and fluorescence signal amplification (Figure 

4.4).  To avoid antibody blocking of a CRD on the surface of DENV, virions bound to the 

array were detected using a sandwich-based ELISA approach.   

 

Raw fluorescence data obtained for DENV-2 and DIII binding to glycans (triplicate) in 

the 384-well plate microarray was processed by subtracting the background fluorescence 

and averaging replicates.  To standardise these values for EGP binding to ligands for 

analysis, the average MFI was divided by the µM concentration of glycan dispensed into 

each well.  In the case of the raw data obtained from the printed glycan microarray, 

positive DENV-2 and DIII binding to glycans was observed as four consecutive spots of 

fluorescence.  Each spot on the microarray represents equimolar concentrations of 

glycans, therefore MFI values represent the average fluorescence of EGP binding minus 

the background fluorescence.  Positive GBP binding to this platform was defined by 

binding spots with a MFI > 550.  Despite thorough coating of 384-well plates and glass 

slides in addition to stringent washing, some fluorescence values were observed 

significantly above or below the average of the remaining replicates for glycans and these 

values were removed to avoid skewing of binding data.   

 

4.2.1.1 nLc4 

To confirm nLc4 binding to DIII and investigate the ligand specificity of this glycan to 

the EGP, a library of glycans were selected from the CFG.  The glycans were modified at 

the reducing end by Dr Regan Hartnell to allow immobilisation on streptavidin-coated 

384-well plates.  Glycans were bound in triplicate with either a DIII-antibody complex or 

DENV-2.  While a higher replicate number would have been desirable as moderate 

background and variation between samples was observed, the quantity of available 

glycan prevented this.  This microplate glycan array was utilised as a rapid screening tool 
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for carbohydrate-ligand binding and at room temperature a weak binding fluorescence for 

both DENV-2 and the DIII complex to nLc4 (Te 72) was detected above the BSA blank 

(Figure 4.6).   

 
 

 
 
Figure 4.5 – Structure of nLc4

8. 
 

Under the same assay conditions, DENV-2 and DIII protein were also screened for 

binding to Te 98 ((Galβ1-4GlcNAcβ)2), Te 100 ((Galβ1-4GlcNAcβ)3) and Tr 54 

(GlcNAcβ1-3Galβ1-4Glcβ).  These glycans constitute portions of nLc4, therefore 

investigation of DIII binding may provide insight into the minimum determinant for the 

DIII-nLc4 binding interaction.   

 

Te 98 and Te 100 are multivalent forms of N-acetyl-D-lactosamine (LacNAc) and this 

disaccharide makes up the non-reducing moiety of nLc4 (Galβ1-4GlcNAcβ1-3Galβ1-

4Glcβ).  While the entire glycan may be important for ligand binding orientation and 

affinity, GBP interactions typically involve the non-reducing cytoplasm-exposed end of a 

ligand.  The published ligand specificity of this interaction also hypothesised that 

LacNAc was the minimum carbohydrate determinant for nLc4 binding1, however Galβ1-

4GlcNAcβ alone appears to have very low binding affinity to DIII (Figure 4.6).  This is 

confirmed by the observed increase in DIII binding fluorescence between the trivalent 

and divalent forms of LacNAc, which results from an increase in free binding ligand in 

close proximity to the nLc4 binding site.  Tr 54 (GlcNAcβ1-3Galβ1-4Glcβ) also appears 

to have a lower binding affinity for DIII than nLc4, which has an additional Galβ1-4 

moiety at its non-reducing end (Figure 4.6).    Therefore, the glycan microarray DIII 

ligand specificity observed in this study also suggests that the non-reducing terminal Gal 

Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ1-1OR 
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of nLc4 is a determinant for DIII binding, however the entire nLc4 tetrasaccharide appears 

to be necessary to achieve binding affinity.   

 

DENV-2 binding to Te 72, Te 98, Te 100 and Tr 54 was also observed by glycan 

microarray, suggesting that the DIII-nLc4 binding detected involves a CRD that is solvent 

exposed on the surface of the mature virus particle (Figure 4.6).  However, glycan 

microarray screening can not differentiate between ligand binding to EGP DI, DII or DIII 

on the surface of whole virus particles.  Therefore the fluorescence detected for DENV-2 

may also represent ligand binding to additional regions not involved in receptor mediated 

endocytosis, and this may explain the higher DENV-2 binding to Tr 54 compared to Te 

72 that was observed (Figure 4.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.6 – DIII and DENV-2 glycan microarray of nLc4 (Te 72) and related glycans. 
 

To further define the DIII-nLc4 binding interaction, STD NMR spectroscopy of nLc4 and 

its carbohydrate subunits was carried out in collaboration with Dr Thomas Haselhorst 

(Griffith University, Australia).  DIII-carbohydrate interactions investigated are 

summarised in Table 4.2.  Confirmation of DIII binding to nLc4 and epitope mapping by 

STD NMR spectroscopy was considered an important addition to glycan microarray 
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binding, as the ligands were free in solution rather than bound to a solid-phase, and this 

may provide greater insight into how nLc4 binds.   

 

Table 4.2 – Summary of STD NMR spectroscopy experiments to study the nLc4-DIII 
binding interaction. 
 

Glycan/Ligand 
Molar Ratio 

Protein:Ligand 
Gal 1:100 
Glc 1:100 
GlcNAc 1:100 
LacNAc (Te 98, Te 100) 1:100 
GlcNAcβ1-3Galβ1-4Glcβ-OTMSE (Tr 54) 1:100 
Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ-OTMSE (monovalent-nLc4; Te 72) 1:100 
Fan-Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ (trivalent-nLc4) 1:25 

     TMSE – 2-(trimethylsilyl)ethanol, CH2CH2Si(CH3)3; Fan – trivalent carbosilane dendrimer 

 

The carbohydrate subunits of nLc4, including Glc, Gal, GlcNAc, LacNAc and 

GlcNAcβ1-3Galβ1-4Glcβ were first screened for binding to recombinant DIII.  DIII 

protein signals were selectively saturated and STD NMR effect for all saccharides could 

not be detected, leading to the assumption that the investigated mono- di- and 

trisaccharides that make up nLc4 have no significant binding affinity to DIII.  STD NMR 

spectroscopy of LacNAc was of particular interest as it occupies the non-reducing 

position in nLc4 and constitutes half the tetrasaccharide.  However the lack of STD effect 

observed for this disaccharide was consistent with the negligible DIII binding observed 

by glycan microarray (Figure 4.6). 

 

As previously discussed, published inhibition of DENV infection by nLc4 suggests that 

multivalency may be an important determinant for binding1.  To explore this, STD NMR 

spectroscopy of DIII complexed with monovalent nLc4 synthesised by Catherine Tindal 

(Griffith University, Australia) and trivalent Fan-nLc4 provided by Dr Kazuya Hidari was 

performed.  A saturation frequency of -1 ppm was chosen in order to avoid any direct 

saturation of ligand signals.  In the case of the monovalent nLc4 utilised though, an 

OTMSE group resides at the reducing terminal anomeric hydroxyl group and would 

receive saturation at -1 ppm.  To overcome this, the monovalent nLc4-DIII complex was 
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saturated at -2 ppm and the trivalent Fan-nLc4-DIII complex was saturated at -1 and -2 

ppm.  The relevant proton (1H) and STD NMR difference spectrum of DIII complexed 

with nLc4 are illustrated in Figure 4.7. 

 

Interestingly, no STD effect was observed for monovalent-nLc4 (1.5 – 4.6 ppm), 

suggesting that it has no significant binding affinity to DIII (Figure 4.7E).  Conversely, 

STD NMR spectroscopy revealed that trivalent Fan-nLc4 can bind to DIII, as clear signals 

were observed in the difference spectrum following saturation at both -1 and -2 ppm 

(Figure 4.7B and C).  These results are consistent with the published multivalency-

dependent DENV inhibition data for nLc4
1 and confirm that this glycan can bind to the 

EGP CRD responsible for DENV infection of mammalian cells.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.7 – A) 1H NMR reference spectrum of trivalent Fan-nLc4 in the presence of 
DIII and the corresponding STD NMR spectrum using a protein saturation frequency of 
B) -1 ppm and C) -2 ppm.  Only signals from Fan-nLc4 are visible, indicating binding to 
DIII.  D)  1H NMR reference spectrum of monovalent-nLc4 in the presence of DIII and 
E) the corresponding STD NMR spectrum using a protein saturation frequency of -2 
ppm142. 
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The detection of strong STD NMR signals for the trivalent Fan-nLc4 in complex with 

DIII can be explained by different mechanisms (Figure 4.8).  The binding specificity 

observed for the trivalent Fan-nLc4 could be a result of increased ligand valency leading 

to an amplification of positive entropy and hence overall stronger binding.  While this is 

likely to occur for DENV particles in vivo where polyvalency of EGP naturally exists, 

only monovalent recombinant DIII protein was used in this study.  It therefore can not be 

ruled out that the amplification of multivalent STD NMR spectrum observed may result 

from the higher concentration of ligand in close proximity to each DIII receptor site in 

the presence of Fan-nLc4, compared to monovalent nLc4 (Figure 4.8).  If this were true 

though, some STD NMR effect may still be expected for monovalent nLc4 in the 

presence of DIII at the high 100 molar ligand excess utilised in this study; and this was 

not seen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 – Illustration of monovalent and multivalent ligand-protein binding 
interactions143. 
 

It is also possible that the Fan-nLc4 binding specificity observed may result from an 

additional DIII CRD that can also recognise nLc4.  While the affinity of monovalent nLc4 

ligand binding to DIII appears to be low (< KD ~10-2 M) leading to the observation of no 

STD NMR signals, additional interaction of multivalent nLc4 to a DIII protein would lead 
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to an increased affinity (> KD ~10-3 M) and hence a stronger STD NMR effect.  Fesik and 

co-workers have shown using structure-activity relationships (SAR) by NMR that 

covalent linking of two individual ligands with low mM binding affinity results in a tight 

binding ligand of nM affinity144. 

 
It is most likely that the multivalent nLc4 ligand binding affinity observed is the result of 

multiple DIII proteins bound simultaneous to each Fan-nLc4 ligand.  To determine if DIII 

has only a single or additional CRDs, SAR by NMR could be employed to study the Fan-

nLc4 ligand binding interaction further.  This methodology relies on 13C/15N labelling of 

recombinant protein and allows amino acids involved in ligand binding to be identified132.  

If amino acids located at different positions on the exposed surface of DIII are observed 

then it would suggest that more than one CRD exists. 

 

Assignment of the trivalent Fan-nLc4 spectrum, which is required for epitope mapping of 

the bound ligand, was not possible due to the compound’s complexity and the resulting 

overlap of NMR signals.  Assignment of the monovalent nLc4 spectrum was successfully 

carried out though by Catherine Tindal.   By comparing the NMR spectrum of the 

monovalent-nLc4 and Fan-nLc4, the signals from the latter spectrum that corresponded to 

the nLc4 carbohydrate moieties could be identified and using a process of elimination the 

Fan-nLc4 ligand was also assigned (Figure 4.9A). 

 

Figure 4.9 illustrates the 1H NMR and the corresponding STD NMR difference spectrum 

for the Fan-nLc4-DIII complex.  Based on the ligand assignment carried out by Catherine 

Tindal, the difference spectrum shows the predominant effect of the N-acetyl-D-

glucosamine (GlcN)C H-1 proton at 1.7 ppm, which is occupied by an N-acetyl (NHAc) 

group (Figure 4.9B).  Signals of lower intensity were also observed for the ring protons 

between 2.9 – 4 ppm of GlcA, GalB, GlcNC and GalD (Figure 4.8B).  Watergate 

suppression of water signals can influence anomeric H-1 protons, therefore the weak 

signals observed between 4.1 – 4.5 ppm can not be interpreted as DIII bound protons.  

Finally, the signals present at 1.1 and 2.2 ppm belong to protons in the linker region of 

the Fan dendrimer that are in close proximity to the nLc4 tetrasaccharide.  Interestingly, 
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the protons of the phenyl core are not present in the STD NMR difference spectrum, 

suggesting that they were solvent exposed during the observed binding interaction.   

 

Closer analysis of the ring proton signal between 2.9 – 4 ppm on the STD NMR 

difference spectrum revealed that the strongest signal could be observed for the GlcA H-2 

proton (Figure 4.9).  The relative intensity of this signal compared to the other ring 

protons is significantly greater than the intensity of the corresponding peaks in the 1H 

NMR.  Signals corresponding to GalB H-4 and GalD H-4 were also observed and while 

the protons between 3.2 and 3.6 ppm could not be properly assigned, GalB H-2, GlcNC H-

5 and GalD H-2 appear to be involved in DIII binding due to the appearance of the STD 

NMR signals (Figure 4.9).   

 

In addition to the qualitative epitope mapping detailed above, quantitative analysis of the 

Fan-nLc4 difference spectrum would be useful, however the overlap of signals produced 

by this tetrasaccharide made the necessary integration of the spectrum not possible.  In 

light of the multivalent-dependency for nLc4 binding to DIII confirmed in this study, it is 

probable that the monovalent subunits of this tetrasaccharide would also have insufficient 

affinity to bind.  Further STD NMR spectroscopy studies with multivalent Glcβ, Galβ, 

GlcNAcβ, Galβ1-4GlcNAcβ, Galβ1-4GlcNAcβ1-3Galβ and GlcNAcβ1-3Galβ1-4Glcβ 

need to be performed and a suitable scaffold is under synthesis.  Multivalent forms of 

these glycans may bind to DIII and the resulting STD NMR spectrum could be used to 

complete nLc4-DIII epitope mapping. 
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Figure 4.9 - A) 1H NMR reference spectrum of trivalent Fan-nLc4 in the presence of DIII 
and B) the corresponding STD NMR spectrum using a protein saturation frequency of -2 
ppm.  Only signals from Fan-nLc4 are visible, indicating binding to DIII142.  An 
expansion of signals between 2.8 and 4.6 ppm is shown. 
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4.2.1.2 GAGs 

The involvement of HS in DENV infection of mammalian cells has been proposed in 

numerous publications and several regions of EGP have been implicated.  The role of 

GAGs in DENV-2 ThNH-7/93 infection and therefore their specificity to DIII was 

explored using several techniques.  Competitive inhibition of recombinant DIII binding to 

the surface of K562 and BHK-21 mammalian cells was assessed using flow cytometric 

detection of DIII bound cells.  A prior investigation of GAG binding to DENV-2 PL046 

virus EGP DIII detailed blocking of DIII binding to BHK-21 cells by heparin (Hep) at 

concentrations as low as 1 µg/mL, but not chondroitin sulfate (CS) or dermatan sulfate 

(DS)3.  However in this study, the inclusion of up to 10 µg/mL of Hep (Figure 4.10A), 

HS (Figure 4.11A), CS (Figure 4.12A) or DS (Figure 4.13A) under the same assay 

conditions failed to reduce DIII binding to the surface of K562 and BHK-21 mammalian 

cells.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.10 – Competitive inhibition of A) DIII binding to mammalian cell surface 
receptors and B) DENV-2 infection by Hep.  C) Glycan microarray binding spots for 
DENV-2 and DIII binding to Hep.  Mean MFI values are indicated in bold. 
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Figure 4.11 – Competitive inhibition of A) DIII binding to mammalian cell surface 
receptors and B) DENV-2 infection by HS.  C) No glycan microarray binding data for 
HS was available.  Mean MFI values are indicated in bold. 
 

The same GAGs were also assessed as competitive inhibitors of DENV-2 infection of 

mammalian cells at concentrations ranging from 0.1 to 100 µg/mL.  Across multiple 

repeats, each GAG was able to inhibit virus infectivity in a dose-dependent manner.  

Interestingly HS, which has been implicated in DENV infection, was the weakest 

inhibitor of DENV-2 ThNH-7/93 infection (Figure 4.11B).  At 100 µg/mL, HS was 

effective in blocking 55% of virus infection, compared to 75% inhibition by DS (Figure 

4.13B) and 85% inhibition by both Hep (Figure 4.10B) and CS (Figure 4.12B) at the 

same concentration.   
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61).  Interestingly, the results obtained in this study for GAG inhibition of DIII binding to 

mammalian cells utilised the same FACS assay conditions as a previously published 

study by Hung and co-wrokers3.  This observed difference may suggest that GAG 

binding site usage can differ between DENV strains, and/or be an artifact of the 

recombinant DIII protein expressed from P. pastoris in this study.  It also can not be 

ruled out that DENV glycoconjugate recognition may vary between mammalian cell lines.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 – Competitive inhibition of A) DIII binding to mammalian cell surface 
receptors and B) DENV-2 infection by CS.  C) Glycan microarray binding spots for 
DENV-2 and DIII binding to CS and C6S.  Mean MFI values are indicated in bold. 
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the time in which ligands remain in their bound state, DIII binding to CS (Figure 4.12C) 

and DS (Figure 4.13C) could be detected.  Interestingly, DIII and DENV-2 binding to 

chondroitin-6-sulfate (C6S) was also detected (Figure 4.12C).  As CS, C6S and DS are 

highly sulfated species, this observation confirms an important role for their negatively 

charged functionality in flaviviral EGP binding affinity to GAGs54,58-60,145.  These 

molecules are typically very long chained glycans and this also appears to be an 

important determinant for binding, as no association with a range of truncated CS, Hep 

and HS species on the same glycan microarray could be detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 – Competitive inhibition of A) DIII binding to mammalian cell surface 
receptors and B) DENV-2 infection by DS.  C) Glycan microarray binding spots for 
DENV-2 and DIII binding to DS.  Mean MFI values are indicated in bold. 
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exploration using more sensitive methods, such as STD NMR spectroscopy, to further 

define DENV EGP ligand specificity for GAGs and confirm an involvement of DIII. 

