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Abstract 
 

Rotavirus is a clinically significant pathogen and is the causative agent of life-threatening 

gastroenteritis in many young humans and animals, leading to approximately 500,000 deaths 

annually, with 85% occurring in developing countries globally. The mature infectious 

rotavirus particle, also called triple-layered particles (TLPs), is formed by three concentric 

layers of protein that surround the viral genome composed of eleven segments of double-

stranded RNA (dsRNA). One of the essential steps in the rotavirus infection is the viral 

recognition and the recruitment of the host cell surface receptors, followed by the entry of 

the virion into the host cell cytoplasm triggering the viral replication process. Therefore, an 

understanding of the mechanism associated with the initial viral-host cell interactions would 

undoubtedly impart a critical insight that may lead to the development of an effective 

therapeutic.   

 

The rotavirus cell entry process is a complicated process and is poorly understood. The 

outermost layer of the virion is composed of two major proteins, the glycoprotein VP7, and 

the spike protein VP4. The VP4 spike protein plays a significant role in receptor binding and 

cell penetration. Rotavirus infectivity is significantly enhanced by the proteolytic cleavage 

of VP4 into its functional fragments VP8* and VP5* that remain associated with the virion. 

The globular head of the spike VP8*, mediates initial rotavirus interactions with cell 

membrane glycoconjugates, including those containing sialic acid (Sia). Here, we report the 

first X-ray crystal structure of the rotavirus carbohydrate-recognizing protein VP8* from 

porcine strain CRW-8 in complex with the GM1bGc ganglioside (which is the N-glycolyl 

form of GM1b) (Chapter 3). Our structure not only provides the first critical insights into the 

molecular basis of the interaction between rotavirus VP8* and a larger ganglioside, but has 

also allowed us to map the nature of rotavirus interactions with other gangliosides, for 

example, GM1a and GD1a.    



iii 
 
 

 

 

The introduction of animal rotavirus strains into the human population is referred as zoonotic 

transmission. This inherent capability of rotaviruses to reassort and to cross the interspecies 

barrier, especially between animals and humans, poses a significant challenge to counteract 

these viruses. Limited attention has been given to these zoonotic events and this is turning 

into a major threat to human society. Therefore, we directed our studies to these animal 

rotaviruses that are capable of crossing inter-species barrier. Our saturation transfer 

difference (STD) NMR and Isothermal Titration Calorimetry (ITC) studies demonstrated 

that canine K9 shows a preference for the N-glycolyl form of Sia (Neu5Gc, which is not 

expressed in humans) over its N-acetyl form (Neu5Ac). Interestingly, the K9 VP8* displayed 

a higher binding affinity for the N-acetyl form of Sia when compared to the binding affinity 

shown by other animal rotavirus strains (rhesus RRV and porcine CRW-8) for the same 

ligand.  This indicates that canine K9 could bind efficiently to the glycans that are expressed 

in humans (Chapter 2).  We also present the X-ray crystal structure of canine K9 VP8* in its 

apo form (Chapter 5) as well as in complex with a Neu5Ac derivative (Chapter 2). The K9 

VP8* complex structure provides a template for further glycan-based drug design and 

discovery.  

  

The thesis Chapter 4 reports the first crystallographic structure of the VP8* from an animal 

rotavirus strain that is in its Sia-free form (porcine TFR-41 VP8*). This structure revealed 

an unexpected discovery of substantial rearrangements when compared to Sia-bound VP8* 

porcine CRW-8 VP8* (particularly in the Sia-binding site) that have not been seen in any 

other VP8* structure. Similarly, we have also determined the X-ray crystal structure of 

canine K9 VP8* (Chapter 5) and rhesus RRV VP8* (Chapter 6) in their Sia-free form, and 

the comparison with their respective Sia-bound form displayed a similar pattern of structural 

rearrangement as that seen in TFR-41 VP8* structure. Thus, the plasticity of VP8* dictates 

its structural adaptability to utilize a wider range of cellular glycans that are identified as 

their binding partners. Intriguingly, we have also discovered a novel deep hydrophobic 

cavity that emerges as a consequence of the structural rearrangement observed in VP8*. This 
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cavity is loaded with an endogenous fatty acid (acquired by bacterial expression), and it lies 

at the site equivalent to the Sia-binding site in VP8*. We assessed the identity of the fatty 

acid using mass spectrometry, and it supports our X-ray crystal structure determination.  

 

Lastly, this novel hydrophobic cavity was exploited to identify promising molecules that 

could have an ability to bind within this cavity (Chapter 6). The cavity in VP8* shows some 

comparable features to that found in enteroviruses and thus provided an opportunity to test 

the viral uncoating inhibitors (pocket binders, most intensely studied antiviral category in 

enteroviruses and many picornaviruses). Pleconaril (a pocket binder) is a broad-spectrum 

antiviral agent that is used in picornavirus respiratory infections. We present the first 

evidence, using 19F NMR technique, that pleconaril interacts with the fatty acid treated VP8* 

and that the interaction is not observed when VP8* is used alone. 

 

In summary, the work contained within this thesis has contributed significantly to the 

rotavirus research and the findings that relate to the novel hydrophobic pocket has unfolded 

an entirely new area of research with tremendous potential for the design and discovery of 

future drug candidates.       
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Chapter 1 

Introduction 

 
1.1 Background 

Diarrhea is the second most deadly disease worldwide, accounting for 1.5 million deaths per 

year, and almost 20% of mortality in children under the age of five (Wardlaw et al., 2010, 

Liu et al., 2012a, Walker et al., 2012). There are various viral, bacterial, and parasitic 

pathogens that cause diarrheal infections, which can vary depending on the country of origin. 

More than half of diarrheal deaths in young children worldwide are caused by rotavirus, 

calicivirus, and enteropathogenic and enterotoxigenic Escherichia coli (Lanata et al., 2013). 

Rotavirus (RV) is a genus of double-stranded ribonucleic acid (RNA) viruses belonging to 

the family Reoviridae that encompasses a diverse population of viruses capable of causing 

diarrhea in the young of both humans and animals (Bernstein, 2009).  The RV infections are 

not only restricted to infants and children, but have also been reported in adults (Tao, 1988). 

RV was first identified in 1973, by Ruth Bishop and colleagues in Australia, and 

subsequently gained recognition as the foremost cause of severe acute gastroenteritis in 

children under five years of age globally (Bishop et al., 1973, Glass et al., 2006). The name 

rotavirus was suggested by Thomas Henry Flewett in 1974, after he observed RV particles 

with an electron microscope, revealing that they had a wheel-like appearance (Fig. 1.1a). 

After four years the name was officially recognized by the International Committee on 

Taxonomy of Virus (Flewett et al., 1974, Flewett and Woode, 1978, Matthews, 1979). This 

chapter will outline the structural features, epidemiology, cell entry process, replication, 

vaccine development, and involvement of lipids in RV infections that have been documented 

to date. 
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Figure 1.1. Rotavirus capsid structure and double-stranded RNA genome. (a) Electron 
microscopic view of RV particles. Wheel-like appearance carrying spikes. (b) dsRNA segment of 
RV genome resolved by gel electrophoresis. Segment genes are labelled as g1-g11, and its protein 
products with genotype names are listed. (c) Reconstruction of mature RV triple-layered particle 
(TLP). Representing a cutaway view of a 9.5 Å cryo-electron microscopic structure. The TLP is 
coloured with spike protein VP4 in red, VP7 surface glycoprotein in yellow, intermediate VP6 layer 
in blue, and the core VP2 layer in green. Atomic structure of the individual proteins along with their 
location represents the Protein Data Bank (PDB) IDs: 3IYU(VP4), 3FMG (VP7), 3KZ4 (VP6), 3KZ4 
(VP2), and 2R7R (VP1). Each VP7 monomers coordinated with calcium ions are shown in black. 
(This figure is modified from (Elliott, 2007, Patton, 2012, Estes and Greenberg, 2013b) 
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1.2 Structural features of rotavirus 

RV is ubiquitous, non-enveloped, and segmented, with three concentric protein layers that 

surround the viral genome of 11 segments of double-stranded RNA (dsRNA) (Fig. 1.1b) 

(Estes, 2001). The dsRNA viruses represent a very large group of different pathogen 

infecting a wide variety of vertebrates, plants, fungi, and prokaryotes (Mertens, 2004). The 

majority of these viruses have icosahedral capsid structures and these RNAs are segmented 

(10 to 11 segments) and each segment is short (<2000 nucleotide pairs). The virion of these 

viruses contains a transcriptase which synthesizes mRNA from genomic template. The 

genome size in most families ranges between 7000 and 15,000 nucleotides and the 

coronaviruses have the largest genome of 30, 000 nucleotides in length (Makeyev and 

Grimes, 2004). The size limitation in the genome of dsRNA viruses is due to the polymerases 

that replicate the RNAs having no correction or proofreading system, unlike the DNA 

polymerases of cells which correct errors made by the polymerases. The rate at which the 

polymerases make errors is between 1 in 104 to 1 in 105 and such error can cause a fatal 

mutation (Makeyev and Grimes, 2004, Lawton et al., 2000).  