 

4.2.1.3 Novel Glycan Interactions 

Utilising both the 384-well and printed glycan microarray platforms optimised for 

hybridisation of recombinant DIII and DENV-2, glycan libraries were screened for novel 

binding interactions.  The CFG and IFG glycan libraries encompass significant diversity 

in glycan structure and provided important information on the binding preferences of 

DENV EGP. 

 

4.2.1.3.1 GlcNAcβ1-3Galβ1-4GlcNAcβ 

In addition to nLc4 and the related glycans detailed in section 4.2.1.1, glycan structures 

were selected from the CFG and were screened for EGP binding using the 384-well plate 

microarray developed.  Using nLc4 as a benchmark, a strong DENV-2 and DIII binding 

interaction to GlcNAcβ1-3Galβ1-4GlcNAcβ (Tr 55) was observed (Figure 4.14).  This 

association is of interest as Tr 55 shares structural similarity to both nLc4 and Tr 54 and 

this is highlighted in Figure 4.15. 

 

Of particular interest is the difference in the reducing terminal carbohydrate of Tr 55 

(GlcNAc) compared to that of Tr 54 (Glc), as very low DIII affinity to the latter glycan 

was observed.  Further investigation of DIII specificity for Tr 55 using the available 

glycan library, revealed that the β1-4 linkage between Gal and the reducing terminal 

GlcNAc in this glycan is also important for binding.  While weak binding, similar to that 

observed for nLc4 was detected, the MFI of DIII binding to Tr 307 (GlcNAcβ1-3Galβ1-

3GlcNAcβ) was 6-fold less than the MFI of DIII binding to Tr 55 (Figure 4.14).  Finally, 

no significant DIII binding fluorescence to Te 271 (Galβ1-3GlcNAcβ1-3Galβ1-

4GlcNAcβ) was observed, suggesting that the non-reducing terminal display of GlcNAc 

is also important for DIII specificity to Tr 55. 
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Figure 4.14 – DIII and DENV-2 glycan microarray of nLc4 (Te 72) and a library glycans. 
 
 

 

 

 

 

 
Figure 4.15 – Alignment of nLc4 (Te 72), Tr 54 and Tr 55 to highlight their structural 
similarity. 
 
The strong binding fluorescence observed for whole DENV-2 as well as DIII to 

GlcNAcβ1-3Galβ1-4GlcNAcβ (Tr 55), suggests that this glycan is recognised by a region 

of DIII that is exposed on the mature virus particle.  STD NMR spectroscopy of the DIII-

nLc4 binding interaction in section 4.2.1.1 revealed an involvement of the NHAc moiety 

of GlcNAc and this may explain the observed increase in Tr 55 binding affinity to DIII.    

Interestingly, GlcNAcβ1-3Galβ1-4GlcNAcβ appears to be displayed in vivo as part of the 

di-LacNAc core of the GAG keratin sulfate, which is expressed on the surface of 

mammalian cells throughout the human body.  Further investigation of the DIII-

GlcNAcβ1-3Galβ1-4GlcNAcβ binding interaction by virus infection competition assays 
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  Tr 54:        GlcNAcβ1-3Galβ1-4Glc   DIII MFI = 0.337 
 

  Tr 55:                   GlcNAcβ1-3Galβ1-4GlcNAc  DIII MFI = 4.736 
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and STD NMR spectroscopy needs to be undertaken with both mono- and multivalent 

forms of the glycan, which are currently being synthesised by Catherine Tindal, to 

determine its relevance to mammalian cell infection and the ligand binding epitope. 

 
4.2.1.3.2 Man-containing Glycans  

EGP screening of the IFG printed slide glycan microarray library using both recombinant 

DIII and DENV-2 detected several binding interactions to Man-containing glycans.  The 

first interaction involved very strong DIII and virus binding to α1-2-Mannnobiose 

(Manα1-2Man) (Figure 4.16).  No binding of either EGP model to nLc4 was observed 

due to the low affinity of the interaction and the size of the printed glycan spots.  The 

high DIII binding fluorescence to Manα1-2Man observed therefore suggests that this 

interaction is of significantly higher affinity than nLc4 binding to DIII.  This interaction 

also appears to be highly specific as no DIII or virus binding to Manα1-3Man, Manα1-

4Man or Manα1-6Man was detected (Figure 4.16).  STD NMR spectroscopy with 

available monovalent Manα1-2Man was carried out in an effort to define the ligand 

binding epitope, however no STD effect was detected.  This is not unexpected though due 

to the previously observed amplification of nLc4 binding to DIII observed by a 

multivalent structure (section 4.2.1.1).   

 
Examination of the glycosylation pathway and glycan structures in both the animal and 

insect domains revealed that Man residues typically form part of the core region of 

polysaccharides on the surface of animal cells5.     Man residues are commonly displayed 

at the non-reducing terminal of insect glycans though, suggesting that the observed DIII 

specificity for Manα1-2Man may relate to DENV infection of mosquitoes.  However, this 

needs to be confirmed by inhibition studies of mammalian and mosquito host cell virus 

infection.   
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Figure 4.16 – DENV-2 and DIII binding spots for Man-containing glycans. 
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Possible binding sites of Man and Manα1-2Man on the surface of DIII were also 

explored in collaboration with Jeffery Dyason (Griffith University, Australia) using 

molecular modelling.  This study indicated that the most favourable region for Man to 

bind lies on the non-surface exposed portion of DIII in the virus’ mature form.  While 

this region of DIII is not exposed during receptor mediated endocytosis, it may become 

so post-receptor binding when EGP forms trimers.  The observed DIII ligand specificity 

for Man may therefore also relate to an intermediate binding step in the process of host 

and viral membrane fusion. 

 

Within the Man-containing group of glycans on the printed microarray, DENV-2 binding 

to Biantennary N-linked core pentasaccharide, α1-3,α1-3,α1-6-Mannopentaose and α1-

3,α1-6-Mannobiose was also detected (Figure 4.16).  The binding fluorescence and 

therefore affinity of DENV-2 for these glycans decreased in the same order, which is of 

interest as they all possess the same Manα1-3[Manα1-6]Man core.  Alignment of the 

structure of these glycans revealed that the difference in binding fluorescence to α1-3,α1-

3,α1-6-Mannopentaose (MFI = 1977) and  α1-3,α1-6-Mannobiose (MFI = 1522) appears 

to lie in the repeating Manα1-3[Manα1-6]Man subunit (Figure 4.17).  The stronger 

binding affinity observed for Biantennary N-linked core pentasaccharide (MFI = 2466) 

was significantly higher and appears to result from an additional non-reducing terminal 

β1-2 linked GlcNAc moiety.  The Manα1-3[Manα1-6]Man core of these glycans, 

especially in the case of Biantennary N-linked core pentasaccharide, does appear to be 

essential for EGP binding as no affinity to GlcNAcβ1-2Man was observed (Figure 4.16). 

 

Interestingly, a published study of mammalian hepatic C-type lectin binding specificity 

utilised a trivalent polysaccharide that shares significant structural similarity to 

Biantennary N-linked core pentasaccharide (Figure 4.17)146.  This glycan incorporates an 

additional β1-4 linked Gal residue at the non-reducing end of the GlcNAcβ1-2Man chain, 

which is not unexpected of a mammalian cell surface glycan.  Polysaccharides of the 

same carbohydrate composition have also been identified on the surface of human cells 

via glycan profiling at the CFG147. 
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Figure 4.17 – Alignment of di- and trivalent Man-containing glycans. 
 

The DENV-2 binding observed to this group of glycans suggests EGP specificity for 

ligands that include a Man core as well as a GlcNAc and possibly Gal-GlcNAc non-

reducing peripheral region.  The observed lack of recombinant DIII binding to these 

GlcNAc- and Man-containing glycans, suggests that they may associate with DI or DII of 

DENV EGP.  However, the valency of the DIII complex utilised and/or the small glycan 

spot size of the printed glycan microarray may not have provided sufficient binding 

affinity or amplification of fluorescence signal for detection.  To overcome this and 

further define the EGP specificity for these man-containing ligands a comprehensive 

library of relevant structures needs to be screened using the 384-well plate microarray 

platform developed.  Once the optimum binding ligand structure has been identified, its 

relevance to DENV infection of mammalian cells and binding epitope can be better 

defined. 

 

4.2.1.3.3 Fuc-containing Glycans 
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fucopentasose III, for which 1840 and 4290 MFI of DENV-2 binding respectively was 

observed (Figure 4.18).  Lacto-N-fucopentasose III has an additional β1-3 linked Galβ1-

4Glc core region and this appears to be an important determinant for binding, as EGP was 

observed to have more than twice the affinity for this glycan compared to Lewisx (Figure 

4.18 and 4.19). 

 

These fucosylated glycans share the same Galβ1-4[Fucα1-3]GlcNAc non-reducing 

terminal sequence and are expressed on the surface of mammalian cells.  Lewisx in 

particular has been well studied and is known to mediate cell-cell adhesion, while Lacto-

N-fucopentasose III is involved in cell trafficking and directs CD4+ T cell subset 

responses.  These structures would therefore be readily available to circulating DENV 

virions in a human host and while they appear to associate with DI or DII of EGP, the 

DIII binding specificity of Lewisx and  Lacto-N-fucopentasose III also needs to be further 

defined using the 384-well plate glycan microarray, cell-based assays and STD NMR 

spectroscopy. 

 
 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.18 – DIII and DENV-2 binding spots for Fuc-containing glycans. 
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Figure 4.19 – Alignment of Fuc-containing glycans. 
 

Finally, DIII but not DENV-2 binding to Monofucosyl-para-Lacto-N-hexaose IV of 

moderate affinity was observed (Figure 4.18).  The lack of virus binding suggests that 

this glycan can interact with a region of DIII that is not exposed on the surface of mature 

virus.  This interaction may therefore be an artefact of the recombinant DIII protein 

utilised, which is completely solvent exposed or may represent an interaction that takes 

place during or post-trimerisation of EGP. 

 

4.2.1.3.4 Other Glycans 

Association of DENV-2 alone to Lacto-N-neohexaose (MFI = 1656) and Galβ1-

3GalNAcβ1-4Galβ1-4Glc (MFI = 877) was detected (Figure 4.20).  As previously 

suggested for the man- and fuc-containing glycans, while no DIII binding was observed 

on the printed slide glycan microarray for these glycans, a higher valency DIII complex 

and larger glycan spots may reveal an association with the CRD that mediates host cell 

receptor binding.   

 

 

 

 

 

 

 
 
 
Figure 4.20 – DIII and DENV-2 binding spots for other glycans. 
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Based on the data obtained from the 384-well plate glycan microarray, the printed slide 

glycan microarray and STD NMR methodologies developed in this study for DENV EGP, 

future use of these assays should employ all three in conjunction to acquire more precise 

DIII ligand specificity data.  From the current study it is evident that the high EGP 

valency of DENV makes it more suitable for screening of large glycan microarray 

libraries printed on a glass slide.  The 384-well plate based glycan microarray could then 

be most effectively employed to study whole virus and DIII ligand specificity using 

smaller and customised glycan libraries.  STD NMR spectroscopy and cell-based 

infection assays with multivalent compounds could then be utilised to define the binding 

epitope of ligands and confirm their suitability as possible inhibitors of DENV infection. 

 

Throughout the development of this methodology, significant novel information on the 

ligand specificity of EGP was obtained.  While further work is required, many of the 

EGP-ligand interactions detailed in section 4.2.1.1 and 4.2.1.3 detected by glycan 

microarray screening appear to share a GlcNAc at the first or second position at their 

non-reducing end.  The GlcNAc subunit of nLc4 was also found to be in close contact to 

DIII during binding.  It is possible that this carbohydrate moiety may form part of the 

minimum binding ligand recognised by the EGP DIII CRD and its non-reducing display 

on cell surface glycans important for receptor binding that mediates infection of host cells.  

However, at this stage of our investigation into DIII ligand specificity, that is a 

speculative conclusion.  The methodologies and novel interactions established in this 

study will allow rapid definition of glycan properties essential for infection by both 

DENV and other flaviviruses in the future.  This information will be valuable for 

rational-based drug design against these viral targets. 

 

4.2.2 Summary 

DIII ligand specificity for the published EGP carbohydrate ligands nLc4 and HS was 

investigated by traditional cell-based assays and the modern functional glycomics tools of 

glycan microarray and STD NMR spectroscopy.  DIII was shown to bind to the 

tetrasaccharide nLc4 and STD NMR spectroscopy of the DIII-nLc4 complex suggests that 

this interaction is dependent on glycan multivalency.  Qualitative epitope mapping also 
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revealed that the NHAc group of GlcNAc makes close contact with DIII during binding.  

The methodologies developed to study DIII ligand specificity were able to detect some 

novel ligand interactions of interest to mammalian cell infection that merit further 

investigation.  Of particular interest will be GlcNAcβ1-3Galβ1-4GlcNAc, GlcNAcβ1-

2Manα1-6[GlcNAcβ1-2Manα1-3]Man and Galβ1-4[Fucα1-3]GlcNAcβ1-3Galβ1-4Glc, 

as these structures were found to be the best lead glycans from this study.  The biological 

relevance of these and related glycans could be assessed using mammalian cell based 

viral infection assays and STD NMR spectroscopy to confirm an association with EGP. 
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CHAPTER 5 

Site-Directed Mutagenesis of a Putative Carbohydrate 
Recognition Domain on Dengue Fever Virus  

Envelope Glycoprotein Domain III 
 

5.1 General Introduction 

 
5.1.1 Molecular Modelling of nLc4 Complexed to EGP 

Development of anti-viral chemotherapeutic agents that target DENV recognition of host 

cell surface receptors is difficult due to a lack of knowledge of the virus receptor and the 

DENV EGP DIII carbohydrate recognition domain (CRD) that mediates this initial and 

critical stage of infection.  As previously discussed, nLc4 has been identified as a possible 

receptor for mammalian cell infection by DENV1 and recognition by DIII was confirmed 

in this study.  To further define the receptor binding site for this interaction, a preliminary 

molecular modelling study was performed by Dr Kazuya Hidari148.   

 

Modelling of nLc4 bound in the crystal structure of DENV-2 EGP DIII was performed 

using AutoDock 3.05149.  To make calculations more manageable the ceramide (Cer) 

portion of the glycolipid was removed, leaving Gal1-4GlcNAc1-3Gal1-4Glc1-

1methyl (Me) as the screening ligand148.  Potential binding configurations were assessed 

based on the orientation of the tetrasaccharide in relation to the protein surface, the 

calculated binding energy of the interaction, the amino acid content of the proposed 

binding region and information available in the literature.  The predicted binding position 

and conformation of the tetrasaccharide shows interactions at a small cleft region on the 

outer exposed surface of DIII (Figure 5.1A-C).  Closer examination of this site revealed 

that only the Gal1-4GlcNAc1-3Gal1-4 portion of the tetrasaccharide made direct 

contact with the protein surface, leaving the reducing terminal Glc1-1Me unit of the 

tetrasaccharide unbound (Figure 5.1D)148.  This is not unexpected though as this Glc 

moiety lies at the reducing end of the glycan chain, which is anchored to the cell 

membrane in vivo via Cer. 
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Figure 5.1 – A-C) The crystal structure of a DENV-2 EGP monomer with the solvent 
accessible surface of DIII and the conformation of the proposed nLc4 binding interaction 
shown.  D) Detailed illustration of the proposed tetrasaccharide binding interaction at the 
atomic level to Aspartic acid (Asp) 362, Glutamic acid (Glu) 327 and Lysine (Lys) 305. 
(Green, carbon; red, oxygen; white, hydrogen; blue, nitrogen)148. 
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At the atomic level, this orientation suggests that the Gal1-4GlcNAc1-3Gal portion 

of the tetrasaccharide interacts with Threonine (Thr, T) 303, Lysine (K) 305, Glutamic 

acid (E) 327, Aspartic acid (Asp, D) 362 and D369 by hydrogen bonding148.  The central 

and most important of these interactions is that with E327, which forms two strong 

hydrogen bonds with GlcNAc and with the non-reducing Gal moieties (Figure 5.1D)148.  

Amino acid residues of interest from the proposed binding site were aligned for DENV1-

4, JE and WN, all of which share significant EGP structural similarity, to detect any 

sequence homology (Figure 5.2).  E327 was found to be conserved in DENV-1, 2 and 4, 

and neighbouring Tyrosine (Tyr, Y) 326 is conserved among all four serotypes of DENV, 

JE and WN virus. 

 

 

 

 

 

 

 
 
 
 
Figure 5.2 – Sequence alignment of amino acids from DENV 1-4, JE and WN virus 
involved in the predicted binding of Gal1-4GlcNAc1-3Gal1-4Glc1-1Me to DENV-
2 EGP DIII.  (A, Alanine; N, Asparagine; S, Serine; V, Valine)148. 
 

As a consequence of these molecular modelling and sequence alignment studies, it was 

thought of value to undertake site-directed mutagenesis studies of EGP amino acids Y326 

and E327. 

 

5.1.2 Site-Directed Mutagenesis of DIII 

Site-directed mutagenesis by overlap extension PCR was employed in this study to 

evaluate the importance of EGP DIII amino acids in DENV glycan recognition and 

subsequent infection of mammalian cells.  Previously published studies that involved 

mutagenesis of the DIII region of DENV EGP are summarised in Table 5.1.  These 

DF 1 S   K   Y   E   K   E
DF 2 K   K   Y   E   K   D
DF 3 T   V   Y   K   K   E
DF 4 K   S   Y   E   T   N
JE K   S   Y   S   S   S
WN A   K   Y   T   A   T

305 327 362307 326 361

DF 1 S   K   Y   E   K   E
DF 2 K   K   Y   E   K   D
DF 3 T   V   Y   K   K   E
DF 4 K   S   Y   E   T   N
JE K   S   Y   S   S   S
WN A   K   Y   T   A   T

305 327 362307 326 361
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investigations encompassed numerous amino acids and generally aimed to define specific 

monoclonal antibody (mAb) neutralising epitopes and virulence or cellular tropism 

factors that are important for infection.  From those studies listed below and others, 

amino acids and peptides in close proximity to Y326 and E327 on the surface of DIII 

have been identified as neutralising epitopes for DENV and this has been reviewed150.  

 
Table 5.1 – Summary of reported site-directed mutagenesis studies to DENV EGP DIII. 
 

DENV 
Serotype and 

Strain 

Amino Acid  
Substitution 

Biological 
Significance 

Reference 

DENV-2 
200787/1983 

D390H/N 
Reduced virulence and cell 

trophism 
151 

DENV-2 NGC E383, P384E/D/N, G385K/S 
Antigenic determinants for 

3H5 mAb neutralising 
epitope 

152 

DENV-2 NGC 
and  PUO-218 

E307K 
Localisation of G8D11 

mAb neutralising epitope 
153 

DENV-2 NGC, 
PUO-312, D80-
100 and PR152 

E390N/D 
Ability to replicate in 

monocyte-derived 
macrophages 

154 

DENV-2 16681 C333A 
Contribution to disulphide 
bond formation to epitope 

expression 
155 

DENV-1 
FGA189 

Ala-scanning at 307-312, 387,  
389, 391 

Mapping of 4E11 mAb 
neutralising epitope 

150 

DENV-2 NGC, 
S16803, 

DAKHD10674, 
DAKAR578, H8-

2027 and IB-
H11208 

K295G, S298G, Y299I, S300L, 
M301G/A, 

T303G,K305G/A,K307G, V309G, 
K310E, E311G, E327G, D329E/G, 

G330D, S331A/P, P332G/A, 
K334Q, E338G, K344N, 

R345K/G, T359I/G, E360G, 
K361G, D362G, S363R, E383G/A, 

P384G/A, G385E, K388G, 
N390D/H/S 

Mapping of binding 
epitopes and binding 

footprints of 7 neutralising 
mAbs 

156 

C, Cysteine; G, Glycine; H, Histidine; I, Isoleucine; P; Proline; Q, Glutamine; R, Arginine 

 

Most recently and of particular interest to this study, the binding epitope and footprint of 

seven neutralising mAbs were mapped on the surface of DENV-2 EGP DIII through 

extensive site-directed mutagenesis156.  Following mutagenesis of numerous solvent 

exposed amino acids on the surface of DIII, overlapping footprints for 3H5, M8051122, 

9F16, 2Q1899, IP-05-143, GTX77558 and 5C36 mAbs were identified (Figure 5.3).  

E327, which forms part of the proposed nLc4 binding site, was shown to be located on the 
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peripheral region of several neutralising epitopes.  Interestingly, complete coverage of 

each binding footprint by the corresponding mAb was found to be essential for 

neutralisation.  Further, P384 and K305 were identified as the central residues for each 

binding epitope, the latter of which also forms part of the proposed nLc4 binding site on 

the surface of DIII156. 

 

 

 
Figure 5.3 – Predicted A) DIII binding epitope and B) footprint for seven neutralising 
mAbs156. 

A 

B 



Confidential – not to be copied     123 

5.1.3 Site-Directed Mutagenesis by Overlap Extension PCR 

Overlap extension PCR was developed in the late 1980’s and was utilised in this work as 

it is a highly efficient method for site-directed mutagenesis, gene splicing and other forms 

of sequence alteration77.  The entire PCR driven procedure requires three PCRs and four 

primers; two hybrid primers that carry the mutations of interest (primers B and C; Figure 

5.4) and two flanking primers that include restriction enzyme sites useful for cloning 

(primers A and D; Figure 5.4).  The initial PCRs are run in parallel and each requires one 

outer sequence-binding flanking primer and one inner sequence-binding hybrid primer, 

so that the two resulting PCR products have an overlapping region containing the 

mutation(s) of interest at their 3 ends.   Hybridisation of equimolar ratios of the 

overlapping gene segments and extension with the sense and antisense flanking primers 

yields the full length product containing the mutations of interest.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 – Scheme depicting site-directed mutagenesis of template DNA using overlap 
extension PCR, which involves three separate reactions (numbered in red).  Flanking 
primers are depicted in black, hybrid primers are depicted in blue or orange and 
mutations are depicted as *.   
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To investigate the proposed DIII-nLc4 binding interaction and the involvement of Y326 

and E327 in the formation of a CRD necessary for DENV infection of mammalian cells, 

site directed mutagenesis at Y326 and E327 was performed.  Mutant Y326A, E327A and 

Y326A-E327A DIII proteins were expressed and purified from P. pastoris yeast using 

the same methodology successfully employed for WT DIII.  Biological evaluation, 

sequence analysis and further molecular modelling in collaboration with Jeffery Dyason 

was then carried out to investigate the impact of the mutations at Y326 and E327 to DIII 

structure and function relevant to mammalian cell infection. 
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5.2 Results and Discussion 

 
5.2.1 Mutant DIII Cloning, Expression and Purification 

DENV-2 EGP DIII Y326, E327 and Y326-E327 were mutated to Ala residues by overlap 

extension PCR to evaluate the role of these amino acids in nLc4 binding to DIII and their 

involvement in a CRD necessary for viral infection of mammalian cells. 

 
Table 5.2 – Summary of constructs for mutant DIII expression from P. pastoris yeast. 
 

Plasmid Name 
N-terminal  
Fusion Tag 

C-terminal  
Fusion Tag 

Type of 
Expression 

pPICZαA-DIII Y326A - 6 × His Secreted 
pPICZαA-DIII E327A - 6 × His Secreted 

pPICZαA-DIII Y326A-E327A - 6 × His Secreted 
 
 
5.2.1.1 Cloning of Expression Constructs 

Overlap extension PCR to generate Y326A, E327A and Y326A-E327A mutant DIII 

genes each yielded 0.1 kb and 0.2 kb PCR products with overlapping regions, following 

the first PCRs (Figure 5.5A).  The overlapping region of the intermediate fragments falls 

between nucleotides 963 and 987 of EGP and includes the non-silent mutations at 

position 326 and/or 327 in addition to a silent V323V mutation.  The intermediate 

fragments for each mutant were purified, hybridised and extended to generate the final 

0.32 kb full-length mutant DIII sequences containing the point mutations of interest and 

flanking EcoRI and NotI restriction sites (Figure 5.5B).   

 

Mutant DIII genes were successfully cloned into pPICZαA vector DNA and the resulting 

zeocin resistant E. coli transformants were rapidly screened for the mutated insert DNA 

of interest not only by conventional EcoRI and NotI restriction digest to excise the whole 

gene, but also HinfI digestion.  The silent V323V mutation created a new HinfI 

restriction site in close proximity to amino acids 326 and 327 and successful mutagenesis 

was therefore observed as 0.33 kb, 0.36 kb, 0.59 kb, 1.06 kb and 1.49 kb DNA fragments 

following HinfI digestion, in addition to the 0.32 kb DIII and 3.6 kb pPICZαA vector 

DNA fragments expected following EcoRI and NotI digestion (Figure 5.5C).  HinfI 

digested pPICZαA-DIII Y326A, E327A and Y326A-E327A plasmid DNA samples were 
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also compared to that of pPICZαA and pPICZαA-DIII WT to confirm a changed pattern 

of DNA digestion.  Some fragments from the HinfI digestion of the latter two constructs 

could not be resolved by gel electrophoresis and some of those present were larger than 

expected, indicating incomplete digestion (Figure 5.5C).  The integrity of pPICZαA-DIII 

Y326A, E327A and Y326A-E327A plasmids was finally confirmed by sequence analysis 

and comparison to that of pPICZαA-DIII WT (Figure 5.6).   

 

 

Figure 5.5 - A) Gel electrophoresis of the 0.1 kb (lane 1) and 0.2 kb (lane 2) overlapping 
PCR products and B) the final 0.3 kb mutated DIII PCR product (lane 1).  C) Gel 
electrophoresis of pPICZαA and pPICZαA-DIII digested with HinfI (lanes 1 and 2 
respectively) and pPICZαA-DIII Y326A (lanes 3 and 4) pPICZαA-DIII E327A (lanes 5 
and 6) and pPICZαA-DIII Y326A-E327A (lanes 7 and 8) digested with EcoRI and Not I 
(lanes 3, 5 and 7) and then HinfI alone (lanes 4, 6 and 8).  
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Figure 5.6 – Alignment of A) WT, B) Y326A, C) E327A and D) Y326A-E327A DIII 
sequence fragments. 
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5.2.1.2 P. pastoris Transformation and Phenotype Selection 

Electroporation of P. pastoris X-33 cells with linearised pPICZαA-DIII Y326A, E327A 

and Y326A-E327A plasmid DNA yielded several thousand transformants resistant to 100 

µg/mL zeocin.  As previously seen for pPICZαA-DIII WT transformants, approximately 

20% of mutant transformants possessed a suitable copy number to sustain grown in the 

presence of 500 µg/mL zeocin; and these transformants were also found to be Mut+ in 

their methanol utilisation. 

 

5.2.1.3 Mutant DIII Expression and Purification 

pPICZαA-DIII Y326A, E327A and Y326A-E327A transformants were screened for His-

tagged DIII protein secreted into the culture medium under the optimised conditions 

developed for WT DIII; 24 hours methanol induction at 20 C.  SDS-PAGE and anti-His 

western blot analysis revealed a low yield of recombinant DIII from some mutant 

transformants, however Y326A, E327A and Y326A-E327A transformant ▲ were 

selected for large scale expression and purification (Figure 5.7). 

 

 

Figure 5.7 – Anti-His western blot analysis of A) Y326A DIII, B) E327A DIII and C) 
Y326A-E327A DIII secreted from P. pastoris yeast at 20 C.    Transformant ▲ for each 
mutant yielded the highest concentration of DIII protein following 24 hours of methanol 
induction. 
 

Under the optimised conditions developed for WT DIII, expression of mutant DIII 

proteins was scaled up and purified.  Following ammonium sulfate precipitation to 

concentrate recombinant protein for the culture medium, each mutant DIII was isolated to 
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near homogeneity by HisSelect affinity chromatography.  The purity of samples was 

observed by SDS-PAGE and western blot analysis (Figure 5.8) and the total yield of 

protein was calculated by BCA protein estimation to be 1.5 - 2 mg/L for each mutant DIII 

protein. 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 – SDS-PAGE (LEFT) and 
anti-His western blot (RIGHT) 
analysis of HisSelect affinity purified 
A) Y326A DIII, B) E327A DIII and 
C) Y326A-E327A DIII (lane 1, 
secreted protein fraction; 2, non-
bound/wash; 3 and 4, elution). 
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5.2.2 Mutant DIII Biological Evaluation 

The Y326A, E327A and Y326A-E327A DIII proteins produced in this study underwent 

mutagenesis at amino acids predicted to be important for ligand binding and therefore 

may represent non-infectious models of DENV.  To evaluate the importance of Y326 and 

E327 for receptor binding and the formation of a CRD necessary for mammalian cell 

infection, the mutant DIII proteins were subjected to both structural and functional 

evaluation. 

 

5.2.2.1 Structural Evaluation of Mutant DIII Proteins 

HPLC-mode DLS to determine the exact molecular weight of each native mutant DIII 

protein was not available, however batch-mode DLS of Y326A, E327A and Y326A-

E327A DIII at both 5 C and 37 C revealed a trimodal distribution of protein species 

comparable to that observed for WT DIII.  The smallest species observed for each mutant 

DIII protein was found to be most prominent in solution by mass normalisation of data 

and to be highly uniform in size and shape due to a low percentage polydispersity.   

 

Due to a low fit error, the WT and mutant DIII DLS data is of a high quality and the 

hydrodynamic radius of the dominant species that was calculated for each mutant DIII 

protein is listed in Table 5.3.  When compared to WT DIII, Y326A DIII appears to exist 

as a larger species in solution, with a hydrodynamic radius of 4.82 nm at 5 C and 4.69 

nm at 37 C compared to 2.76 nm and 2.54 nm respectively for the WT protein.  This 

increase in size was also observed for E327A DIII and to some extent Y326A-E327A 

DIII at the lower temperature. At 37 C, each mutant protein species was observed to 

exist as a species of > 4 nm.  Hydrodynamic radius is dependent on the shape of the 

species and the amount of water molecules that can interact on the protein’s solvent 

exposed surface.  Therefore, the increased hydrodynamic radius observed in the mutant 

DIII species most likely indicates increased flexibility of the protein as a result of 

changes to their tertiary architecture or that they exist as multimeric species as a result of 

the change in amino acid properties.  Unfolded protein would have a significantly higher 

hydrodynamic radius than that observed for the major species in each pure mutant DIII 

sample.  Hence, it was concluded that the predominant Y326A, E327A and Y326A-
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E327A DIII species in solution were folded and therefore represent suitable recombinant 

models to study the putative DIII CRD and/or the region it occupies.  Several other useful 

methods exist to assess protein folding, for example circular dichroism.  In this study the 

method of choice was DLS, however additional approaches would also be of value to 

confirm the integrity of these mutant proteins. 

 

Table 5.3 – Average hydrodynamic radius of WT, Y326A, E327A and Y326A-E327A 
DIII proteins.  
 

 
Hydrodynamic Radius 

 at 5 C 
Hydrodynamic Radius  

at 37 C 
WT DIII 2.76 nm 2.54 nm 

Y326A DIII 4.82 nm 4.69 nm 

E327A DIII 3.14 nm 4.04 nm 

Y326A-E327A DIII 2.92 nm 4.06 nm 
 

5.2.2.2 Evaluation of Mammalian Receptor Binding by Mutant DIII Proteins 

The ability of Y326A, E327A and Y326A-E327A DIII proteins to bind mammalian host 

cell surface receptors necessary for DENV infection was investigated using the same 

methods utilised to confirm the biological activity of WT DIII in Chapter 3 (section 

3.1.2.2 and 3.1.2.3, page 61 and 64 respectively).  Mutant DIII acitivity was first assessed 

by flow cytometric analysis of biotinylated proteins in parallel with WT DIII.    Binding 

of 10 µg/mL, 250 µg/mL and 500 µg/mL of protein to cells revealed only a small 

decrease in E327A DIII binding to both K562 and BHK-21 mammalian cell lines, 

compared to the WT species (Figure 5.9B).  E327 forms the central amino acid in the 

proposed nLc4 interaction with DIII, therefore the decrease in DIII binding to cell surface 

receptors of <20% suggests that this amino acid either does not form an essential part of 

the CRD or that the E327A mutant DIII protein has retained the ability to recognise some 

cell surface structures.  
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Figure 5.9 – Flow cytometry data obtained for A) Y326A DIII, B) E327A DIII, C) 
Y326A-E327A DIII protein binding to K562 and BHK-21 cell surface receptors in 
parallel with WT DIII.  Percent reduction in binding is indicated and an error of <10% 
was observed for all replicates. 
 