The genome sequence RVs encodes six structural proteins (VPs) and six nonstructural 

proteins (NSPs). The nomenclature of structural proteins was derived from their molecular 

weights, with VP1 (125 kDa) being the largest, and VP8* (the N-terminal proteolytic 

fragments of VP4; 28 kDa) being the smallest (Fig. 1.1b) (Estes, 2001, Estes and Kapikian, 

2007b). The mature infectious virions, also called triple-layered particles (TLPs) are ~1000 

Å in diameter (including the spikes), which is comparatively large for icosahedral, non-

enveloped viruses (Estes and Greenberg, 2013a). The innermost layer (core) encloses the 

genetic material and is principally made up of 120 copies of VP2 protein decorated in 60 

dimers, and exhibits a unique T=1 icosahedral arrangement (Li et al., 2009a). VP2 acts as 

the backbone of the inner viral core that also anchors a two-enzyme complex, comprised of 

RNA-dependent RNA polymerase (VP1) and methyltransferase (VP3) (Fig. 1.1c) (Li et al., 

2009a, McClain et al., 2010). The middle layer is structured by 780 copies of VP6 that are 

organized in 260 trimers and packed into a subtriangulated icosahedral lattice (T=13; laevo 

form) (Fig. 1.2b) (Zhang et al., 2008b, McClain et al., 2010, Estes and Greenberg, 2013a). 

Similarly, the outer layer of the viral capsid contains 780 copies of the glycoprotein VP7 
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that are organized in 260 trimers and forms T=13; laevo icosahedral symmetry (Fig. 1.1c). 

The outer layer also contains 180 copies of the protease-sensitive spike protein VP4, 

arranged as 60 trimers, projecting outward from the capsid (Fig. 1.1c) (Settembre et al., 

2011). Besides the structural proteins, the outer and middle layers of the viral capsid are also 

composed of 132 aqueous channels causing perforations in the viral particle. Of these 

perforations, 12 form the type I aqueous channel, and the remaining 120 form 60 each type 

II and type III aqueous channels (Trask et al., 2012, Harrison and Dormitzer, 2016). 

 
1.2.1 Inner capsid proteins 

The RNA-dependent RNA polymerase VP1, the scaffolding core protein VP2, and the RNA 

capping enzyme VP3 are the key inner capsid proteins that play a role in viral replication 

and RNA transcription. 

VP1 forms the minor component of the viral core, comprising 2% of the total viral mass, 

and is the product of segment 1 of the RNA genome (Fig. 1.1b) (Liu et al., 1988). At the 

atomic level, VP1 appears to be a compact globular protein with a diameter of ~ 70 Å (Fig. 

1.1c). The structure of RV polymerase (VP1) in complex with RNA and alone, reveals that 

VP1 contains three domains, namely the N- and C-terminal domains and a polymerase 

domain. Similar to the typical polymerases, the VP1 polymerase domain exhibits a right-

handed design. The polymerase domain is enveloped by the N- and C-terminal domains, 

giving a cage-like architecture that has a hollow catalytic center (Lu et al., 2008). The 

catalytic center is open to four tunnels that serve as a channel for the transportation of RNA 

products and their precursors. When cells are infected with RV, this polymerase enzyme 

generates mRNA transcripts for subsequent viral protein synthesis (Trask et al., 2012, Liu 

and Cheng, 2015, Zhang et al., 2015). 

The VP2 is effectively the major protein component of the RV inner core. The RNA gene 

segment 2 produces the VP2 that forms the major structural protein in the RV central core 

(Fig. 1.1b) (Lawton et al., 1997). The protein VP2 has been reported to be immunogenic, 

and its corresponding antibodies act as an indicator of viral infection. Earlier sequence 

studies on VP2 gene fragments reported the presence of leucine after every seventh residue. 

Previously, this leucine zipper was considered to engage with the RNA target site (Estes and 
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Greenberg, 2013a). Further evidence revealed that N-terminal residues of VP2 make 

significant contact with viral dsRNA, and these contacts may play a crucial role in 

maintaining the structural organization. VP2 also anchors the heterodimer of VP1 and VP3 

(McClain et al., 2010, Estrozi et al., 2013). The atomic structure of double-layered particles 

(DLPs) demonstrates that the VP2 exists in two isoforms (Fig. 1.1c), with one (VP2A) 

packing around the icosahedral fivefold axis that forms a star-shaped complex with a central 

pore lined by conserved basic residues. The second subunit (VP2B) packs against the gap 

between the VP2A isoform, creating a decameric cap structure at the fivefold symmetrical 

axis. The VP2 layer is comprised of 12 of these decameric complexes, and is approximately 

25 to 30 Å thick (McDonald and Patton, 2011b, Trask et al., 2012, Estes and Greenberg, 

2013b, Gridley and Patton, 2014).          

VP3 is the minor protein, comprising 835 amino acids, and is the product of segment 3 of 

the RNA gene (Lawton et al., 1997). VP3 has been shown to bind covalently and reversibly 

with GMP, and also has an affinity for S-adenosyl-L-methionine (SAM), indicating that it 

exhibits methyltransferase activity (Ogden et al., 2014). Despite its low production, this 

enzyme plays a major role in the synthesis of capped mRNA transcript. The atomic structure 

of VP3 remains unknown, likely due to the difficulties in purifying full-length recombinant 

proteins (Ogden et al., 2014, Morelli et al., 2015, Harrison and Dormitzer, 2016). 

 

1.2.2 Intermediate capsid proteins 

The inner core and the intermediate layer together constitute a transcriptionally active though 

non-infectious DLP, having a diameter of 705 Å (Chen et al., 2009, McClain et al., 2010, 

Zhang et al., 2008b). Segment 6 of the RNA genome produces VP6, which is considered to 

be one of the major inner viral capsid proteins, constituting nearly 39% of all viral structure 

protein by mass (Teng et al., 2014). The VP6 subunit comprises two major domains: The 

distal domain has eight-stranded jelly-roll β-barrel folds, and the proximal domain forms a 

cluster of eight α-helices, including flexible loop structures (Mathieu et al., 2001, McClain 

et al., 2010). The distal domain makes contact with VP7 and VP4, whereas the flexible loop 

of the proximal domain engages optimally with the underlying VP2 protein (Li et al., 2009a, 

Trask et al., 2012). These interactions between VP6 and VP7 from the top and VP2 at the 
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bottom are essential to stabilizing the overall integrity of the RV virion. The structural 

integrity is the prerequisite for efficient RV cell entry and endogenous transcription. A Zn2+ 

was identified at the centre of the VP6 trimer, on the threefold molecular axis, where it 

coordinates with His153 (conserved among group A RV strains) (Chen et al., 2009, Li et al., 

2009a, Charpilienne et al., 2002, Mathieu et al., 2001). This type of coordination resembles 

that of the hexameric insulin structure (Li, 2014, Coffman and Dunn, 1988, Carpenter and 

Wilcox, 2014). 

 

1.2.3 Outermost capsid proteins 

The outermost layer is composed of VP7 trimers that cap each VP6 trimer, and the trimers 

of VP4 protein that form the spike. 