Interestingly, a reduction in Y326A DIII binding to K562 and BHK-21 cells of 48.5% 

and 47% respectively was observed (Figure 5.9A).  Y326 is not a surface exposed amino 

acid, however it is highly conserved among the DENV serotypes.  It therefore may serve 

an essential role in correct folding and structural support of DIII, and this was explored 

further by homology modelling in section 5.2.3.  Given the reduced binding capacity of 

the Y326A mutant, it is plausible to conclude that this amino acid has some role in the 
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formation of DIII architecture necessary for receptor binding.  An even greater reduction 

in Y326A-E327A DIII binding to cells was observed compared to WT DIII (Figure 5.9C), 

which further supports the importance of Y326. 

 

The measured reduction in mutant DIII binding to host cells was greater for K562 than 

BHK-21 cells in each case, suggesting that the receptor(s) recognised by DIII are 

differentially expressed on each cell line.  It is also possible that DIII can bind to more 

than one cell surface structure associated with mammalian cell surface glycoconjugates; 

for example charged GAGs and a neutral glycan such as nLc4.  Co-receptor binding 

events may utilise different regions of DIII and this could also explain why the greatest 

reduction in mutant DIII binding observed was by no more than 60%. 

 

Mutant DIII blocking of DENV-2 recognition of cell surface receptors was also 

performed to define the importance of Y326 and E327 in creating or supporting a CRD 

necessary for DENV infection of a mammalian host.  Analysis of average focus forming 

units (FFU) of DENV-2 in Vero cells that were bound with E327A DIII during infection 

revealed inhibition of virus recognition of mammalian host cells comparable to WT DIII.  

It is therefore plausible to conclude that the E327A mutant DIII protein has retained the 

WT structure of its CRD required for infection (Figure 5.10).  Conversely, the ability of 

Y326A DIII to block DENV-2 infection was significantly reduced and a 3-fold higher 

infectivity of cells was observed at 50 µg/mL and 250 µg/mL when compared to WT 

DIII (Figure 5.10).  Interestingly, the same trend of increased infectivity and therefore 

inability to bind cell surface receptors was not seen for Y326A-E327A DIII.  This mutant 

DIII produced conflicting results under these assay conditions (Figure 5.10), but appears 

to have retained the function of the CRD necessary for infection, despite a significant 

reduction in host cell surface binding observed by flow cytometry (Figure 5.9C).  This 

inconsistency of data could be attributed to an increased degree of flexibility in the folded 

Y326A-E327A DIII, which is supported by the DLS data in section 5.2.2.1.  It also can 

not be ruled out that the double mutation may provide the opportunity for DIII to 

recognise other cell surface molecules of lower binding affinity exploited by DENV 

during and after virus internalisation, therefore inhibiting infection.  As previously stated 
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in this section, co-receptor binding events that utilised different regions of DIII may 

account for the cell surface binding observed for each mutant protein. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10 – Y326A, E327A and Y326A-E327A DIII blocking of DENV-2 infection of 
Vero cells, compared to that of WT DIII.  The error observed between replicates was 
<10%. 
 

Mutant DIII binding directly to nLc4 was assessed using glycan microarray.  The printed 

slide microarray assay developed in this study was not able to detect DIII binding to nLc4 

due to the low affinity of the interaction, however the 384-well microarray provided 

sufficient fluorescence amplification of the interaction to allow detection (Chapter 4, 

section 4.2.1.1, page 95).  Comparison of the MFI of WT, Y326A, E327A and Y326A-

E327A DIII bound to nLc4 revealed that the binding specificity for this glycan by each 

mutant DIII appeared to be unaffected (Figure 5.11).  While DENV-2 receptor 

recognition by Y326A DIII in particular was found to be significantly reduced in this 

study, this data appears to suggest that the receptor recognition disturbed did not involve 

nLc4.   

 

Each mutant DIII was also screened for binding to GlcNAcβ1-3Galβ1-4GlcNAcβ (Tr 55), 

for which WT DIII was found to have significant binding affinity compared to nLc4 

(Chapter 4, section 4.2.1.3.1, page 108).  While the E327A and Y326A-E327A DIII 

0

30

60

90

120

150

180

210

0 100 200 300 400 500 600 700 800

Protein Concentration (g/mL)

A
ve

ra
ge

 F
F

U

WT DIII

Y326A DIII

E327A DIII

Y326A-E327A DIII

 



Confidential – not to be copied     135 

binding site for GlcNAcβ1-3Galβ1-4GlcNAcβ appears to be intact, no fluorescence was 

detected for Y326A DIII binding to this glycan (Figure 5.11).  The binding capabilities of 

Y326A and Y326A-E327A do not appear to correlate in this data though and further 

analysis of these interactions by STD NMR spectroscopy using multivalent forms of nLc4 

and GlcNAcβ1-3Galβ1-4GlcNAc is required.  Comparison of WT and mutant DIII 

binding interactions by this method may also reveal differences in binding affinity that 

can not be detected by glycan microarray. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.11 – MFI of WT and mutant DIII binding to glycans.  Error bars represent 
standard deviation 
 

5.2.3 Homology Modelling and Sequence Analysis of DIII 

Following on from the biological data which suggests that EGP DIII Y326 plays an 

important role in DENV infection of mammalian cells, more extensive molecular 

modelling and sequence analysis to define its role and identify new targets for 

mutagenesis was carried out in collaboration with Jeffery Dyason. 

 

Homology modelling of DIII showed that Y326 is buried under the solvent exposed 

surface of the protein and is well packed internally in close proximity to a conserved 
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disulphide bridge between C302-C333 in addition to other highly conserved residues, 

including phenylalanine (Phe, F) 306 and G308 (Figure 5.12).  Modelling of the Y326A 

mutation showed only slight movement of the disulphide bond and appeared to have no 

impact on the protein backbone or the solvent exposed surface (data not shown).  Despite 

its backbone position in the DIII tertiary structure, Y326 does make contact with the 

exposed surface of DIII in two places.  The OH group of the Tyr is the first exposed 

region and is surrounded by backbone NH groups from neighbouring N329 and G330 

located in loop 1, G304 and T303 located in loop 2 and the side chain of the latter (Figure 

5.12).  Mutation of Y326 to an Ala residue and therefore removal of the phenol group 

does not appear by molecular modelling to change the solvent exposed surface though, 

due to the tight packing of this backbone region.  The top of the Tyr aromatic group at 

326 is also exposed in a small depression on the DIII surface, which becomes a cavity 

exposing the interior of the protein in the Y326A mutant DIII.   

 

 

Figure 5.12 – Homology model of DIII showing Y326 and E327 in relation to the protein 
backbone (green, carbon; red, oxygen)49.   
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The usefulness of the available molecular modelling tools for tertiary structure prediction 

of mutant DIII proteins may be limited due to the static nature of proteins in silico.  The 

homology model of Y326 in Figure 5.12 suggests that Y326 provides structural support 

for loops 1 and 2 on the exposed surface of DIII, however the Tyr may also act to 

stabilise the architecture of this region in vivo, where proteins are flexible molecules. 

 

Further investigation of sequence homology for Y326 was performed using the Flavitrack 

database157 and alignment of 49 unique flaviviral polyprotein sequences revealed that the 

majority of viruses in this genus share homology at this position (Figure 5.13).  With the 

exception of Yellow Fever virus, all mosquito-borne flaviviruses have a Tyr at position 

326 and all tick-borne flaviviruses have either a Tyr or Phe at this position.  Those 

viruses with no known vector show the most variability at position 326, however there is 

still a high conservation of these same aromatic amino acids at this position.  Among the 

mosquito-borne flaviviruses the overall tertiary structure of loop 1 and 2 does not differ 

significantly (Figure 5.14).  It is therefore possible that the aromatic side chain of Tyr or 

Phe at 326 is essential for protein packing and may help support the solvent exposed 

CRD.  Interestingly, loop 1 is the most distally projected solvent exposed region of DIII 

and has been previously implicated in receptor binding for DENV2-4. 
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Figure 5.13 – EGP amino acids 300 - 359 of the Flavitrack flavivirus sequence 
alignment157.  Conserved amino acids at position 326 and 327 are highlighted in yellow 
and amino acids of similar structure are highlighted in cyan.  Amino acids involved in 
nLc4 binding interaction are underlined and other amino acids of interest in the DENV-2 
sequence are in bold.  The full DIII sequence alignment is detailed in appendix 4, page 
172. 
 

         300  310       320       330       340       350 
MOSQUITO BORNE:         ׀         ׀         ׀     ׀         ׀         ׀       
Dengue fever 2   MCT-GKFKVVKEIAETQHGTIVIRVQYEGDGSPCKTPFEIM-DLEKRHVLGRLTTVNPIV 
Dengue fever 1   MCT-GSFKLEKEVAETQHGTVLVQVKYEGTDAPCKIPFSSQ-DEKGVTQNGRLITANPIV 
Dengue fever 3   MCL-NTFVLKKEVSETQHGTILIKVEYKGEDAPCKIPFSTE-DGQGKAHNGRLITANPVV 
Dengue fever 4   MCS-GKFSIDKEMAETQHGTTVVKVKYEGAGAPCKVPIEIR-DVNKEKVVGRIISSTPLA 
Murray valley    MCT-EKFTFSKNPADTGHGTVVLELQYTGSDGPCKIPISSVASLNDMTPVGRMVTANPYV 
Japanese encephalitis   MCT-EKFSFAKNPADTGHGTVVIELSYSGSDGPCKIPIVSVASLNDMTPVGRLVTVNPFV 
Yellow fever            ICT-DKMFFVKNPTDTGHGTVVMQVKVSK-GAPCRIPVIVADDLTAAINKGILVTVNPIA 
Alfuy      VCA-EGFTFTKTPADTGHGTVVLELKYLGADGPCKIPISSVTNLNDLTPVGRLVTANPFV 
Usutu     MCT-EKFSFAKNPADTGHGTVVLELQYTGSDGPCKIPISIVASLSDLTPIGRMVTANPYV 
Kunjin      VCS-KAFRFLGTPADTGHGTVVLELQYTGTDGPCKIPISSVASLNDLTPVGRLVTVNPFV 
West nile     VCS-KAFKFARTPADTGHGTVVLELQYTGTDGPCKVPISSVASLNDLTPVGRLVTVNPFV 
Saint louise    MCD-SAFTFSKNPTDTGHGTVIVELQYTGSNGPCRVPISVTANLMDLTPVGRLVTVNPFI 
Ilheus      MCK-GTFAFAQTPVDTGHGTIVAELTYTGTDGPCKIPISMTADLRDMTPIGRLVTVNPII 
Rocio      MCK-DKFAFAKNPVDTGHGTIVTEVQYAGSDGPCRIPITMTENLHDLTPIGRLVTVNPFV 
Bagaza      MCS-NKFTLAKNPTDTGHGTVVVELSYSGSDGPCRIPISMTANLQDLTPIGRLITVNPYV 
Bassuquara   QCS-GTFKMEKHPADTGHGTVVLDVSYQGDDAPCKIPIVITSNLAEVEPVGRLVSAHPVI 
Iguape      MCA-KAFTMKKDPTDTGHGTVVMELTYKGIDVPCRVPITIARSPNDGEMVGRMVSVNPLA 
Kokbera      MCK-GSFAFTKTPSDTGHGTVLLELTYSGSDGPCRVPISMSVSLSNIEPVGRMVTVNPIV 
Kedougou      MCG-GKFSFHRNPAPTQHGTVTVDIGYSG-DAPCKVPISVSSEANSHKNVGRLVTANPIV 
Zika      LCT-AAFTFTKVPAETLHGTVTVEVQYAGTDGPCKIPVQMAVDMQTLTPVGRLITANPVI 
TICK BORNE: 
Alkhurma haemorrhagic   VCEGSKFAWKRPPTDSGHDTVVMEVTYTGS-KPCRIPVRAVAHGEPNVNVASLITPNPSM 
Louping Ill  MCDKSKFAWKRTPTDSGHDTVVMEVTFSGS-KPCRIPVRAVAHGSPDVNVAMLITPNPTI 
Tick-borne encephalitis MCDKTKFTWKRAPTDSGHDTVVMEVTFSGT-KPCRIPVRAVAHGSPDVNVAMLITPNPTI 
Omsk Haemorrhagic MCDKAKFTWKRAPTDSGHDTVVMEVAFSGT-KPCRIPVRAVAHGSPDVDVAMLITPNPTI 
Langat    VCDKTKFTWKRAPTDSGHDTVVMEVGFSGT-RPCRIPVRAVAHGVPEVNVAMLITPNPTM 
Deer tick      MCDKTKFKWKRVPVDSGHDTVVMEVSYTGSDKPCRIPVRAVAHGVPTINVAMLITPNPTI 
Powsan    MCDKAKFKWKRVPVDSGHDTVVMEVSYTGSDKPCRIPVRAVAHGVPAVNVAMLITPNPTI 
Karshi    MCEEGKFAWKRPPTDSGHDTVVMEVTYTGTVKPCRIQVRAEAKGAPNVDVANLITPNPTI 
UNKNOWN VECTOR: 
Cell fusing Agent       DCP-GPKISTFSQDGFGYSGVVITTLTASSNETCSLSLTCHGCLLQSTKMIFLAGKT--- 
Kamat river            LCA-ANASGTFIQNGYGQDGVVAVSLEEVMEQACSFPLKCKGCTLTCPSLVIAEKSQ--- 
CX_NC_008604/1-3362     DCP-GIKSSVFVQSGFGYDGVVMTSLSKATNESCSVGLTCHGCYLLATKMVFGPGTS--- 
Kyasanur forest disease VCEGSKFAWKRPPTDSGHDTVVMEVTYTGS-KPCRIPVRAVAHGEPNVNVASLITPNPSM 
GGE_DQ235153/1-3414     TCDKTKFTWKRVPTDSGHDTVVMEVTFSGS-KPCRIPVRAVAHGSPDVNVAMLITPNPTI 
TSE_DQ235151/1-3414     TCDKTKFTWKRVPTDSGHDTVVMEVTFSGS-KPCRIPVRAVAHGSPDVNVAMLITPNPTI 
SSE_DQ235152/1-3414     MCDKSKFAWKRVPTDSGHDTVVMEVTFSGS-KPCRIPVRAVAHGSPDINVAMLITPNPTI 
GGY_DQ235145/1-3416     MCEADKFKWKRPPTESGHDTVVMEVEYTGSSKPCRIPIRATSKGGGETNVAMLITSNPTI 
RF_DQ235149/1-3417      MCESGKFSWKRPPTDSGHDTVVMEVSYSGATKPCRIPVMATAHGEE-SNVAMLITSNPTI 
KAD_DQ235146/1-3404     ACESSKFTWKQTPRDSAHDTVVMKLAYTGT-KPCRALVRAYRPGAETLDVAKLITSNPIC 
MEA_DQ235144/1-3421     MCAVGDFSWKRVPTDSQHDTVVMEVTYTGSSTPCRIPVRAYHPGTPEKDVASVITANPVV 
SRE_DQ235150/1-3422     LCGGNDFTWKKNPTESQHDTVVMEVTYTGSSTPCRVPVRAYHPTIVEKDIASIITANPVV 
TYU_DQ235148/1-3422     VCAGSELKWKKTPTGSQHDTVVMEVTYTGSSTPCRIAVRAYEPRVPEKDVASVITTNPVV 
Montana myotis      YCG-DSFVWKRRPTATHHGTVAMEVTYQGTDVPCKVSVIVEKDGQNGGNAGSLITSNPII 
Rio Bravo     MCS-SSFVWHKRPVATQHGTVAMEVKYKGSDAPCRIPVSVEKEGYNGKNFGNLITANPFA 
Modoc    VCG-GKFAWAKKPIATNHDTVAMEVTYTGNDTPCRVTVKNVKE--NSDDQGTLITTNPFV 
Apoi    QCT-KPFEWIKKPVLTQHGTVVMEVKYTGEGAPCRIPFRVERVDKPMENVGNLVTGNPYA 
ENT_NC_008718/1-3411    MCR-GGYSFSKTPVTSGHQTVLMKVKVSK-GTPCRIPVTMSDSLTVTKNQGVIVTTNPIA 
Yokose    MCK-GGYSFSKTPVDSGHQTVIMKVKVSK-ATPCRIPVAVIDSMQSNINRGVVVTTNPVA 
SEP_NC_008719/1-3405    MCK-KGMSFVKQPVETDHGTAVMQVKVTN-GAPCRIPVIASDSMAGTENRGSVITTNPIA 
Tamana bat    LCT-HTSTIVSGPLVTNDIVMIVLRGTGSDTTECKLKVEGKSASSNNWITNYCAPHSRSM 
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Figure 5.14 – Superimposed homology model of several mosquito- and tick-borne 
flaviviral DIIIs from available crystal and NMR structures49. 
 

DIII homology modelling also confirmed that the negatively charged acidic side chain of 

E327 is completely exposed on the protein surface.  While FACS analysis suggested that 

E327A DIII was unable to bind to some cell surface structures, these were found to be 

non-essential for DENV infection of mammalian cells.  Analysis of the flaviviral 

sequence alignment carried out in this study revealed considerable variation in amino 

acid and side chain properties at this position between DENV and other flaviviruses.  

There is additional diversity in DENV-3 which has a positively charged Lys residue at 

position 327.  When considered in conjunction with the DIII ligand specificity data for 

nLc4 discussed in Chapter 4 (section 4.2.1.1, page 95), the preserved biological activity of 

E327A DIII identified in this work may not be unexpected.  WT DIII binding to nLc4 was 

confirmed, however no significant affinity to GlcNAcβ1-3Galβ1-4Glc was observed by 

glycan microarray, suggesting that the nLc4 non-reducing terminal Gal is important for 

DIII binding.  The nLc4 binding interaction to DIII proposed by Dr Kazuya Hidari also 
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predicted that while E327 may undergo hydrogen bonding with the central GlcNAcβ1-

3Galβ1 portion of the tetrasaccharide, the essential non-reducing Gal moiety was 

predicted to bind to K305 (Figure 5.1).  Partial conservation of Lys at position 305 

among the DENV serotypes and the mosquito-borne flaviviruses was noted in the 

Flavitrack alignment and K305 is completely conserved throughout the tick-borne 

flaviviruses.  Interestingly, the binding footprint and binding epitope of several 

neutralising antibodies that block attachment to cell receptor(s) by DENV-2 DIII have 

recently been mapped156 and K305 was found to be part of the central binding epitope for 

all antibodies (Figure 5.3).    This publication also suggests that E327 lies on the 

periphery of the binding footprint for some neutralising antibodies.  Complete saturation 

and coverage of the binding footprint region was shown to be required for effective 

neutralisation, suggesting that while not central, E327 may also be involved in receptor 

binding.  

 

Finally, molecular modelling did indicate a greater degree of flexibility in Y326A-E327A 

DIII compared to the WT protein, which may help to account for the conflicting 

biological data obtained for this mutant protein.  It is also possible that this mutant DIII’s 

observed ability and inability to bind cell surface receptors for DENV-2 infection may be 

a result of the K305 ligand specificity for Gal and the role of the remainder of the 

tetrasaccharide in facilitating binding. 

 

To investigate the function of DENV-2 EGP Y326 and K305 further, future site-directed 

mutagenesis studies are required.  Mutagenesis of Y326 to F326 would enable the 

importance of the OH portion of the side chain to be elucidated.  Most importantly 

though, mutagenesis of amino acid 305 needs to be carried out to determine its 

importance for nLc4 binding to DIII.  While only DENV-2 and DENV-4 share a Lys at 

position 305, the Ser and Thr residues at position 305 in DENV-1 and DENV-3 are also 

capable of hydrogen bonding.  Despite variation in the amino acid composition, it is 

possible that the receptor binding region for all DENV serotypes and possibly other 

flaviviruses occupies the same position on DIII.  Based on the evidence from this and 

other studies, EGP amino acid 305 may form an essential part of a CRD on the surface of 
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DIII necessary for DENV infection of mammalian cells.  Confirmation of this would 

provide valuable information for effective structure-based drug design against DENV. 

 

5.2.4 Summary 

A preliminary molecular modelling study with the putative DENV receptor nLc4 was 

used as a platform to investigate the CRD of DIII by site-directed mutagenesis.  

Evaluation of Y326A, E327A and Y326A-E327A DIII expressed and purified from P. 

pastoris yeast, confirmed successful production of folded protein.  The binding activity of 

Y326A DIII to mammalian cell surface receptors necessary for DENV infection was 

significantly affected.  Homology modelling and flaviviral sequence analysis revealed 

that Y326 is highly conserved and provides structural support for two exposed loop 

regions of DIII that could form part of a CRD.  With the addition of recent literature 

detailing the central binding site for all DIII neutralising antibodies and information 

obtained in Chapter 4 on DIII binding to nLc4, L305 was also identified as an important 

target for future mutagenesis.   
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CHAPTER 6 

A Preliminary Investigation of Inhibitors of Dengue 
Fever Virus Infection and Partial Characterisation of a 

Novel Inhibitor Interaction 
 

6.1 General Introduction 

 
6.1.1 Novel Antivirals Against DENV 

Significant effort has been invested into vaccine development against DENV, however 

this line of defence may not be solely effective due to the complex problem of antibody-

dependent immune enhancement.  Multiple lines of defence against DENV, especially if 

effective against all virus serotypes and their flaviviral relatives, are also desirable.  

Information gained through recent advances in the structural biology of DENV associated 

proteins have been utilised in the design and screening of small molecule inhibitors.  For 

the most part, these studies have focused on flaviviral EGP, non-structural (NS) protein 5 

RNA polymerase and other NS proteins, and such inhibitors would provide either 

reduced viral load during the early stages of infection, or act as a modulator of host 

targets that would prevent or treat DHF158. 

 

Of interest to this project is drug design against the EGP and previous antiviral compound 

screening against this target has predominantly focused on a ligand binding pocket 

located between DI and DII38 that was identified in the pre-fusion EGP crystal structure4.  

This hydrophobic pocket acts as a hinge region that displays flexibility during membrane 

fusion-induced conformational changes to EGP (Figure 6.1).  A high throughput in silico 

screening of compound libraries against this region identified numerous compounds for 

investigation of biological activity38.  Of these, several showed inhibitory activity against 

flaviviral infection and are thought to be able to mimic β-octyl glucoside (βOG) detergent 

binding in the hydrophobic pocket of the EGP hinge region, which has previously been 

reported.  However little, if any, structural information on these compounds has been 

published to date.  A potential drawback of a class of inhibitors against this region and 

function of EGP, is that the association must be strong enough that the inhibitor can not 
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be forced out of the binding pocket when the protein undergoes conformational 

rearrangement38.   

 

 

Figure 6.1 – X-ray crystal structure of DENV-2 EGP with βOG bound in the 
hydrophobic ligand binding pocket at the DI and DII interface4. 
 

Other inhibitors of DENV EGP previously reported include highly sulfated mimetics of 

the charged GAG HS from both synthetic and natural sources159-162.  These mimetics 

have been reported to inhibit virus adsorption and internalisation, suggesting a direct 

association with EGP and blocking of host cell receptor binding and/or virus 

internalisation.  Uncharacterised and partially characterised inhibition of DENV infection 

from a range of natural, modified and synthetic compounds, including sulfated species163-

166 and inhibitors targeting viral RNA replication167-174, virion production175-180 and other 

undefined viral targets181-190 have also been reported. 

Domain II 

Domain I 

Domain III 
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In this study, the opportunity arose to screen a library of novel glucofuranosyl- (Glcf), 

glucopyranosyl- (Glcp), galactofuranosyl- (Galf) and galactopyranosyl- (Galp)-based 

compounds with a series of functional groups attached, as inhibitors of DENV-2.  These 

compounds were initially designed and synthesised against multi-drug resistant 

Mycobacteria tuberculosis and form part of a rational-based drug design program against 

glycolipid structures that make up the bacterial cell wall191-193.  This work identified that 

alkyl chain length could influence the anti-mycobacterial activity of the furanosyl- and 

pyranosyl-based compounds, with inhibitory activity increasing with chain length.  The 

alkyl and other functional groups associated with these compounds make them highly 

hydrophobic, therefore on advice from Dr Robin Thomson (Institute for Glycomics, 

Griffith University), a representative range of suitable compounds were investigated for 

their anti-DENV viral activities (Table 6.1)  

 

Evaluation of these compounds as competitive inhibitors of DENV infection utilising the 

standard mammalian cell based infection assay previously outlined in Chapter 3 (section 

3.1.2.3, page 64) and was carried out in collaboration with Dr Chie Aoki (University of 

Shizuoka, Japan).  Additional methodology to aid characterisation of inhibitor binding to 

EGP was also developed, to determine the mode of inhibition and identify the binding 

epitope responsible for inhibitor activity against DENV. 
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Table 6.1 – Summary of furanosyl- and pyranosyl-based compound structures193. 
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   Galf / Glcf template   Galp / Glcp template 

Compound 
Number 

Template –X–R1 R2 

1 Galf –S(O)2–N(C6H13)2 –OH 

2 Galf –O–CH(C6H13)2 –NH2.HOAc 

3 Galf –O–CH(C6H13)2 –NHC(NH)NH2 

4 Galf –O–CH(C7H15)2 
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Compound 
Number 

Template –X–R1 R2 

13 Glcf 

S N

O

O

 

–OH 

14 Galf 

O

N

N

N N

NN

C6H13

C6H13

 

–OH 

15 Galf 

S

N N C8H17

 

–OH 

16 Galf 

S
N
H

C6H13

O
MeO O

 

–OH 

17 Galf 

S
N
H

C6H13

O
HO O

 

–OH 

18 Galf 
O

NH2

NH2  

–OH 

19 Galp –S–C10H21 –OH 

20 Galp –S–CH(C8H17)2 –OH 

21 Glcp 
N

NN
OH

 

-Glcp 

22 Glcf –S(O)2–N(C8H17)2 –OSO3
– Na+ 

23 Glcp –O–CH(C8H17)2 -Glcp 

24 Glcp –O–C8H17 –OH 

25 Galf –S–CH(C8H17)2 see structure below 

26 Galf see structure below –OH 
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6.2 Results and Discussion 

 
6.2.1 Investigation of DENV-2 Inhibition  

A series of Glcf-, Galf-, Glcp- and Galp-based compounds were assessed for their 

competitive inhibition of DENV-2 infection of mammalian cells.  Assays were carried 

out with the addition of 0.5% DMSO, which was found to be the maximum concentration 

tolerated by the cells and virus, and facilitated compound solubility.  In an initial 

screening of the compound library against DENV infection of both BHK-21 and Vero 

cells, compounds 2, 3, 5, 6, 7, 8, 14, 22, 25 and 26 displayed moderate to very strong 

inhibition (Table 6.2).  Some level of cytopathic effect (CPE) to cells was visually 

observed for compounds 3, 4 and 20, and the remainder of the library showed negligible 

or weak inhibition of virus infection by focus forming assay (Table 6.2). 

 

Table 6.2 – DENV-2 inhibition by furanosyl- and pyranosyl-based compounds. 
 

Compound 
Number 

Inhibition of 
Virus Infection 

Compound 
Number 

Inhibition of 
Virus Infection 

1  14 ++ 
2 ++++ 15  
3 ++++ CPE 16  
4 CPE 17  
5 +++ 18  
6 ++++ 19  
7 ++++ 20 CPE 
8 ++++ 21  
9  22 ++++ 

10  23  
11 + 24  
12  25 ++++ 
13  26 ++++ 

- Negligible inhibition; + Weak inhibition; ++ Moderate inhibition; +++ Strong inhibition; 
++++ Very strong inhibition 

 

Compounds 2, 3, 5, 6, 7, 8, 14, 22, 25 and 26 were further assessed by focus forming 

assay of competitive inhibition of DENV-2 infection at concentrations up to 100 µM, to 

screen the compounds of interest for effective dose-dependent activity.  From this 

screening both dose-dependent and strong inhibition of virus infection at 1 µM and 10 
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µM was observed by compound 8 and 26 (Table 6.3).  Importantly, no CPE of cells was 

observed over a 24 hour period by these compounds.  Preliminary MTT cell proliferation 

assays also revealed low cytotoxicity to cells by compounds 8 and 26 at concentrations < 

10 µM (data not shown), however further testing at a greater number of concentrations is 

required. 

 

Table 6.3 – Dose-dependent inhibition of DENV-2 infection at 37 C. 
 

Concentration 
Percent Inhibition 

Compound 8 Compound 26 
Control (0 µM) 0% + 6% 0% + 6% 
1 µM 65% + 11% 46% + 16% 
10 µM 70% + 16% 44% + 12% 
100 µM 100% + 0% 100% + 0% 

 

Under the same focus forming assay conditions, the potency of compound 8 and 26 as 

inhibitors of DENV infection was measured at concentrations from 0.156 µM up to 50 

µM (Figure 6.2).  This range of inhibitor concentrations allowed an IC50 value for each 

compound to be estimated, which is a standard expression of inhibitor strength.  IC50 is 

the concentration at which 50% of virus infection is inhibited, and was estimated from 

Figure 6.2.  From this data it was observed that compound 8 has an approximate IC50 

value of 1.5 µM and compound 26 had an approximate IC50 of 3 µM.   

 

From this data it was also seen that dose-dependent inhibition of DENV infection by 

compound 8 was complete at 25 µM, which suggests that the virus was totally saturated 

(Figure 6.2).  Interestingly, this data also suggests that at concentrations between 5 and 

25 µM, inhibitor activity of compound 26 decreased in a dose-dependent manner before 

returning to the expected trend of virus inhibition.  This trend was observed for all repeats 

of DENV-2 inhibition by compound 26 and may be the result of micelle formation 

influencing inhibitor activity.   
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Figure 6.2 – Dose-dependent inhibition of DENV-2 infection of mammalian cells to 
estimate IC50 values for compounds 8 and 26.  The error bars represent percent standard 
deviation. 
 

Molecules or compounds that contain a hydrophilic polar group and a hydrophobic 

hydrocarbon group may spontaneously form micelles to satisfy the respective preference 

for aqueous environment (Figure 6.3).  For these compounds there is a critical micelle 

concentration below which there are few or no micelles and at which almost all 

molecules participate in micelle formation.  At compound concentrations beyond this 

range, a decrease in micelle content maybe observed due to equilibrium forces, resulting 

in more available monomer in solution.  The inhibition profile for compound 26 appears 

to follow this trend and therefore may be the result of micelle formation influencing 

inhibitor activity. If this is the case it suggests a probable involvement of the hydrophobic 

alkyl side chains attached to compound 26, however further investigation is required.  

From this data it can plausibly be concluded that both compound 8 and 26 have inhibitor 

activity in the µM range, which is highly desirable and suggests that some part of these 

compounds functionality can bind a region of the virus essential for infection with high 

affinity. 
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Figure 6.3 – Cross-section of a micelle6. 
 

 

While difficult to fully rationalise the structure-activity relationship at this stage of 

investigation, when micelle formation and inhibitor activity were considered in relation to 

the structure of these two inhibitors it was observed that they share the same length and 

number of non-polar alkyl chains (Figure 6.4).  The position and orientation of the 

hydrophobic alkyl functionality in relation to the remainder of the compound is different 

in each case though and this may account for the difference in their solubility.  Both 

compounds also contain regions of polarity that may participate in protein binding, 

including the Galf moiety.  This carbohydrate moiety is substituted differently at the R2 

position for each compound though.  The Galf of compound 8 is substituted with a polar 

sulfonyl heterocyclic fragment and compound 26 is substituted at this position with a 

non-polar heterocyclic fragment and the compound is dimeric.  These structural 

differences around the carbohydrate moiety in particular may directly affect the 

inhibitory activity against DENV of these compounds. 
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Figure 6.4 – Structure of A) compound 8 and B) compound 26194. 
 

6.2.2 Characterisation of Inhibitor Interactions with EGP 

To understand the mode of action of these inhibitors against DENV infection and identify 

their essential structural features, a variety of methodologies were adopted.  Utilising a 

modified mammalian cell virus infection assay, the point of intervention by compounds 8 

and 26 in the cycle of virus infection was explored first.  Vero cells were infected at 4 C 

with DENV-2 alone or pre-complexed with 1, 10 and 100µM concentrations of each 

compound.  The reduced temperature assay conditions ensured no endocytosis of virions 

during the two hour period of virus adsorption.  Only virus particles that were free to bind 

the necessary cell surface receptor(s) during this time could subsequently infect the 

mammalian cells.  Compound 8 and 26 were both able to block virus infection in a dose-

dependent manner, suggesting that both inhibitors can bind directly to EGP (Table 6.4). 

 

Table 6.4 – Dose-dependent inhibition of DENV-2 infection at 4C. 
 