The glycoprotein VP7 (37 kDa) is arranged as 260 trimers, and creates the outer layer (35 Å 

thick) of the capsid (Fig. 1.1b & c) (Estes and Greenberg, 2013b, Aoki et al., 2009, Trask et 

al., 2012). Ca2+ stabilizes the VP7 trimer which consists of two principal domains: Domain 

I exhibit a Rossmann fold (fold mostly composed of up to seven parallel beta strands, where 

an α-helix connects the first two strands) with disulphide bridges, and domain II exhibits a 

jelly-roll beta sandwich fold with three disulphide bridges (Ruiz et al., 1996, Aoki et al., 

2009, Trask et al., 2012). The engagement of three VP7 subunits with each other gives an 

appearance of a plate-like trimer sitting on top of the VP6 trimers. The N-terminal arm, 

containing a conserved glycan at 69 positions, grips the underlying trimer of VP6. The 

interface between VP7 and VP6 is highly hydrated, with almost no direct protein-to-protein 

contact. However, the special wrapping of the N-terminal segment (30 residues) 

demonstrates the high-affinity association (Chen et al., 2009, Li et al., 2009a, Harrison and 

Dormitzer, 2016). Consistent with other glycoproteins, the synthesis of VP7 is carried out 

on membrane-bound ribosomes, and is secreted into the endoplasmic reticulum (ER). The 

specific role of VP7 is less characterized, though it has been reported to involve in the post-

attachment interactions with integrin (Coulson et al., 1997, Ciarlet et al., 2002a, Guerrero et 

al., 2000a). The N-terminal arm of VP7 also clutches the base of the VP4 trimer in position, 

and the destabilization of VP7 by the loss of Ca2+ causes the dissociation of both VP7 and 

VP4 from the DLP (Elaid et al., 2014). The calcium-driven uncoating event of VP7 from the 
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DLP triggers the VP4 structural rearrangement during the RV penetration to the cells (Trask 

and Dormitzer, 2006, Trask et al., 2012). In vitro prevention of this uncoating event by the 

introduction of an engineered disulphide bond across the VP7 domain has blocked the viral 

penetration step (Dormitzer et al., 2000, Dormitzer et al., 1994, Aoki et al., 2011). The 

uncoating of the RV outer layer by calcium chelation promotes the binding of VP5* (a 

proteolytic product of VP4) to the lipid bilayer membrane. Thus, VP7 plays a crucial role in 

the calcium-driven uncoating event and subsequent penetration of the RV virion into host 

cells (Trask et al., 2010, Arias et al., 2016). 

VP4 has a complex domain organization that forms the 60 trimeric spikes projecting from 

the smooth surface of the outer layer (Fig. 1.1c). The spikes are formed by VP4, with its base 

at the periphery of type II aqueous channels encompassing the fivefold icosahedral axes 

(Settembre et al., 2011, Rey, 2009, Estes and Greenberg, 2013a). Structural studies presented 

the multi-domain nature of VP4 spikes with a unique trimeric architecture that extends to 

nearly 120 Å from the smooth viral surface, and has an overall radial length of 200 Å (Fig. 

1.2a) (Chen et al., 2009, Estes, 2001, Estes and Greenberg, 2013a, Estes and Kapikian, 

2007b). Tryptic cleavage in the gut or in cell culture is essential for infectivity, and it cleaves 

VP4 into two functional domains: The N-terminal VP8* (28 kDa, aa 1 to 247), and the C-

terminal VP5* (60 kDa, aa 248 to 776). Both these cleaved products remain noncovalently 

associated with the virion (Fig. 1.2a) (Estes et al., 1981, Trask et al., 2010, Rodriguez et al., 

2014, Crawford et al., 2001). The VP4 spike comprises two distal lectin domains (VP8*) 

connected with a central body (β-barrel domain of VP5*), with a twofold symmetry and a 

foot domain (globular domain of VP5*) that is seen in both trypsin treated and un-treated 

viral particles (Fig. 1.2b) (Rodriguez et al., 2014, Trask et al., 2012). The crystallographic 

structures and cryo-EM analysis at near-atomic resolution illustrate that the unique trimeric 

configuration of the cleaved VP4 spike is formed by different conformations that include 

dimers, trimers, and asymmetric domains (Settembre et al., 2011, Zhang et al., 2008b). The 

central body of the spike is composed of three subunits of β-barrel domain of VP5*, where 

the first two β-barrels (VP5*A and VP5*B) adopt a dimeric view above the capsid surface, 

while the third VP5* β-barrel (VP5*C) is positioned proximally to the virion surface and 

interacts with the VP7 layer (Fig. 1.2b) (Aoki et al., 2009, Li et al., 2009b, Rodriguez et al., 

2014, Settembre et al., 2011). The foot of the spike is built by the globular domain of the 
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VP5* polypeptide that is organized as a trimeric base, and is tucked inside the type II solvent 

channels between the VP7 and VP6 capsid layer (Estes and Greenberg, 2013a, Settembre et 

al., 2011). This engagement implies that during virus assembly, the VP4 spike must be 

attached to the DLPs prior to the incorporation of VP7, which has also been confirmed by 

the in vitro viral reconstitution studies (McDonald and Patton, 2011a, Guglielmi et al., 2010, 

Jayaram et al., 2004, Komoto, 2013, Patton et al., 2007). The VP4 spike comprises two distal 

lectin domains (VP8*) connected with a central body (β-barrel domain of VP5*), with a 

twofold symmetry and a foot domain (globular domain of VP5*) that is seen in both trypsin 

treated and un-treated viral particles (Fig. 1.2b) (Rodriguez et al., 2014, Trask et al., 2012). 

The crystallographic structures and cryo-EM analysis at near-atomic resolution illustrate that 

the unique trimeric configuration of the cleaved VP4 spike is formed by different 

conformations that include dimers, trimers, and asymmetric domains (Settembre et al., 2011, 

Zhang et al., 2008b). The central body of the spike is composed of three subunits of β-barrel 

domain of VP5*, where the first two β-barrels (VP5*A and VP5*B) adopt a dimeric view 

above the capsid surface, while the third VP5* β-barrel (VP5*C) is positioned proximally to 

the virion surface and interacts with the VP7 layer (Fig. 1.2b) (Aoki et al., 2009, Li et al., 

2009b, Rodriguez et al., 2014, Settembre et al., 2011). The foot of the spike is built by the 

globular domain of the VP5* polypeptide that is organized as a trimeric base, and is tucked 

inside the type II solvent channels between the VP7 and VP6 capsid layer (Estes and 

Greenberg, 2013a, Settembre et al., 2011). This engagement implies that during virus 

assembly, the VP4 spike must be attached to the DLPs prior to the incorporation of VP7, 

which has also been confirmed by the in vitro viral reconstitution studies (McDonald and 

Patton, 2011a, Guglielmi et al., 2010, Jayaram et al., 2004, Komoto, 2013, Patton et al., 

2007). 
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Figure 1.2. Structure of spike protein VP4. (a) Diagrammatic representation of the organization 
of VP4 polypeptide chain. This figure is adapted from (Settembre et al., 2011). Tryptic products of 
VP4 spikes generate VP8* (bar coloured in magenta and labelled as lectin), and VP5* (bar coloured 
in red and labelled as β-barrel and C-terminal), with deletion of residues 232–247 (green). The β-
barrel domain of VP4 (also called the VP5Ag (antigen domain)) contains two subunits that form the 
body (VP5*A and VP5*B), and the third forms the stalk (VP5*C). The tryptic cleavage of 
recombinant VP4 produces VP5* called as VP5CT. The labelled ‘c-c’ segment (in cyan) forms the 
three-chain coiled coil in the crystal structure of VP5CT. The foot region of VP4 is formed by the 
segment of N-terminus of VP8* labelled, “α” and the C-terminal domain of VP5*. The numbers 
above the coloured bar represent the residues at the domain, segment, and fragment boundaries. (b) 
The transition of VP5* β-barrel conformation as the part of the mature VP4 spike into VP5CT is 
depicted in the cartoon representation (PDB ID: 3IYU (VP4)). VP8* and VP5* are coloured and 
labelled in magenta and red respectively. This figure is modified from (Harrison and Dormitzer, 
2016). Subunits of VP5* (VP5*A, VP5*B, VP5*C, and VP5 foot) are labelled in red. Red asterisks 
indicate hydrophobic loops on the two VP5* subunits (VP5*A and VP5*B,) that are covered by 
VP8*, and on the third VP5* subunit (VP5*C) that is covered by the two former subunits of VP5*. 
Red arrows indicate the possible transition from the β-barrel state into the trimeric VP5CT state. The 
three-chain coiled coil in the crystal structure of VP5CT (PDB ID: 1SLQ) is coloured in cyan 
(represent the ‘c-c’ segment). The C-terminal foot region is depicted in featureless oval (no structural 
information available). VP5CT represents the ‘fold back’ umbrella-shaped conformation with 
exposed hydrophobic loops. 
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The VP4 spike protein plays a major role in the initial attachment of the virus to the cell 

surface receptor and subsequent penetration (Lopez and Arias, 2006, Baker and Prasad, 2010, 

Arias et al., 2015). Membrane penetration demands the exposure of hydrophobic residues of 

VP4 that eventually helps with membrane disruption. The β-barrels contain a cluster of three 

hydrophobic loops that are capped by VP8* lobes in case of the first two upright conformers 

(VP5*A and VP5*B). By contrast, based on the structures available to date, the hydrophobic 

loop of the third β-barrel (VP5*C) is covered by the lower end of the VP5*A and VP5*B 

subunits, and the third VP8* subunit is speculated to be removed by trypsin cleavage 

(Rodriguez et al., 2014, Li et al., 2009b, Pesavento et al., 2003, Settembre et al., 2011). The 

3.2 Å crystal structure of a C-terminally truncated fragment of VP5* (VP5CT) revealed a 

highly stable threefold symmetric conformational stage, rather than elongated and quasi-

equivalent dimer spike conformation (Most virus capsids comprise of multiples of 60 copies 

of subunits that obey icosahedral symmetry and these subunits are held together by 

interactions that are quasi similar to the ones found between the subunits related by the strict 

icosahedral symmetry (Caspar and Klug, 1962)) (Fig. 1.2b) (Yoder and Dormitzer, 2006, 

Yoder et al., 2009). This apparent ‘fold back’ mechanism to form an umbrella-shaped 

VP5CT, which is essential to expose the hydrophobic loops in the VP5*, closely resembles 

the class II and class III fusion loops of viral fusion proteins that undergo conformational 

rearrangement for subsequent cell entry (Yoder and Dormitzer, 2006, Yoder et al., 2009, 

Trask et al., 2010, Kim et al., 2010). The lectin domain of the N-terminal VP8* has a 

galectin-like fold, and it is considered to make the first interaction with the cell surface 

receptors (Dormitzer et al., 2002c). The VP8* capping the hydrophobic loop of β-barrels 

VP5*A and VP5*B has been identified to attach with the cell surface receptor. It is 

noteworthy that the role of the third VP8*, which is anticipated to cap the third VP5*C, has 

not been established to date. The receptor-binding site of VP8* shows specificity in the 

attachment, and thereby indicates a certain level of tropism (Dormitzer et al., 2002a, Böhm 

et al., 2015, Coulson, 2015, Ramani et al., 2016, Kim et al., 2017). 

 

1.3 Classifications 

RVs are categorized serologically into eight species (A-H) that are defined by the genetic 

differences and antigenic properties of the viral protein 6 (VP6) gene. These species of RV 
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share the cross-reacting antigens diagnosed by some serological tests, for example, 

immunofluorescence, Enzyme-Linked Immunosorbent Assay (ELISA), and electron 

microscopy (Estes et al., 2001, Matthijnssens et al., 2012b). The RV groups A, B, and C 

strains infect both humans and animals, whereas groups D, E, F, and G strains have been 

determined to infect mostly animals (Matthijnssens et al., 2012b). The RV group H strains 

(often referred to as ‘new adult diarrhea rotavirus’) are relatively new, and have been isolated 

globally to include four porcine strains from Japan and Brazil, and three strains from China 

and Bangladesh (Matthijnssens et al., 2012b, Molinari et al., 2014). The RV strains 

belonging to group A predominantly infect humans as well as a broad range of mammalian 

and some avian species (Estes and Kapikian, 2007a). Numerous animal species (pigs, cattle, 

dogs, goats, cats, horses, and birds) are infected by group A RV strains, causing a 

considerable burden and economic loss, particularly with regard to calves, piglets, and foals 

(Lecce and King, 1978, Conner and Darlington, 1980, Legrottaglie et al., 1997, Martella et 

al., 2010, Papp et al., 2013). In 1989, a binary classification was introduced based on the 

antigenic reactivity of two viral outer capsid proteins VP7 (glycoprotein) that denotes G 

serotype, and the protease-sensitive VP4 protein that represents P serotype (Matthijnssens et 

al., 2008b). Subsequently, this serotype-based classification was substituted by a 

classification that depends on the genetic sequence of VP7 and VP4 proteins, resulting in 

the designation of G (conventionally denoted in bracket) and P genotypes respectively. A 

total of 27 G genotypes and 37 P genotypes have been identified to date; these are distributed 

unevenly in humans and multiple animal species (Matthijnssens et al., 2011a, Trojnar et al., 

2013). Twelve G genotypes and 16 P genotypes have been identified in humans that are 

circulated as a combination of G-P genotype (~ 70 RV strains with mixed G-P genotype in 

humans). Some genotypes are circulating worldwide at a higher rate and are endemic in the 

human population, while others are sporadically detected and possibly represent zoonotic 

transmissions (Martella et al., 2010, Banyai et al., 2012). 

 

1.4 Epidemiology and transmission of rotaviruses 

RV infections are estimated to account for one third of all diarrheal cases causing severe 

diarrhea and dehydration in young children (Bresee et al., 2004). The World Health 
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Organization (WHO) has estimated 528,000 deaths due to RV in children <5 years of age in 

2008. This number declined by more than half to 215,000 deaths in 2013 after the 

introduction of vaccines (Tate et al., 2016). Though child mortality rates due to RV are 

unevenly distributed between developed and developing countries (Fig. 1.3a), the 

occurrence of incidence remains the same (Parashar et al., 2006, Tate et al., 2012). The 

majority of child deaths (56%) due to RV infection occur in sub-Saharan African countries, 

where the mortality rates are >100 per 100000 (Fig. 1.3a). India, Nigeria, Pakistan, and the 

Republic of Congo accounted for approximately half of all deaths due to RV infection in 

2013 (Fig. 1.3b). India alone, due to its large population size, estimated the greatest number 

of fatalities, and accounted for approximately one fifth of the global deaths due to RV in 

2013 (Fig. 1.3b) (Tate et al., 2016). The fact that the developing countries show a relatively 

higher mortality rate, is perhaps due to poor hygiene, greater malnutrition, limited clinical 

access, and higher exposure to the virus (Dagan et al., 1990, Leung et al., 2005). 

 

 

 

Figure 1.3. Global mortality due to RV infection in 2013. (a) The rate of death among children <5 
years of age, by country. Countries coloured in red experienced maximum mortality rate due to RV 
infection. (b) Countries accounting for the greatest number of deaths among children <5 years of age. 
Figures adapted from (Tate et al., 2016). 

 

RVs exhibit a fundamental characteristic of seasonal dependence. For example, in several 

countries with temperate climates, the majority of RV infections occur in winter months 

(Cook et al., 1990, Atchison et al., 2010). By contrast, tropical countries reveal the 
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occurrence of RV infections throughout the year, with highest rates being observed in cooler, 

drier months (Levy et al., 2009, Jagai et al., 2012). Adults infected by RV are asymptomatic 

due to the presence of protective immunity gained from previous exposure. The seasonal 

pattern of RV infection as observed in the pediatric population is also noticed in adults 

(Awachat and Kelkar, 2006, Anderson et al., 2012). The faecal-oral route primarily transmits 

RV, however, contaminated water, air, and food can also help in the spread of RV. The 

traveller’s diarrhea reported mostly in Jamaica, Mexico, and Central America may be caused 

by RV infection (Hung et al., 1984, Black, 1990, Mead et al., 1999, Mayr et al., 2009). RV 

is considered to be highly contagious, as merely 10 to 100 infectious viral particles are 

sufficient to cause infections (Graham et al., 1987). The minimal infectious RV particles can 

be acquired through personal contact and exposure to contaminated surfaces or objects 

(fomites). The RV virions are relatively stable to the treatment of fluorocarbons and chlorine 

levels used for sewage effluent and drinking water (Ansari et al., 1991). 