Concentration 
Percent Inhibition 

Compound 8 Compound 26 
Control (0 µM) 0% + 1% 0% + 1% 
1 µM 79% + 24% 41% + 7% 
10 µM 94% + 13.% 77% + 11% 
100 µM 100% + 0% 100% + 0% 

 

B 

A 
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As described earlier, inhibition of DENV infection via association with EGP could 

involve one of two mechanisms.   Inhibitors can either block receptor mediated 

endocytosis and would therefore bind DIII, or conformational rearrangement of EGP that 

leads to membrane fusion and would therefore bind DI/DII.  To elucidate the structure-

activity relationship of compounds 8 and 26, a standard ELISA-based capture assay was 

employed as a preliminary means to screen for potential inhibitors of receptor mediated 

endocytosis.  The aromatic functionalities of these compounds were exploited for 

detection of inhibitor binding to antibody-captured DIII or DENV-2.  The optimum 

wavelength for UV absorbance was first identified by scanning between 190 – 300 nm.  

Compound 8 includes a benzene group and compound 26 contains two triazole aromatic 

groups, and the wavelengths for maximum absorbance were found at 240 nm and 230 nm 

respectively (Figure 6.5). 
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Figure 6.5 – Absorbance spectra for compounds 8 and 26. 
 

Interaction of each compound with the CRD DIII or DI/DII was assessed by overlaying 

antibody captured DIII or DENV-2 with each compound in solution.  Absorbance of 

compound 8 and 26 was measured both before and after incubation with EGP to detect a 

difference in concentration, so that binding was confirmed by a decrease in absorbance at 
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the relevant wavelength.  Association of these compounds with DIII and therefore 

inhibition of receptor mediated endocytosis was confirmed by binding to both 

recombinant DIII protein and whole DENV-2.   In an initial assay of compounds 8 and 26 

at an excess concentration, this was observed for compound 8 (Figure 6.6).  On the other 

hand, association with DI or DII and therefore inhibition of the EGP conformational 

rearrangement, was indicated by inhibitor binding to the DENV-2 particle but not the 

recombinant DIII protein; and this was observed for compound 26 (Figure 6.6).  Based on 

the hydrophobic βOG mimetics found against the DI/DII interface hydrophobic binding 

pocket via in silico screening38, it is plausible that the hydrophobic nature of compound 

26 may lead to an interaction with the same ligand binding pocket.  If this is the case, 

then compound 26 is an inhibitor of host and viral membrane fusion. 
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Figure 6.6 – UV absorbance of compound 8 and 26 at 40 µM, before and after binding to 
immobilised DENV-2 and recombinant DIII protein.  Error bars represent standard 
deviation. 
 
 
The class of inhibitor that is of most interest in this work is those that interact with DIII to 

block the initial stage of virus infection.  This class of inhibitor would be useful in 

reducing the severity of an infection, ideally creating a mild to asymptomatic case.  For 

this reason, the association of compound 8 to DIII was further investigated to characterise 

DENV-2 Domain III 
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the inhibitor binding and provide information useful in drug design.  Using the same 

ELISA-based assay conditions, compound 8 binding to EGP was evaluated at a range of 

concentrations up to 40 µM, which was the maximum soluble concentration of the 

compound in 0.5% DMSO.  Dose-dependent decreases in absorbance and therefore un-

bound compound were observed following binding to DENV-2 and DIII, further 

suggesting that this inhibitors mode of action involves blocking of host cell receptor 

binding (Figure 6.7).   
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Figure 6.7 – Dose-dependent binding of compound 8 to immobilised DENV-2 and DIII 
protein.  Error bars represent standard deviation. 
 

Given the hydrophilic environment in which the exposed surface of DIII exists and the 

carbohydrate nature of cell surface ligands recognised by viruses and other pathogens, it 

is possible that that the Galf moiety in this compound can bind the CRD that mediates 

infection.  Alternatively, the polar sulfonyl heterocyclic fragment may be involved either 

binding directly or by helping to orientate the Galf moiety optimally for binding.  To 

explore this, epitope mapping of compound 8 binding to DIII was attempted by STD 

NMR spectroscopy; however no spectra could be obtained due to compound insolubility 

at the high molar excess required for this technique.  This solubility problem needs to be 

overcome and further STD NMR experiments performed to investigate the specificity of 

compound 8 binding to DIII and elucidate the binding epitope. 

DENV-2 Domain III 
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6.2.3 Summary 

The data collected in this investigation DENV-2 inhibition by a library of novel Glcf-, 

Galf-, Glcp- and Galp-based compounds, suggests that mammalian host cell surface 

receptor binding by virus particles is effectively inhibited by compound 8.  Further 

investigation into this interaction with DIII is necessary to define its binding epitope, in 

addition to interrogation of all four serotypes of DENV and their flaviviral relatives with 

this inhibitor.  Significant further studies that isolate the functionality of compound 8, in 

addition to this study will provide useful information for use in future drug design 

projects against DENV. 
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CHAPTER 7 

Conclusion 
 

DENV is one of several flaviviruses that have re-emerged in the last century and has 

since become one of the most important today in terms of morbidity and mortality27.  

Despite its medical significance, there are currently no chemotherapeutic agents available 

against DENV or any of it flaviviral relatives.  The EGP covers the entire exposed 

surface of DENV and its DIII region is the is the major site of host cell surface receptor 

binding that initiates infection2,195.   The carbohydrate nature of ligands involved in 

mammalian cell infection remains undefined and controversial, however nLc4
1 and HS54-

57 have been implicated37.   

 

The multi-disciplinary field of glycobiology is well place to study the host and viral 

carbohydrate-related properties that mediate DENV infection.  Given the current lack of 

knowledge of the carbohydrate interactions that mediate DENV infection, a multi-

disciplinary approach was employed in this work with the aim of developing a 

recombinant model to study DIII ligand specificity and the CRD essential for mammalian 

cell infection, as well as evaluate inhibitors of DENV infection.  DENV is a suitable 

target for carbohydrate-based drug design and definition of its ligand and receptor 

binding region will allow rational-based design of novel inhibitors. 

 

In the interest of developing a rapid and high level system for functional DIII expression 

and purification, several DENV-2 ThNH-7/93 EGP DIII constructs were engineered and 

evaluated in P. pastoris yeast.  Intracellular expression of DIII yielded only poor amounts 

of the desired protein (<1 mg/L) that could not be isolated to homogeneity by affinity 

purification.  However, utilising a combination of ammonium sulfate precipitation and 

single-step affinity chromatography, 7 mg/L of soluble DIII was rapidly purified to near 

homogeneity following secretion from P. pastoris yeast.  N-terminally GST-fused DIII 

secretion was also evaluated, however persistent endogenous protease activity against the 

engineered proteolytic cleavage sequences, lengthy purification procedures and very low 
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yields (<0.5 mg/L) gave these constructs no advantage over the secreted DIII 

methodologies developed. 

 

Utilising published cell-based assays previously employed to evaluate the receptor 

binding activity of recombinant DENV EGP DIII3, the suitability of the recombinant DIII 

protein secreted from P. pastoris yeast as a model to study DENV infection of 

mammalian cells was assessed.  DIII was able to bind to the surface of mosquito and 

mammalian cells susceptible to DENV infection in a dose-dependent manner and once 

bound to the latter, DIII was able to block association of DENV-2 ThNH-7/93 with its 

receptor for infection.  The biological data for DIII obtained was comparable to the 

literature3 and it was therefore concluded that this DIII species has retained its WT 

biological activity. 

 

While the involvement of DIII in receptor mediated endocytosis of DENV is understood, 

little is known about the ligand specificity recognised by the CRD during this process.  

To investigate DIII-nLc4 ligand binding and further define the ligand specificity of DIII, 

glycan microarray and STD NMR spectroscopy methodologies were established.  

Utilising a 384-well plate microarray, nLc4 binding to DIII was confirmed for the first 

time and only minimal binding to its carbohydrate subunits Galβ1-4GlcNAcβ and 

GlcNAcβ1-3Galβ1-4Glc was observed.  Epitope mapping of nLc4 binding also confirmed 

that all carbohydrate moieties of the tetrasaccharide are involved, with the strongest 

effect observed by the GlcNC H-1 proton, occupied by NHAc, and the GlcA H-2 proton.  

Weaker association by the ring protons of GalB and GalD were also present.  Interestingly, 

STD NMR spectroscopy of the DIII-nLc4 complex also revealed that only multivalent 

forms of the ligand have binding affinity to DIII.  This information will be particularly 

important for future STD NMR spectroscopy of DIII-ligand interactions and subsequent 

inhibitor design.   

 

Glycan microarray screening of DIII ligand specificity against a diverse library of 

carbohydrate structures was undertaken and represents the most comprehensive 

investigation of EGP binding ligands relevant to DENV infection reported to date.  Of 
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most interest was the discovery of DIII and DENV-2 binding to GlcNAcβ1-3Galβ1-

4GlcNAcβ, which appears to have more than 11-fold higher binding affinity for DIII than 

nLc4.  Specific and high affinity DIII binding to Manα1-2Man was also discovered and 

based on molecular modelling may represent an interaction that takes place post-host cell 

surface receptor binding. 

 

The printed slide glycan microarray methodology for DENV-2 and DIII protein 

established in this study, was found to be particularly useful for screening whole virus-

ligand binding due to its natural EGP valency.  Previously unreported and specific 

DENV-2 binding to the mammalian cell surface glycans Biantennary N-linked core 

pentasaccharide and Lacto-N-fucopentaose III were observed.  Array of similar structures 

revealed that these two glycans have the highest affinity and specificity for EGP of the 

available structures and further investigation of their importance to DENV infection will 

be interesting. 

 

The novel EGP-ligand interactions detailed in this study encompass different glycan 

linkages, anomeric configurations, branching patterns and carbohydrate moieties.  

However they all have a common GlcNAc residue at the first or second position at the 

non-reducing end of the glycan.   While it remains to be confirmed by further epitope 

mapping, the close proximity of the GlcNAc H-1 proton observed by STD NMR 

spectroscopy of the DIII-nLc4 complex, suggests that this carbohydrate may be important 

for ligand binding to DIII.  The relevance of these interactions and the identified ligand 

specificity to mammalian cells infection will be of interest. 

 

The study of DIII ligand specificity carried out in this work represents a preliminary 

investigation.  The methodologies and novel interactions established will allow further 

screening of glycan properties recognised by DIII and will eventually help define the 

minimum carbohydrate moiety essential for infection of mammalian cells by DENV.  

Equally important to defining the nature of glycans that mediate DENV infection of 

mammalian cells is the site and structure of the DIII CRD.  With the knowledge that nLc4 

can bind to DIII, a molecular modeling study was carried out by Dr Kazuya Hidari and 
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predicted that this tetrasaccharide may associate with an exposed cleft region of DIII 

around E327.  Based on sequence homology, site-directed mutagenesis of Y326 and 

E327 was carried out and the biological activity the mutant Y326A, E327A and Y326A-

E327A DIII proteins was evaluated.  The E327A DIII protein appeared to have retained 

its WT ligand binding activity, however the mammalian cell surface receptor binding 

ability of Y326A DIII protein necessary for DENV infection, was found to be 

dramatically reduced.   Flaviviral sequence analysis revealed that the aromatic 

functionality at amino acid 326 is highly conserved among all flaviviruses and DIII 

homology modelling suggests that Y326 provides support for two loop regions.  The 

most distal of these loops has previously been implicated in receptor binding2-4 and the 

loss of biological activity in the Y326A DIII observed in this study, may also suggests 

that the CRD involved in mammalian cell infection resides on this outer solvent exposed 

region of DIII.   

 

A further aspect of this study was to advance our understanding of carbohydrate 

recognition by DENV EGP and thus contribute to carbohydrate-based drug design 

against DENV infection.  Knowledge of the virus’ receptor binding site and ligand(s) 

involved in infection are of great importance in this endeavor, however a multi-

disciplinary approach to investigate inhibition of DENV infection was considered 

important.  In this study, the opportunity arose to screen a carbohydrate-based library of 

novel furanosyl- and pyranosyl-based compounds with a serious of functional groups 

attached against DENV infection of mammalian cells.  It was thought that the 

information gained from this inhibitor library was of particular value, as these 

compounds are different in structure to those naturally occurring, modified and synthetic 

inhibitors of DENV that have been previously reported159-190. 

 

Using standard mammalian cell virus infection focus forming assays, several inhibitors of 

DENV were identified; including compounds 8 and 26, which displayed dose-dependent 

inhibition of DENV infection with no CPE on cells observed.  Further investigation of 

inhibitor activity revealed that compound 8 and 26 have an approximate IC50 value of 

1.5 µM and 3 µM respectively.   
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While both compounds appear to be potent inhibitors of DENV infection, inhibitors of 

most interest in this work are those that interact with DIII to block receptor mediated 

endocytosis.  Compound 26 was found to bind to DI or DII of EGP, but not DIII; and its 

inhibition profile suggested that at concentrations between 5 and 25 µM it forms micelles 

due to a reduction in inhibitor activity against DENV.  It is therefore probable that 

compound 26 binds to the hydrophobic hinge region located at the DI/DII interface that is 

essential for EGP conformation rearrangement during host and viral membrane fusion.   

 

Despite some structural similarity to compound 26, compound 8 was found to bind to 

DIII of EGP in a dose-dependent manner and therefore the inhibitory action of this 

compound presumably involves blocking of receptor binding by DENV.  Further 

investigation of this interaction is required to define the involvement of the Galf core in 

binding, as well as the requirement of the hydrophobic alkyl chains substituted at the R1 

positions and the polar sulfonyl herocyclic fragments substituted at the R2 position of the 

carbohydrate moiety.   

 

To date, knowledge of the host cell surface ligands recognised by DENV during infection 

and the site and structure of the DIII receptor binding site have been both controversial 

and incomplete.  Given the lack of anti-viral agents available against flaviviruses, 

defining the carbohydrate interactions that mediate DENV infection of mammalian cells 

to facilitate rational-based drug design is a priority.  While this study is only a beginning, 

Compound 8 

Compound 26 
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considerable effort has been invested to establish a suitable recombinant model and 

methodologies to study the ligand specificity and CRD of DENV-2 EGP DIII.  

Significant and novel progress toward these aims and understanding the infectious 

biology of DENV were made, however further research is required.  Utilising the 

recombinant EGP model for mammalian cell infection the ligand binding methodologies 

established in this work, the DIII ligand specificity to host cell surface glycans can be 

completely defined.  Isolation and microarray of all cell surface glycans across the entire 

range of human cells permissible to DENV would help identify the common and 

minimum carbohydrate structure recognised by the DIII CRD.   Once the binding epitope 

of these glycans has been determined, molecular modelling and site-directed mutagenesis 

could be most effectively employed to define the receptor binding site.  With this 

information, successful structure-based drug design against DENV could be carried out. 
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APPENDIX 1 

DENV-2 ThNH-7/93 Envelope Glycoprotein Sequence 

 
Nucleotides 1-1272 of the DENV-2 ThNH-7/93 EGP correspond to nucleotides 841 – 

2112 of the polyprotein gene (accession number u31949). 