 

1.4.1 Genomic diversity of rotaviruses 

The RV strains have rapidly evolved over decades by employing three main mechanisms 

(Blackhall et al., 1996). The accumulation of point mutation generates genetic lineages, and 

results in the generation of mutants able to abscond the existing antibodies against them 

(Jenkins et al., 2002). The more dominant mechanism is a genetic shift, where the genetic 

materials are exchanged by reassortment when the single cells are infected by multiple RV 

strains (Iturriza-Gomara et al., 2001). The trade of genes between RV strains to produce new 

genetic compositions is facilitated by the segmented feature of the RV genome. This 

exchange of genetic material between two RV strains often leads to the creation of an entirely 

different novel viral strain (Ramig and Ward, 1991, Iturriza-Gomara et al., 2001, Maunula 

and Von Bonsdorff, 2002, Medici et al., 2007, Ward et al., 1990). Reassortment between the 

animal and human RV strains may lead to the generation of chimeric viruses that incorporate 

the genetic materials of both animal and human RV strains. These chimeric viruses would 

increase the chance to cross the interspecies barrier, and contribute to the increased diversity 

of RV strains that infect humans (Luchs et al., 2012, Awachat and Kelkar, 2006). The 

frequency of co-infections is one of the crucial factors that determine the successful 
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generation of RV reassortant. The detection of atypical strains is higher in developing 

countries than in advanced ones, and correlates with the higher rate of co-infections in 

developing countries (Patton, 2012, Doro et al., 2014). 

RV strains belonging to group A (RVA) have dominated the infections in humans worldwide. 

The combinations G4P[8], G3P[8], G2P[4], and G1P[8] historically account for the most 

prevalent strains infecting humans globally (Fig. 1.4) (Matthijnssens et al., 2011a). The G9 

strains have often been detected in the past ten years, and are generally associated with P[8]. 

The G9P[8] strain was first considered rare, and today it ranks as the fifth most dominant 

strain circulating in the human population (Matthijnssens et al., 2011a, Patel et al., 2011, 

Patton, 2012, Carmona et al., 2006). A recently identified strain, G12P[8], is considered an 

emergent genotype, and is an epidemiologically important strain spreading across the globe 

(Rahman et al., 2007, Luchs et al., 2016). According to the 2010 WHO surveillance, the 

most predominant unusual strains were G3P[6], G1P[6], and G2P[6] in Africa; G2P[8] and 

G1P[4] in the Western Pacific; G12P[6] and G12P[8] in Southeast Asia; and G9P[4] in the 

USA (Patton, 2012, Tate et al., 2016, Luchs et al., 2016).   

 

 
Figure 1.4. Rotavirus genotype surveillance studies from 1996 to 2007. (a) Prevalence of G-
genotype worldwide. (b) Prevalence of G-P combination genotype worldwide. NT represents non-
typeable RV strains, and MIX represents the proportion of RV strains where either multiple G types 
or G-P type were identified. Some unusual G-P type strains were also identified. This figure is 
adapted from (Bányai et al., 2012). 
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Multiple RV strains infect a wide variety of animal species. Among them G5, G10, G3, G14, 

and P[12] genotypes are frequently identified in equines (Martella et al., 2010, Matthijnssens 

et al., 2012a). G3 is the most circulated genotype in domestic animals, and is typically 

associated with P[5] and P[3] in dogs, and P[9] and P[3] in cats (Tsugawa and Hoshino, 

2008, Dhama et al., 2009). G3 strains are often identified in rabbits, along with P[14] and 

P[22] (Martella et al., 2005). G6 and G10 are often detected in livestock and dairy cattle 

respectively (Varshney et al., 2002). There are several genotypes, G1-G6, G8-G12, P[1], 

P[5-8], P[11], P[13], P[19], P[21-27], and P[32], that have been isolated in pigs (Miyazaki 

et al., 2011). The RVA genotype has also been reported to infect wild animals such as 

raccoons, palm civets, fruit bats, giant pandas, vicunas, horseshoe bats, wild boars and 

giraffes (Abe et al., 2010, Esona et al., 2010a, Guo et al., 2013, He et al., 2013, Okadera et 

al., 2013, O'Shea et al., 2014). 

 

1.4.2 Interspecies transmission 

The RV strains display some degree of host restriction, as species-specific RV strains are 

more frequently identified than interspecies strains (Martella et al., 2010). The potential of 

RV transmission was first determined in 1980s among mammalian species (de Leeuw et al., 

1980, Dhama et al., 2009). It was demonstrated that a bovine infecting RV strain could cause 

diarrhea in rabbits, and in turn was capable of infecting calves as well (Castrucci et al., 1984). 

The RV strains infecting mammals have been shown to cause diarrhea in birds, and the 

pigeon RV strain (PO-13) was demonstrated to infect mice (Mori et al., 2001, Wani et al., 

2003). 

Zoonotic transmission refers to the introduction of animal RV strains into the human society, 

and causes a tremendous burden in epidemiological surveillance (Martella et al., 2010). RV 

strains have been reported to cross the interspecies barriers often, however, these are 

frequently not able to disseminate and infect the alternative host efficiently. The formation 

of chimeric strains that possess the gene fragment of both animal and human origin is not 

considered a sporadic case. In fact, these are more efficient in transmission to and replication 

in humans than in the indigenous animal strain (Martella et al., 2010, Doro et al., 2015, 

Moutelikova and Prodelalova, 2015). The G5P[8] reassortant from porcine and human 
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strains has been identified to circulate widely in Brazil, Argentina, and Paraguay (Gouvea et 

al., 1994, Bok et al., 2001a, Coluchi et al., 2002, Carmona et al., 2004). Another porcine-

human G9P[19] reassortant and a bovine-human G10P[11] reassortant have been identified 

in India (Ghosh and Naik, 1989b, Varghese et al., 2004, Kelkar and Ayachit, 2000). The 

human RV strains R01845 and HCR3A, belonging to G3P[3], have been found by complete 

genome sequence analysis to be closely related to canine and feline strains (Tsugawa and 

Hoshino, 2008). Some of the globally circulated genotypes G9 and G12 are reported to have 

originated from zoonotic transmission (Rahman et al., 2007, Ghosh et al., 2006, Hoshino et 

al., 2005, Matthijnssens et al., 2008a). 

The G5 RV strains originally found in pigs and horses, G9 in pigs and sheep, and G3 in cats, 

dogs, pigs, and horses have also been reported to circulate in the human population in 

different regions (Dhama et al., 2009, Martella et al., 2010). Thus pigs may be considered as 

a reservoir that harbors genotypes with the potential to infect humans (Vlasova et al., 2017). 

Also, the swine genotypes (G4, G5, G6, and G8) were demonstrated to circulate in humans, 

camels, and calves, whereas the cattle-originated genotypes G6, G8, and G10 mainly infect 

humans (Doro et al., 2015, Luchs and Timenetsky Mdo, 2016, Martella et al., 2010, 

Moutelikova and Prodelalova, 2015). The inherent capability of RV strains to reassort and 

to cross the interspecies barrier, especially among animals and humans, poses a major 

challenge to counteract these viruses. The risk of interspecies transmission is substantially 

higher in countries where animals and humans live in close proximity with intimate contacts 

(Cook et al., 2004, Esona et al., 2010b). The study of RV strains showing zoonotic events 

will certainly provide a subtle understanding of the common mode of its mechanism of 

infection. 