 

   1  ATGCGTTGCA TAGGAATATC AAATAGAGAC TTTGTAGAAG GAGTTTCAGG AGGAAGCTGG 
      TACGCAACGT ATCCTTATAG TTTATCTCTG AAACATCTTC CTCAAAGTCC TCCTTCGACC 
 
  61  GTTGACATAG TCTTAGAACA TGGAAGCTGT GTGACGACGA TGGCAAAAAA CAAACCAACA 
      CAACTGTATC AGAATCTTGT ACCTTCGACA CACTGCTGCT ACCGTTTTTT GTTTGGTTGT 
 
 121  TTGGATTTTG AACTGATAAA AACGGAAGCC AAACAGCCTG CTACCCTAAG GAAGTACTGC 
      AACCTAAAAC TTGACTATTT TTGCCTTCGG TTTGTCGGAC GATGGGATTC CTTCATGACG 
 
 181  ATAGAAGCAA AGCTAACCAA CACAACAACA GAATCTCGTT GCCCAACACA AGGGGAACCC 
      TATCTTCGTT TCGATTGGTT GTGTTGTTGT CTTAGAGCAA CGGGTTGTGT TCCCCTTGGG 
 
 241  AGCCTAAAAG AAGAGCAGGA TAAGAGGTTC GTCTGCAAAC ACTCCATGGT AGACAGAGGA 
      TCGGATTTTC TTCTCGTCCT ATTCTCCAAG CAGACGTTTG TGAGGTACCA TCTGTCTCCT 
 
 301  TGGGGAAATG GATGTGGATT ATTTGGAAAG GGAGGCATTG TGACCTGTGC TATGTTCACA 
      ACCCCTTTAC CTACACCTAA TAAACCTTTC CCTCCGTAAC ACTGGACACG ATACAAGTGT 
 
 361  TGCAAAAAGA ACATGGAAGG GAAAATCGTG CAACCAGAAA ACTTGGAATA CACCATTGTG 
      ACGTTTTTCT TGTACCTTCC CTTTTAGCAC GTTGGTCTTT TGAACCTTAT GTGGTAACAC 
 
 421  GTAACACCTC ACTCAGGGGA AGAGCATGCG GTCGGAAATG ACACAGGAAA ACATGGCAAG 
      CATTGTGGAG TGAGTCCCCT TCTCGTACGC CAGCCTTTAC TGTGTCCTTT TGTACCGTTC 
 
 481  GAAATCAAAG TAACGCCACA GAGTTCCATC ACAGAAGCAG AATTGACAGG TTATGGCACC 
      CTTTAGTTTC ATTGCGGTGT CTCAAGGTAG TGTCTTCGTC TTAACTGTCC AATACCGTGG 
 
 541  GTCACGATGG AGTGCTCTCC GAGAACAGGC CTCGACTTCA ATGAGATGGT GTTGCTGCAG 
      CAGTGCTACC TCACGAGAGG CTCTTGTCCG GAGCTGAAGT TACTCTACCA CAACGACGTC 
 
 601  ATGGAAAATA AAGCTTGGCT GGTGCATAGG CAATGGTTTC TAGACCTGCC ATTACCATGG 
      TACCTTTTAT TTCGAACCGA CCACGTATCC GTTACCAAAG ATCTGGACGG TAATGGTACC 
 
 661  CTGCCCGGAG CGGATACACA AGGGTCAAAT TGGATACAGA AAGAAACATT GGTCACTTTC 
      GACGGGCCTC GCCTATGTGT TCCCAGTTTA ACCTATGTCT TTCTTTGTAA CCAGTGAAAG 
 
 721  AAAAATCCCC ATGCGAAGAA ACAGGATGTT GTTGTTTTAG GATCCCAAGA AGGGGCCATG 
      TTTTTAGGGG TACGCTTCTT TGTCCTACAA CAACAAAATC CTAGGGTTCT TCCCCGGTAC 
 
 781  CATACAGCAC TCACAGGAGC CACAGAAATC CAGATGTCGT CAGGAAACTT ACTCTTCACT 
      GTATGTCGTG AGTGTCCTCG GTGTCTTTAG GTCTACAGCA GTCCTTTGAA TGAGAAGTGA 
 
 841  GGACATCTCA AGTGCAGGCT GAGAATGGAC AAGCTACAGC TCAAAGGAAT GTCATACTCT 
      CCTGTAGAGT TCACGTCCGA CTCTTACCTG TTCGATGTCG AGTTTCCTTA CAGTATGAGA 
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 901 ATGTGCACAG GAAAGTTTAA AGTTGTGAAG GAAATAGCAG AAACACAACA TGGAACGATA 
     TACACGTGTC CTTTCAAATT TCAACACTTC CTTTATCGTC TTTGTGTTGT ACCTTGCTAT 
 
961  GTTATCAGAG TGCAATATGA AGGGGACGGC TCTCCATGTA AAATCCCTTT TGAGATAATG 
     CAATAGTCTC ACGTTATACT TCCCCTGCCG AGAGGTACAT TTTAGGGAAA ACTCTATTAC 
 
1021 GATTTGGAAA AAAGATATGT CTTAGGCCGC CTGATCACAG TCAACCCAAT TGTGACAGAA 
     CTAAACCTTT TTTCTATACA GAATCCGGCG GACTAGTGTC AGTTGGGTTA ACACTGTCTT 
 
1081 AAAGATAGCC CAGTCAACAT AGAAGCAGAA CCTCCATTCG GAGACAGCTA CATCATCATA 
     TTTCTATCGG GTCAGTTGTA TCTTCGTCTT GGAGGTAAGC CTCTGTCGAT GTAGTAGTAT 
 
1141 GGAGTAGAGC CGGGACAACT GAAGCTCAAC TGGTTCAAGA AAGGAAGTTC TATCGGCCAA 
     CCTCATCTCG GCCCTGTTGA CTTCGAGTTG ACCAAGTTCT TTCCTTCAAG ATAGCCGGTT 
 
1201 ATGTTTGAGA CAACAATGAG GGGGGCGAAG AGAATGGCCA TTTTGGGTGA CACAGCCTGG 
     TACAAACTCT GTTGTTACTC CCCCCGCTTC TCTTACCGGT AAAACCCACT GTGTCGGACC 
 
1261 GATTTCGGAT CC 
     CTAAAGCCTA GG 
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APPENDIX 2 

Pichia pastoris Expression Vectors 
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APPENDIX 3 

Envelope Glycoprotein Expression Constructs 

 
Multiple Cloning Site of pPICZαA-DIII: (nucleotides 811 – 1832) 
       . 
AAACCTTTTTTTTTATCATCATTATTAGCTTACTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTG 
                     5 AOX1 priming site. 
 
ATTTTAACGACTTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACGATGAGATTTCC 
 
 
TTCAATTTTTACTGCTGTTTTATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAACACTACAACAGAAG 
                          α-factor signal sequence 
 
ATGAAACGGCACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCT 
 
 
GTTTTGCCATTTTCCAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGC 
 
           EcoRI . 
TAAAGAAGAAGGGGTATCTCTCGAGAAAAGAGAGGCTGAAGCTGAATTCAAAGGAATGTCATACTCTATGT 
 
 
GCACAGGAAAGTTTAAAGTTGTGAAGGAAATAGCAGAAACACAACATGGAACGATAGTTATCAGAGTGCAA 
 
 
TATGAAGGGGACGGCTCTCCATGTAAAATCCCTTTTGAGATAATGGATTTGGAAAAAAGATATGTCTTAGG 
 
 
CCGCCTGATCACAGTCAACCCAATTGTGACAGAAAAAGATAGCCCAGTCAACATAGAAGCAGAACCTCCAT 
 
            Not I   . 
TCGGAGACAGCTACATCATCATAGGAGTAGAGCCGGGACAACTGAAGCTCAACTGGTTCAAGGCGGCCGCC 
 
 
AGCTTTCTAGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCA 
                  c-myc epitope                                  polyhistidine tag 
 
TTGAGTTTGTAGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGGTCTTGCT 
 
 
AGATTCTAATCAAGAGGATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTTT 
           3 AOX1 priming site 
 
ATTTGTAACCTATATAGTATAGGATTTTTTTTGTCATTTTGTTTCTTCTCGT 
       3 polyadenylation site 
 
 
Translated pPICZαA-DIII protein: 
 
EFKGMSYSMCTGKFKVVKEIAETQHGTIVIRVQYEGDGSPCKIPFEIMDLEKRYVLGRLITVNPIVTEKDS 
 
PVNIEAEPPFGDSYIIIGVEPGQLKLNWFKAAASFLEQKLISEEDLNSAVDHHHHH 
           c-myc epitope  polyhistidine tag 

5… 

5… 

5… 
 

5… 

  …3 

5…
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Multiple Cloning Site of pPICZB-DIII: (nucleotides 811 – 1570) 
 
 
TTTTTTTTTATCATCATTATTAGCTTACTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTGATTTT 
           3 AOX1 priming site 
 
AACGACTTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACGAGGAATTCAAAGGAAT 
             EcoRI 
 
GTCATACTCTATGTGCACAGGAAAGTTTAAAGTTGTGAAGGAAATAGCAGAAACACAACATGGAACGATAG 
 
 
TTATCAGAGTGCAATATGAAGGGGACGGCTCTCCATGTAAAATCCCTTTTGAGATAATGGATTTGGAAAAA 
 
 
AGATATGTCTTAGGCCGCCTGATCACAGTCAACCCAATTGTGACAGAAAAAGATAGCCCAGTCAACATAGA 
 
 
AGCAGAACCTCCATTCGGAGACAGCTACATCATCATAGGAGTAGAGCCGGGACAACTGAAGCTCAACTGGT 
 
 
TCAAGGCGGCCGCCAGCTTTCTAGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCAT 
       Not I                     c-myc epitope                                   
 
CATCATCATCATCATTGAGTTTGTAGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGA 
 polyhistidine tag 
 
 
AGACCGGTCTTGCTAGATTCTAATCAAGAGGATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATT 
     3 AOX1 priming site 
 
TTTGATACTTTTTTATTTGTAACCTATATAGTATAGGATTTTTTTTGTCATTTTGTTTC 
                     3 polyadenylation site 
 
 
Translated pPICZB-DIII protein: 
 
EFKGMSYSMCTGKFKVVKEIAETQHGTIVIRVQYEGDGSPCKIPFEIMDLEKRYVLGRLITVNPIVTEKDS 
 
 
PVNIEAEPPFGDSYIIIGVEPGQLKLNWFKAAASFLEQKLISEEDLNSAVDHHHHH 
           c-myc epitope  polyhistidine tag 

 
 
 
 
 
 
 
 
 
 
 
 

5… 

5… 

5… 

5… 

 …3 

5… 
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Multiple Cloning Site of pPICZαA-GST-DIII A: (nucleotides 811 – 2520) 
 
AAACCTTTTTTTTTATCATCATTATTAGCTTACTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTG 
        5 AOX1 priming site 
 
ATTTTAACGACTTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACGATGAGATTTCC 
 
 
TTCAATTTTTACTGCTGTTTTATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAACACTACAACAGAAG 
      α-factor signal sequence 
 
ATGAAACGGCACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCT 
 
 
GTTTTGCCATTTTCCAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGC 
 
           EcoRI . 
TAAAGAAGAAGGGGTATCTCTCGAGAAAAGAGAGGCTGAAGCTGAATTCATGTCCCCTATACTAGGTTATT 
 
 
GGAAAATTAAGGGCCTTGTGCAACCCACTCGACTTCTTTTGGAATATCTTGAAGAAAAATATGAAGAGCA 
 
 
TTTGTATGAGCGCGATGAAGGTGATAAATGGCGAAACAAAAAGTTTGAATTGGGTTTGGAGTTTCCCAAT 
 
 
CTTCCTTATTATATTGATGGTGATGTTAAATTAACACAGTCTATGGCCATCATACGTTATATAGCTGACAA 
 
 
GCACAACATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAGATTTCAATGCTTGAAGGAGCGGTTTTGGAT 
 
 
ATTAGATACGGTGTTTCGAGAATTGCATATAGTAAAGACTTTGAAACTCTCAAAGTTGATTTTCTTAGCAA 
 
 
GCTACCTGAAATGCTGAAAATGTTCGAAGATCGTTTATGTCATAAAACATATTTAAATGGTGATCATGTAA 
 
 
CCCATCCTGACTTCATGTTGTATGACGCTCTTGATGTTGTTTTATACATGGACCCAATGTGCCTGGATGCG 
 
 
TTCCCAAAATTAGTTTGTTTTAAAAAACGTATTGAAGCTATCCCACAAATTGATAAGTACTTGAAATCCAG 
 
 
CAAGTATATAGCATGGCCTTTGCAGGGCTGGCAAGCCACGTTTGGTGGTGGCGACCATCCTCCAAAATCGG 
 
 
ATCTGGTTCCGCGTGGATCCAAAGGAATGTCATACTCTATGTGCACAGGAAAGTTTAAAGTTGTGAAGGAA 
  thrombin cleavage site 
 
ATAGCAGAAACACAACATGGAACGATAGTTATCAGAGTGCAATATGAAGGGGACGGCTCTCCATGTAAAAT 
 
 
CCCTTTTGAGATAATGGATTTGGAAAAAAGATATGTCTTAGGCCGCCTGATCACAGTCAACCCAATTGTGA 
 
 
CAGAAAAAGATAGCCCAGTCAACATAGAAGCAGAACCTCCATTCGGAGACAGCTACATCATCATAGGAGTA 

5… 
5… 
5… 
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            Not I   . 
GAGCCGGGACAACTGAAGCTCAACTGGTTCAAGGACGATGACGATAAGGCGGCCGCCAGCTTTCTAGAACA 
    enterokinase cleavage site 
 
AAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGAGTTTGTAGCC 
      c-myc epitope                                polyhistidine tag 
 
TTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGGTCTTGCTAGATTCTAATCAAG 
 
 
AGGATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTTTATTTGTAACCTATA 
   3 AOX1 priming site 
 
TAGTATAGGATTTTTTTTGTCATTTTGTTTC 
   3 polyadenylation site 
 
 
Translated pPICZαA-GST-DIII A protein: 

EFMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSM 
 
 
AIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDENVETLKVDENVLSKLPEMLKMFEDR 

 

LCHKTYLNGDHVTHPDENVMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQG 
 
          thrombin cleavage site 
WQATFGGGDHPPKSDLVPRGSKGMSYSMCTGKFKVVKEIAETQHGTIVIRVQYEGDGSPCKIPFEIMDLEK 
 
                                          enterokinase cleavage site 
RYVLGRLITVNPIVTEKDSPVNIEAEPPFGDSYIIIGVEPGQLKLNWFKDDDDKAAASFLEQKLISEEDLN 
                                                           c-myc epitope 
 
SAVDHHHHHH 
ployhistidine tag 

5… 

  …3 

5… 
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Multiple Cloning Site of pPICZαA-GST-DIII B: (nucleotides 811 – 2517) 
 
AAACCTTTTTTTTTATCATCATTATTAGCTTACTTTCATAATTGCGACTGGTTCCAATTGACAAGCTTTTG 
        5 AOX1 priming site 
 
ATTTTAACGACTTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACGATGAGATTTCC 
 
 
TTCAATTTTTACTGCTGTTTTATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAACACTACAACAGAAG 
      α-factor signal sequence 
 
ATGAAACGGCACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCT 
 
 
GTTTTGCCATTTTCCAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGC 
 
           EcoRI . 
TAAAGAAGAAGGGGTATCTCTCGAGAAAAGAGAGGCTGAAGCTGAATTCATGTCCCCTATACTAGGTTATT 
 
 
GGAAAATTAAGGGCCTTGTGCAACCCACTCGACTTCTTTTGGAATATCTTGAAGAAAAATATGAAGAGCA 
 
 
TTTGTATGAGCGCGATGAAGGTGATAAATGGCGAAACAAAAAGTTTGAATTGGGTTTGGAGTTTCCCAAT 
 
 
CTTCCTTATTATATTGATGGTGATGTTAAATTAACACAGTCTATGGCCATCATACGTTATATAGCTGACAA 
 
 
GCACAACATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAGATTTCAATGCTTGAAGGAGCGGTTTTGGAT 
 
 
ATTAGATACGGTGTTTCGAGAATTGCATATAGTAAAGACTTTGAAACTCTCAAAGTTGATTTTCTTAGCAA 
 
 
GCTACCTGAAATGCTGAAAATGTTCGAAGATCGTTTATGTCATAAAACATATTTAAATGGTGATCATGTAA 
 
 
CCCATCCTGACTTCATGTTGTATGACGCTCTTGATGTTGTTTTATACATGGACCCAATGTGCCTGGATGCG 
 
 
TTCCCAAAATTAGTTTGTTTTAAAAAACGTATTGAAGCTATCCCACAAATTGATAAGTACTTGAAATCCAG 
 
 
CAAGTATATAGCATGGCCTTTGCAGGGCTGGCAAGCCACGTTTGGTGGTGGCGACCATCCTCCAAAATCGG 
 
 
ATGACGATGACGATAAGAAAGGAATGTCATACTCTATGTGCACAGGAAAGTTTAAAGTTGTGAAGGAAATA 
enterokinase cleavage site 
 
GCAGAAACACAACATGGAACGATAGTTATCAGAGTGCAATATGAAGGGGACGGCTCTCCATGTAAAATCCC 
 
 
TTTTGAGATAATGGATTTGGAAAAAAGATATGTCTTAGGCCGCCTGATCACAGTCAACCCAATTGTGACAG 
 
 
AAAAAGATAGCCCAGTCAACATAGAAGCAGAACCTCCATTCGGAGACAGCTACATCATCATAGGAGTAGAG 

5… 
5… 
5… 
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            Not I   . 
CCGGGACAACTGAAGCTCAACTGGTTCAAGGACGATGACGATAAGGCGGCCGCCAGCTTTCTAGAACAAAT 
     enterokinase cleavage site 
 
AACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGAGTTTGTAGCCTA 
      c-myc epitope                                 polyhistidine tag 
 
GACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGGTCTTGCTAGATTCTAATCAAGAGG 
 
 
ATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTTTATTTGTAACCTATATAG 
  3 AOX1 priming site 
 
 
TAGGATTTTTTTTGTCATTTTGTTTC 
               3 polyadenylation site 
 
 
Translated pPICZαA-GST-DIII B protein: 

EFMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSM 
 
 
AIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDENVETLKVDENVLSKLPEMLKMFEDR 
 
 
LCHKTYLNGDHVTHPDENVMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQG 
 
        enterokinase cleavage site 
WQATFGGGDHPPKSDDDDDKKGMSYSMCTGKFKVVKEIAETQHGTIVIRVQYEGDGSPCKIPFEIMDLEKR 
 
                                         enterokinase cleavage site 
YVLGRLITVNPIVTEKDSPVNIEAEPPFGDSYIIIGVEPGQLKLNWFKDDDDKAAASFLEQKLISEEDLNS  
                                                          c-myc epitope                        
 
AVDHHHHHH 
ployhistidine tag 

 

 
 

 

 

 

 

 

5… 
…3 
5… 
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APPENDIX 4 

Flavitrack Sequence Alignment 
 

Flavitrack sequence alignment of the Envelope glycoprotein Domain III from 49 unique 

flaviviral polyprotein sequences. 

 
         300  310       320       330       340       350 
MOSQUITO BORNE:         ׀         ׀         ׀           ׀         ׀         ׀  
Dengue fever 2   MCT-GKFKVVKEIAETQHGTIVIRVQYEGDGSPCKTPFEIM-DLEKRHVLGRLTTVNPIV 
Dengue fever 1   MCT-GSFKLEKEVAETQHGTVLVQVKYEGTDAPCKIPFSSQ-DEKGVTQNGRLITANPIV 
Dengue fever 3   MCL-NTFVLKKEVSETQHGTILIKVEYKGEDAPCKIPFSTE-DGQGKAHNGRLITANPVV 
Dengue fever 4   MCS-GKFSIDKEMAETQHGTTVVKVKYEGAGAPCKVPIEIR-DVNKEKVVGRIISSTPLA 
Murray valley    MCT-EKFTFSKNPADTGHGTVVLELQYTGSDGPCKIPISSVASLNDMTPVGRMVTANPYV 
Japanese encephalitis   MCT-EKFSFAKNPADTGHGTVVIELSYSGSDGPCKIPIVSVASLNDMTPVGRLVTVNPFV 
Yellow fever            ICT-DKMFFVKNPTDTGHGTVVMQVKVSK-GAPCRIPVIVADDLTAAINKGILVTVNPIA 
Alfuy      VCA-EGFTFTKTPADTGHGTVVLELKYLGADGPCKIPISSVTNLNDLTPVGRLVTANPFV 
Usutu     MCT-EKFSFAKNPADTGHGTVVLELQYTGSDGPCKIPISIVASLSDLTPIGRMVTANPYV 
Kunjin      VCS-KAFRFLGTPADTGHGTVVLELQYTGTDGPCKIPISSVASLNDLTPVGRLVTVNPFV 
West nile     VCS-KAFKFARTPADTGHGTVVLELQYTGTDGPCKVPISSVASLNDLTPVGRLVTVNPFV 
Saint louise    MCD-SAFTFSKNPTDTGHGTVIVELQYTGSNGPCRVPISVTANLMDLTPVGRLVTVNPFI 
Ilheus      MCK-GTFAFAQTPVDTGHGTIVAELTYTGTDGPCKIPISMTADLRDMTPIGRLVTVNPII 
Rocio      MCK-DKFAFAKNPVDTGHGTIVTEVQYAGSDGPCRIPITMTENLHDLTPIGRLVTVNPFV 
Bagaza      MCS-NKFTLAKNPTDTGHGTVVVELSYSGSDGPCRIPISMTANLQDLTPIGRLITVNPYV 
Bassuquara   QCS-GTFKMEKHPADTGHGTVVLDVSYQGDDAPCKIPIVITSNLAEVEPVGRLVSAHPVI 
Iguape      MCA-KAFTMKKDPTDTGHGTVVMELTYKGIDVPCRVPITIARSPNDGEMVGRMVSVNPLA 
Kokbera      MCK-GSFAFTKTPSDTGHGTVLLELTYSGSDGPCRVPISMSVSLSNIEPVGRMVTVNPIV 
Kedougou      MCG-GKFSFHRNPAPTQHGTVTVDIGYSG-DAPCKVPISVSSEANSHKNVGRLVTANPIV 
Zika      LCT-AAFTFTKVPAETLHGTVTVEVQYAGTDGPCKIPVQMAVDMQTLTPVGRLITANPVI 
TICK_BORNE: 
Alkhurma haemorrhagic   VCEGSKFAWKRPPTDSGHDTVVMEVTYTGS-KPCRIPVRAVAHGEPNVNVASLITPNPSM 
Louping Ill  MCDKSKFAWKRTPTDSGHDTVVMEVTFSGS-KPCRIPVRAVAHGSPDVNVAMLITPNPTI 
Tick-borne encephalitis MCDKTKFTWKRAPTDSGHDTVVMEVTFSGT-KPCRIPVRAVAHGSPDVNVAMLITPNPTI 
Omsk Haemorrhagic MCDKAKFTWKRAPTDSGHDTVVMEVAFSGT-KPCRIPVRAVAHGSPDVDVAMLITPNPTI 
Langat    VCDKTKFTWKRAPTDSGHDTVVMEVGFSGT-RPCRIPVRAVAHGVPEVNVAMLITPNPTM 
Deer tick      MCDKTKFKWKRVPVDSGHDTVVMEVSYTGSDKPCRIPVRAVAHGVPTINVAMLITPNPTI 
Powsan    MCDKAKFKWKRVPVDSGHDTVVMEVSYTGSDKPCRIPVRAVAHGVPAVNVAMLITPNPTI 
Karshi    MCEEGKFAWKRPPTDSGHDTVVMEVTYTGTVKPCRIQVRAEAKGAPNVDVANLITPNPTI 
UNKNOWN VECTOR: 
Cell fusing Agent       DCP-GPKISTFSQDGFGYSGVVITTLTASSNETCSLSLTCHGCLLQSTKMIFLAGKT--- 
Kamat river            LCA-ANASGTFIQNGYGQDGVVAVSLEEVMEQACSFPLKCKGCTLTCPSLVIAEKSQ--- 
CX_NC_008604/1-3362     DCP-GIKSSVFVQSGFGYDGVVMTSLSKATNESCSVGLTCHGCYLLATKMVFGPGTS--- 
Kyasanur forest disease VCEGSKFAWKRPPTDSGHDTVVMEVTYTGS-KPCRIPVRAVAHGEPNVNVASLITPNPSM 
GGE_DQ235153/1-3414     TCDKTKFTWKRVPTDSGHDTVVMEVTFSGS-KPCRIPVRAVAHGSPDVNVAMLITPNPTI 
TSE_DQ235151/1-3414     TCDKTKFTWKRVPTDSGHDTVVMEVTFSGS-KPCRIPVRAVAHGSPDVNVAMLITPNPTI 
SSE_DQ235152/1-3414     MCDKSKFAWKRVPTDSGHDTVVMEVTFSGS-KPCRIPVRAVAHGSPDINVAMLITPNPTI 
GGY_DQ235145/1-3416     MCEADKFKWKRPPTESGHDTVVMEVEYTGSSKPCRIPIRATSKGGGETNVAMLITSNPTI 
RF_DQ235149/1-3417      MCESGKFSWKRPPTDSGHDTVVMEVSYSGATKPCRIPVMATAHGEE-SNVAMLITSNPTI 
KAD_DQ235146/1-3404     ACESSKFTWKQTPRDSAHDTVVMKLAYTGT-KPCRALVRAYRPGAETLDVAKLITSNPIC 
MEA_DQ235144/1-3421     MCAVGDENVSWKRVPTDSQHDTVVMEVTYTGSSTPCRIPVRAYHPGTPEKDVASVITANPVV 
SRE_DQ235150/1-3422     LCGGNDENVTWKKNPTESQHDTVVMEVTYTGSSTPCRVPVRAYHPTIVEKDIASIITANPVV 
TYU_DQ235148/1-3422     VCAGSELKWKKTPTGSQHDTVVMEVTYTGSSTPCRIAVRAYEPRVPEKDVASVITTNPVV 
Montana myotis      YCG-DSFVWKRRPTATHHGTVAMEVTYQGTDVPCKVSVIVEKDGQNGGNAGSLITSNPII 
Rio Bravo     MCS-SSFVWHKRPVATQHGTVAMEVKYKGSDAPCRIPVSVEKEGYNGKNFGNLITANPFA 
Modoc    VCG-GKFAWAKKPIATNHDTVAMEVTYTGNDTPCRVTVKNVKE--NSDDQGTLITTNPFV 
Apoi    QCT-KPFEWIKKPVLTQHGTVVMEVKYTGEGAPCRIPFRVERVDKPMENVGNLVTGNPYA 
ENT_NC_008718/1-3411    MCR-GGYSFSKTPVTSGHQTVLMKVKVSK-GTPCRIPVTMSDSLTVTKNQGVIVTTNPIA 
Yokose    MCK-GGYSFSKTPVDSGHQTVIMKVKVSK-ATPCRIPVAVIDSMQSNINRGVVVTTNPVA 
SEP_NC_008719/1-3405    MCK-KGMSFVKQPVETDHGTAVMQVKVTN-GAPCRIPVIASDSMAGTENRGSVITTNPIA 
Tamana bat    LCT-HTSTIVSGPLVTNDIVMIVLRGTGSDTTECKLKVEGKSASSNNWITNYCAPHSRSM 
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         360  370       380       390       400       410 
MOSQUITO BORNE:         ׀         ׀         ׀           ׀         ׀         ׀  
Dengue fever 2   TEKD--SPVNIEAEPPFGDSYIIIGVEPGQLKLDWFKKGSSIGQMFETTMRGAKRMAILG 
Dengue fever 1   TDKE--KPVNIEAEPPFGESYIVVGAGEKALKLSWFKKGSSIGKMFEATARGARRMAILG 
Dengue fever 3   TKKE--EPVNIEAEPPFGESNIVIGIGDKALKINWYRKGSSIGKMFEATARGARRMAILG 
Dengue fever 4   ENTN--SVTNIELEPPFGDSYIVIGVGNSALTLHWFRKGSSIGKMFESTYRGAKRMAILG 
Murray valley    ASSTANAKVLVEIEPPFGDSYIVVGRGDKQINHHWHKEGSSIGKAFSTTLKGAQRLAALG 
Japanese encephalitis   ATSSANSKVLVEMEPPFGDSYIVVGRGDKQINHHWHKAGSTLGKAFSTTLKGAQRLAALG 
Yellow fever            STNDD--EVLIEVNPPFGDSYIIVGRGDSRLTYQWHKEGSSIGKLFTQTMKGVERLAVMG 
Alfuy     SATTANSKVLVEIEPPFGDSYIVVGRGDKQINHHWHKSGSSIGKAFTTTLKGAQRLAALG 
Usutu     ASSEANAKVLVEMEPPFGDSYIVVGRGDKQINHHWHKAGSSIGKAFITTIKGAQRLAALG 
Kunjin   SVSTANAKVLIELEPPFGDSYIVVGRGEQQINHHWHKSGSSIGKAFTATLKGAQRLAALG 
West nile     SVATANSKVLIELEPPFGDSYIVVGRGEQQINHHWHKSGSSIGKAFTTTLRGAQRLAALG 
Saint louise    STGGANNKVMIEVEPPFGDSYIVVGRGTTQINYHWHKEGSSIGKALATTWKGAQRLAVLG 
Ilheus     PSSAKSQKILVELEPPFGSSFILVGQENNQIKYQWHKTGSTIGNALKTTWKGAQRFAVLG 
Rocio      PSSETAQKILIELEPPFGTSFILVGTGPNQVKYQWHKSGSVIGSAFKTTIKGAQRMAVLG 
Bagaza      STSSSGTKVVVELEPPFGDSFILVGTGENQIKYQWHKSGSSIGKAFMSTVRGAQRMVALG 
Bassuquara   TAKN--VRTMLEVEPPYGDSYIVIGVGDGRLKQHWFKKGSVIGGAFSTTMKGAKRLAVLG 
Iguape    MTTS--SVFMVEVEPPYGDSNIIVGSYDNVLKHHWFKPGSSIGGAFKTTWKGVKRLTVLG 
Kokbera    LSSSPQKTIMIEVEPPFGDSFIIAGTGEPRAHYHWRKSGSSIGAAFATTIKGARRLAVIG 
Kedougou      MKNGDS--VLVEVEPPFGDSYIVVGTGPTKINYHWYKPGSSIGRAFESIMKGARRMAILG 
Zika    TESTENSKMMLELDPPFGDSYIVIGVGDKKITHHWHRSGSTIGKAFEATVRGAKRMAVLG 
TICK BORNE FLAVIRUSES 
Alkhurma haemorrhagic   ETTG---GGFVELQLPPGDNIIYVG----ELSHQWFQKGSTIGRVLEKTRRGIERLTVVG 
Louping Ill   ENDG---GGFIEMQLPPGDNIIYVG----ELSHQWFQTGSSIGRVFQTTRKGIERLTVIG 
Tick-borne encephalitis ENNG---GGFIEMQLPPGDNIIYVG----ELSHQWFQKGSSIGRVFQKTKKGIERLTVIG 
Omsk Haemorrhagic ENNG---GGFIEMQLPPGDNIIYVG----ELKHQWFQKGSSIGRVFQKTRKGIERLTVLG 
Langat    ENNG---GGFIEMQLPPGDNIIYVG----DLNHQWFQKGSSIGRVLQKTRKGIERLTVLG 
Deer tick      ETSG---GGFIEMQLPPGDNIIYVG----DLSQQWFQKGSTIGRMFEKTRKGLERFSVVG 
Powsan   ETNG---GGFIEMQLPPGDNIIYVG----DLSQQWFQKGSTIGRMFEKTRRGLERLSVVG 
Karshi    ENEG---GGYIEMQLPPGDNTIYIG----NLHQAWFQKGSSIGRVFEKTRKGIQRLAAVG 
UNKNOWN VECTOR: 
Cell fusing Agent       -------TSRAFVKCGNHTSTLLVG-----------STSVSIECALNPISQGWRLARHVV 
Kamat river            -------VGRAHVICGNGTSHVEFG-----------TTVVPVECLVTPVTQAWRLLSHVT 
CX_NC_008604/1-3362     -------TARAFVGCGNHTGTLVVG-----------GTTIHVECVLNPISQGWRMAKHVV 
Kyasanur forest disease ETTG---GGFVELQLPPGDNIIYVG----ELSHQWFQKGSTIGRVLEKTRRGIERLTVVG 
GGE_DQ235153/1-3414     ENSG---GGFIEMQLPPGDNIIYVG----ELSHQWFQKGSSIGRVFQKTKKGIERLTVIG 
TSE_DQ235151/1-3414     ENSG---GGFIEMQLPPGDNIIYVG----ELSHQWFQKGSSIGRVFQKTKKGIERLTVIG 
SSE_DQ235152/1-3414     ENEG---GGFIEMQLPPGDNIIYIG----ELSHQWFQKGSSIGRVLQTTRKGIERLTVIG 
GGY_DQ235145/1-3416     ETAG---GGFIEMQLPPGDCTIYVG----TLAHQWFQKGSSIGRTFEKTRKGFQRLVMVG 
RF_DQ235149/1-3417      ETDK---GGFIEMQVPPGDITIKIG----DLKQQWFQKGSTIGRVFQKTRRGVERLVAVG 
KAD_DQ235146/1-3404     TNDMT--DLFVEMQVPPGDTIIAVG----DLRFQWFQKGSSIGRTVELTRKGIQRMIIAG 
MEA_DQ235144/1-3421     ESTHV-KDIFIEMQLPPGDNVIAVG----SLRYQWFQKGSTIGRMATLTVKGVKRMATLG 
SRE_DQ235150/1-3422     ESTHT-KDVFIEMQLPPGDSIIAIG----SLRYQWFQKGSTIGRMATLTAKGIRRMAILG 
TYU_DQ235148/1-3422     ESSYA-KDVFIEMQVPPGDNIIAVG----DLKYQWFQRGSSIGRMATLTARGLKRMAVLG 
Montana myotis  TAQGS--SVFLELEVPLGFSTIKVG----AAKQQWRQDGSSIGKAMARASRAFEQTLMTA 
Rio Bravo     ANNEA--VVFLELEAPLGVSTIKVG----GAVFQWKQEGSSIGKAVTLMKRNIEKTLITS 
Modoc    ESNGA--TIFLELEPVYGLSTIKVG----DITYQWNQQGSVIGKAVRKITNDIHKTIVVG 
Apoi    SQKDA--VVFLEAEVPPGISIIKIG----DIDVQWNQPGMTVGKTIELVKRGLERTLISS 
ENT_NC_008718/1-3411    FDAN---EVLIEVIPPFGDSHIIIGNGEDRLTHRWHQPGSTIGKAFRVTMRGMERMTIIG 
Yokose    FEAAT--EVMIEVVPPFGESVITIGNGEDRLTYQWHQEGSTIGKAFSETLKGLERLTIIG 
SEP_NC_008719/1-3405    ALNND--EVLVEISPPFGESYIIVGSGDDKLTYHWQRSGSTIGNLFTETMKGAQRMIITG 
Tamana bat    SVKPN-EQTTVKMTCPNGIIDLRFN------GKTTTQVEVKYSRTMKLVSSMMASFKDVT  
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