 

1.5 Rotavirus cell entry 

The pathogenesis of RV gastroenteritis is multiple complex processes and are poorly 

understood (Ball et al., 1996, Lundgren and Svensson, 2001, Ramig, 2004, Spiller, 2002). 

The duodenal biopsy specimen’s examination from children with RV infection revealed 

short and blunted villi, mitochondrial swelling, crypt hypertrophy, mononuclear cell 

infiltration of the lamina propria, and distension of the endoplasmic reticulum (ER) (Bishop 
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et al., 1973, Davidson and Barnes, 1979). Animal models have revealed that RV infection 

results in the net secretion of fluid, sodium, and chloride from the intestine and the inhibition 

of glucose cotransport of electrolytes (Lundgren and Svensson, 2001, Davidson et al., 1977). 

 
The RV infectivity depends predominantly on the virus recognition and binding to the cell 

surface receptors, and subsequent entry of the viral particles into the host cell. Thus, the 

specific recognition of the receptor on the host cell surface determines the success of the 

infection, and also establishes cell-specific tropisms (Coulson, 2015, Lopez and Arias, 2006, 

Lopez and Arias, 2004, Ramani et al., 2016). The outermost layer proteins VP4 and VP7 

mediate virus attachment and/or entry through their interactions with the host cell receptors, 

while the identity of the cellular receptor(s) recognized by RV remains controversial. The 

electron cryo-microscopy, 3D reconstruction, and crystallographic studies revealed the 

architecture of the VP4 spike, and a molecular model for VP4-membrane interaction during 

RV entry has been proposed (Abdelhakim, 2014, Harrison and Dormitzer, 2016). This model 

presented the distinct conformational state of VP4 during RV cell entry. To be infectious 

and to facilitate membrane penetration, the virus depends on specific cleavage of VP4 into 

VP8* and VP5* by trypsin present in the host gastrointestinal tract, resulting in a sevenfold 

increment in viral infectivity (Estes et al., 1981, Bernstein, 2009). Tryptic cleavage generates 

the first conformational rearrangement that rigidifies the spike by dimeric interactions in the 

external segment of two VP4 subunits. This dimeric interaction facilitates the lectin domain 

VP8* for cell surface attachment, whereas the third VP4 subunit is considered to remain 

flexible (Settembre et al., 2011). The second transition triggered by an unknown mechanism 

was proposed based on the trimeric crystal structure of VP5*. This transition is accompanied 

by the disruption of the dimeric state of VP4, and thereby dissociates the VP8* and VP5*. 

In this transition, the VP5* forms an umbrella-shaped trimer that exposes its hydrophobic 

loops, which may fuse with the host cell membrane (Yoder and Dormitzer, 2006, Yoder et 

al., 2009).  
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Figure 1.5. A model of conformational transformation of spike VP4 during cell entry. VP8* in 
purple cartoon or oval, glycolipids in blue diamond, a hydrophobic loop of VP5* in red asterisk, VP7 
in a yellow rectangle, VP6 and VP2 are coloured in green and blue respectively. Step 1: VP8* binds 
to glycolipid receptor. Step 2: Dissociation of VP8* and engagement of hydrophobic loop of VP5* 
with the cell membrane. Step 3: Reduced Ca2+ causes VP7 dissociation and release of VP5*. Step 4: 
Complete foldback of VP5* (VP5CT) linked to vesicle bilayer through its hydrophobic loops, and 
thus disrupting the membrane, allowing the release of DLPs. Figure reproduced from (Abdelhakim, 
2014). 
 
 
The fold-back rearrangement of VP5* could also alter interactions with receptors, or could 

directly activate the virion uncoating by the decrease of the local calcium concentration. 

Thus, RV cell entry is considered to be a multistep process that involves viral attachment to 

cell surface carbohydrates and post-attachment interactions with several cell surface 

components (Lopez and Arias, 2004, Lopez and Arias, 2006). 

 
1.5.1 Virus attachment to carbohydrates 

Carbohydrates are considered to be a vital and the most abundant class of organic molecules 

in nature. Carbohydrates are the lower molecular weight saccharides (monosaccharides and 

disaccharides) that are often referred to as sugars, with some larger saccharides 

(polysaccharides) acting as the storage and structural components in living systems (Flitsch 

and Ulijn, 2003). Almost all cells are decorated with an approximately 10 to 100 nm thick 

layer (glycocalyx) of complex carbohydrates in the form of polysaccharides, glycolipids, 

glycoproteins, and other glycoconjugates (Ghazarian et al., 2011, Hu and Xu, 2011). Proteins 
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binding to saccharides mediates cell-cell interactions in several cellular processes, for 

example, inflammation, cellular signal transfer, embryogenesis, pathological processes, 

blood coagulation, and immune response (Wu et al., 2006, Han et al., 2011, Hu and Xu, 

2011, Nakamura et al., 2013). Negatively charged carbohydrates containing sialic acid (Sia) 

or heparan sulfate are widely expressed on various types of cells and tissues, and function 

as the common receptors for virus entry into host cells. Viruses such as reovirus, rotavirus, 

paramyxovirus, orthomyxovirus, polyomavirus, parvovirus, and coronavirus recognize 

sialic acid-containing receptors (Chappell et al., 2000, Yu and Blanchard, 2014, Coulson, 

2015, Villar and Barroso, 2006, Takahashi, 2016, Neu et al., 2013, Lofling et al., 2013, Qian 

et al., 2015), whereas herpesvirus, flavivirus, and adeno-associated virus use heparan sulfate 

as their binding partner (Herold et al., 1996, Ganguly et al., 2013, Dechecchi et al., 2001). 

By contrast, some enteric viruses such as norovirus and rotavirus may also utilize uncharged 

histo-blood group antigens (HBGAs) as their receptor for cell entry (Heggelund et al., 2017). 

Thus, rotaviruses have been identified to recognise both charged and uncharged 

carbohydrates (Yu and Blanchard, 2014, Coulson, 2015, Ramani et al., 2016). 

Glycolipids are biomolecules that comprise one or more carbohydrate moieties connected 

by glycosidic linkage with that of a hydrophobic lipid chain. When the lipid moiety is either 

a sphingoid or a ceramide, linked with carbohydrates these are referred to as 

glycosphingolipids (Stults et al., 1989, Schnaar, 1991). Acidic glycosphingolipids (Asano et 

al., 1991) are a diverse class of glycosphingolipids that contain one or more Sia in their 

carbohydrate moiety and are termed “gangliosides”. Sia includes a family of nine-carbon 

neuraminic acids that are usually located at the outermost ends of the glycosphingolipids, 

and are also found in N-glycans, and O-glycans. The diversity in Sia’s structure is mainly 

due to the linkage at C-2 by a variety of sugar chains and subsequent modification at the 4, 

5, 7, 8, and 9 positions (Fig. 1.6). The diversity within Sia and its terminal location on the 

glycans have been exploited by a wide variety of Sia-binding proteins (Varki, 2008, Varki 

and Varki, 2007). 
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Figure 1.6. The diversity of naturally occurring Sia. The figure is adapted from (Mandal et al., 

2015, Angata and Varki, 2002). The structure of Neu5Ac and Neu5Gc is presented. 

 

RVs mediate initial cell attachment using the VP8* domain, a tryptic product of VP4. Sia-

containing glycans have been proposed as an initial cell attachment receptor for some RV 

strains (Fig. 1.7), whilst the Sia requirement is still contentious. Some studies have shown 

that glycan dependency correlates with VP4 genotype specificity, which may determine the 

viral host tropism, host adaptation, and zoonosis (Venkataram Prasad et al., 2014, Shanker 

et al., 2017). N-acetylneuraminic acid (Neu5Ac) and its hydroxylated derivative, N-

glycolylneuraminic acid (Neu5Gc), are the most common forms of sialic acid expressed in 

mammalian tissues (Wang, 2012, Diaz et al., 2009). Neu5Gc is widespread in animals, and 

is not synthesized in normal human tissues due to the mutation of CMP–N-acetylneuraminic 

acid hydroxylase (Davies and Varki, 2015). However, Neu5Gc can be metabolically 

incorporated into human tissues from animal-derived foods and milk products 

(Tangvoranuntakul et al., 2003, Byres et al., 2008). Different RV strains have been 

categorized as neuraminidase (NA)-sensitive or -insensitive, depending on their capacity to 

infect host cells when treated previously with NA (Lopez and Arias, 2004, Lopez and Arias, 

2006). Interestingly, most of the NA-sensitive RV strains (notably porcine CRW-8 (P[7]) 

and bovine NCDV (P[1])) manifest striking discrimination in recognition of Neu5Ac and 

Neu5Gc, which matches well with the evolutionary perspective of the rotavirus strain origin 
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(Yu and Blanchard, 2014). Critically, this binding specificity of the VP8* protein is 

translated to that exhibited by infectious rotavirus virions (Yu et al., 2012). Some other NA-

sensitive RV strains OSU (P[7]) and SA11 (P[2]) have shown better specificity for Neu5Gc 

over Neu5Ac, contrasting the simian RRV (P[3]) (Delorme et al., 2001, Dormitzer et al., 

2002a). The distinct binding preference of RRV was explained by the presence of lysine at 

position 187 of the VP8*, causing steric hindrance with the hydroxyl group of Neu5Gc. The 

amino acid at position 187 is occupied by a glycine in most NA-sensitive animal strains, and 

it was speculated that the amino acid type at this position could influence the binding 

preference toward Sia derivatives (Yu et al., 2012, Yu and Blanchard, 2014, Isa et al., 2006). 

Using thin-layer chromatography (TLC) binding assay, some NA-sensitive strains such as 

simian SA11 and bovine NCDV have been shown to bind with the ganglioside that contains 

terminal Sia, whereas the NA-insensitive bovine UK (P[5]) binds to the gangliosides 

containing sub-terminal Sia (Delorme et al., 2001). This notion has been supported by 

previous reports, where NA-insensitive human RV strains KUN (P[4]) and MO (P[4]) were 

shown to be dependent on the sub-terminal Sia-containing GM1a for their infectivity (Guo 

et al., 1999), and the GM3 (a terminal Sia-containing ganglioside) was shown to block the 

infection of NA-sensitive porcine RV strain OSU (Rolsma et al., 1998). In the quest to 

determine Sia-dependence in RV infections, several crystal structures of VP8* (belonging 

to NA-sensitive RV strains), in complex with Sia or Sia-containing glycans, have been 

presented. VP8* has a galectin-like fold with a shallow cleft that separates the two β-sheets, 

and the atomic structures reveal that Sia binds near the cleft region. Saturation transfer 

difference nuclear magnetic resonance (STD NMR) spectroscopy also showed that the NA-

sensitive strains CRW-8 and RRV use terminal Sia of GD1a and GM3 glycans, respectively, 

as their binding partners (Böhm et al., 2015, Haselhorst et al., 2007, Haselhorst et al., 2011, 

Haselhorst et al., 2009). With respect to human strains, the structural information of NA-

insensitive RVs in complex with ganglioside has not been reported. However, STD NMR 

spectroscopy and molecular modeling studies of VP8* from a highly circulated NA-

insensitive human Wa strain (P[8]) showed the binding to sub-terminal Sia residue of GM1a 

glycan (Haselhorst et al., 2009). Importantly, in regard to the biological relevance of their 

results, there is no difference in the carbohydrate recognition between the whole virus and 

the recombinant VP8* protein. The apo crystal structures of the VP8* domain from NA-
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insensitive RV strains DS-1 (P[4]) and Wa (P[8]) revealed that galectin-like folds are 

conserved, but the cleft between the two sheets where Sia binds in some NA-sensitive RV 

strains is comparatively wider (Monnier et al., 2006). NMR and modeling studies proposed 

that sub-terminal Sia-containing gangliosides prefer to bind with the strains having a wider 

cleft region (Venkataram Prasad et al., 2014). These results led to the paradigm that NA-

sensitive RV strains with a narrow cleft utilize terminal Sia-containing gangliosides such as 

GD1a and GM3 as their binding partners, while NA-insensitive RV strains with a wider cleft 

recognize glycan such as GM1a that contain sub-terminal Sia residues (Coulson, 2015, Yu 

and Blanchard, 2014, Ramani et al., 2016, Shanker et al., 2017). 

  

 
Figure 1.7. Rotaviruses recognition of carbohydrates. (a) A list of rotavirus strains and their 
binding epitopes on ganglioside and HBGA is represented. The figure is adapted from (Coulson, 
2015). (b) Structure of Lewis B antigen (Fucα1-2Galβ1-3(Fucα1-4)GlcNAc) and H-type 1 antigen 
(Fucα1-2Galβ1-3GlcNAc). 
 

A paradigm shift in our understanding of RV interaction with cellular receptors came with a 

discovery that showed some human RV strains binding to HBGAs for productive infection 

(Fig. 1.7a) (Hu et al., 2012). HBGAs are uncharged, non-sialylated glycoconjugates widely 

expressed on the surface of Red Blood Cells (RBCs), and are also distributed on epithelial 

cells in saliva and on intestinal tract mucins (Marionneau et al., 2001). The X-ray 

crystallographic structure of the VP8* of the human RV strain HAL1166 (P[14]) showed a 

narrow cleft similar to NA-sensitive RV strains (RRV VP8*), which cannot bind to Sia but 
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instead binds to A-type HBGAs. Interestingly, the A-type HBGA binds at the structurally 

equivalent location where the VP8* protein of simian RRV (NA-sensitive) interacts with Sia 

(Hu et al., 2012, Arias et al., 2016, Ramani et al., 2016). This interaction of HBGAs is 

proposed to be associated with the zoonotic potential of RVs to cause infection in multiple 

hosts by switching receptors (Hu et al., 2012, Estes and Greenberg, 2013b). Additionally, 

glycan array studies on the VP8* from a neonatal P[11] RV strain N155 have been shown 

to recognize Lacto-N-biose and N-acetyllactosamine that are the precursors for type I and 

type II glycans respectively (Liu et al., 2013, Ramani et al., 2013). The crystal structure of 

N155 VP8* in complex with lacto-N-tetraose (LNT, type I tetrasaccharide) and lacto-N-

neotetraose (LNnT, type II tetrasaccharide identified an additional glycan-binding site in 

VP8* that is distinct from the Sia- and HBGA-binding sites of some animal and P[14] RVs 

respectively (Hu et al., 2015). The crystallographic structure of the globally dominant human 

RV genotypes P[4], P[6], and P[8] in complex with HBGAs remains lacking. However, in 

vitro binding studies demonstrated that the VP8* from human P[4] and P[8] RVs recognizes 

the H-type I and Lewis b (Leb) HBGAs (Fig. 1.7b), while the RVs belonging to the P[6] 

genotype bind to H-type I HBGAs only (Huang et al., 2012). On the other hand, STD NMR 

studies illustrated that VP8* from human P[6] (strain RV-3) and P[4] (strain DS-1) could 

bind with the α1-2 fucose moiety of A-type HBGAs, whereas human P[8] (Wa strain) did 

not recognize A or the Lewis b/H-type 1 antigens (Böhm et al., 2015). Recently, through 

binding studies the P[19], P[4], and P[8] RVs have been shown to bind with mucin cores 

and type 1 HBGAs, whereas P[6] RVs only recognized type I HBGAs (Liu et al., 2016, 

Shanker et al., 2017, Jiang et al., 2017). 

Phylogenetic analysis, based on the sequence of spike VP4 and VP8*, has divided the 

currently known 37 P genotype of group A RVs into five P genogroups (P[I] to P[V]) 

(Fig.1.8) (Liu et al., 2012b, Trojnar et al., 2013). Interestingly, some animal strains have 

been shown to recognize Sia-containing gangliosides from the genogroup P[I] (Jiang et al., 

2017). The P[I] genogroup comprises a vast number of RV strains that infect both animals 

and humans with rare infections, but mainly animals. By contrast, the RV strains belonging 

to genogroups P[II] to P[IV] recruit HBGAs for host cell attachment, with the exception of 

P[8] RV (human Wa) that also binds with GM1a (Liu et al., 2016, Jiang et al., 2017, 

Haselhorst et al., 2009). Taken together, the carbohydrate plays an important role in initial 
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attachment to the host cell surface, and may restrict host selections. These results also 

demonstrate that our understanding of carbohydrate recognition by RVs is still limited, and 

that glycan-binding may differ significantly among RV strains. 

 

 
Figure 1.8. Rotavirus genotypes and their carbohydrate recognition. Phylogenetic analysis based 
on the VP8* sequence from a total of 35 RV genotypes categorized into five genogroups (P[I]-P[V]). 
The potential hosts targeted by individual genotypes are depicted. Sia-dependence is represented by 
Sia. Figure is adapted from (Jiang et al., 2017) 
 

1.5.2 Post-attachment interactions 

In order to gain access into host cells, RVs interact with other cell surface molecules 

following their initial attachment to glycans. These surface molecules, including several 

integrins (α2β1, α4β1, αvβ3, and αxβ2) and the heat shock cognate protein 70 (hsc70), are 

implicated as the plausible receptors for RV cell entry. The sequential binding of RVs to 

these receptors, and the utilization of all these molecules by all RV strains remain uncertain. 

Particularly, the simian RV strain RRV has been shown to follow a sequential pattern of 

interaction to some of these co-receptors (Lopez and Arias, 2006). Integrins may not be the 

receptor for all RV strains, while hsc70 is required by all the RV strains tested so far, for 

productive infection (Gutierrez et al., 2010). 



25 
 

The usage of integrins has been characterized in endothelial and polarized kidney cells, non-

polarized monkey kidney cells, and intestinal epithelial cells (Estes and Greenberg, 2013b). 

The VP5*, a fragment of spike VP4, contains a DGE sequence towards its N-terminal, which 

specifically binds to the domain I of α2 subunit of α2β1 integrin (Graham et al., 2003). The 

expression of mutant α2β1 integrins in CHO cells further identified the residues on the 

domain I of the α2 subunit that mediates interaction with the spike protein (Fleming et al., 

2011). Similarly, the outer layer protein VP7 contains GPR and CNP motifs that are 

proposed to interact with αxβ2 and αvβ3 respectively (Coulson et al., 1997, Zárate et al., 

2004). The integrin-binding is evident for the CNP motif, but remains questionable for GPR 

residues. The GPR sequence faces towards the internal surface of the VP7 trimer, and would 

unlikely to be accessible for interaction with integrins until uncoating has occurred (Aoki et 

al., 2009). RNA silencing studies concluded that the integrins α2 and β3 may not play a 

major role in the RV cell entry step (Iša et al., 2009). The basolateral localization of these 

integrins in the intestinal cells makes them unreachable for RVs, raising further question on 

the mechanism of this interaction. An explanation was presented based on an experiment 

that showed that the introduction of the recombinant VP8* peptide to the polarized cells 

could open the tight junctions that trigger the release of basolateral proteins to the apical end 

of the cells (Nava et al., 2004). Recently, it has also been reported that tight-junction proteins 

JAM-A, occludin, and ZO-1 are crucial for some RV strains cell entry process (Torres-Flores 

et al., 2015). 

Another putative co-receptor, hsc70, has been identified and is used by all the RV strains 

tested to date (Guerrero et al., 2002, Gutierrez et al., 2010). The VP5* of the spike protein 

VP4 mediates interaction with hsc70. This was based on the studies that showed the blockade 

of RV entry by a synthetic peptide corresponding to the domain located between the residues 

642 and 659 of the VP5* (Zarate et al., 2003). This synthetic peptide blocked the viral 

infectivity without interfering with cell attachment, and thus the hsc70 is considered to be a 

post-attachment receptor. Further, an enhancement of viral cell entry and its infectivity after 

heating some cells at 45 ℃ suggests the role of hsc70 in RV infection (Guerrero et al., 2002). 

In a cell-free binding assay, the ATPase domain of hsc70 has been reported to facilitate 

conformational changes in the viral particle, and thus assists in viral cell entry (Perez-Vargas 

et al., 2006). 
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It is noteworthy that the molecules implicated as receptors for RV cell entry (gangliosides, 

integrin subunits, and hsc70) are aggregated in the detergent-resistant lipid micro-domains 

(lipid rafts), where infectious RV particles are associated with these domains (Isa et al., 

2004). The viral infectivity depends on the integrity of this domain that provides a platform 

for efficient viral-receptor interactions (Guerrero et al., 2000b, Gutierrez et al., 2010). 

 

1.6 Role of lipids in rotavirus infection 

Lipids are a widely distributed class of naturally occurring hydrophobic biomolecules 

imperative for cellular life. Their biological functions are highly diverse, and include the 

formation of the permeability barriers of cells and organelles, energy storage, and cell 

signaling processes (Vanhaesebroeck et al., 2012, van Meer et al., 2008). Viruses are 

obligatory intracellular parasites that invade host cells for replication by hijacking the 

cellular receptors. The first barrier to viral infections is the cellular lipid membranes of host 

cells that prevent gaining entry (Heaton and Randall, 2011). Some viruses can exploit lipids, 

and utilize them as receptors for infections (Fig.1.9a). The capsid of non-enveloped viruses 

can interact directly with the explicit components of host cell membranes, usually 

glycosphingolipids, to initiate infections. For example, polyomaviruses recognize 

glycosphingolipids that determine the host specificity and internalization pathways (Tsai et 

al., 2003, Qian et al., 2009). The bovine viral diarrhea virus (BVDV), hepatitis C virus 

(HCV), and other members of Flaviviridae have been reported to utilize a functional low-

density lipoprotein receptor (LDL-R) as an indirect viral receptor for cell entry (Fig. 1.9b) 

(Agnello et al., 1999, Krey et al., 2006, Molina et al., 2007). Lipid micro-domains (lipid 

rafts) are the sub-domain of the plasma membrane and are comprised of an enriched content 

of glycosphingolipids and cholesterols (Karnovsky et al., 1982, Koumanov et al., 2004, 

Magee et al., 2002, Pike, 2003, van Gestel et al., 2016). These are more ordered and packed 

more tightly than the surrounding lipid bilayer, but are considered mobile and can float freely 

in the plasma membrane. These micro-domains are resistant to non-ionic detergents (Brij-

98 or Triton X-100) that dissolve the fluid membrane at low temperatures, and thus could be 

extracted efficiently (Fortin and Fulop, 2015, Radeva and Sharom, 2004, Chen et al., 2007). 

These functional micro-domains are viewed as signaling platforms that co-localize the 
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signaling molecules, and thus control the cell signaling process (Ohkubo and Nakahata, 2007, 

Insel et al., 2005, Head et al., 2006). Some viruses, for example, the human 

immunodeficiency virus-1 (HIV-1) (Liao et al., 2001), the murine coronavirus (Choi et al., 

2005), the pseudorabies virus (Lyman et al., 2008), the influenza A virus (Takahashi, 2016, 

Takizawa et al., 2016), and the human herpesvirus 6 (Tang et al., 2008, Huang and Li, 2008) 

have been reported to be dependent on lipid rafts for cell entry (Fig. 1.9c). Many viruses rely 

on lipid signaling for proper internalization and endocytic events. After internalization, an 

appropriate endosomal compartment is essential for subsequent virion fusion.  

 

 

Figure 1.9. The role of lipids in viral cell entry. This figure is adapted from (Heaton and Randall, 
2011). 

 

The presence of a particular lipid can influence the compartment of viral uncoating (Fig. 

1.9d), for example, the lipid species bis(monoacylglycero)phosphate specifically induces the 

fusion of the dengue virus with late endosomes (Zaitseva et al., 2010). Interestingly, the 

structures of coxsackieviruses, polioviruses, bovine enteroviruses, and rhinoviruses contain 

a cavity lined by hydrophobic residues in its outer layer VP1 protein (Hendry et al., 1999, 

Muckelbauer et al., 1995, Diana et al., 1985a, Filman et al., 1989, Smith et al., 1986, Tsang 
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et al., 2000, Yeates et al., 1991, Zhang et al., 2008a, Zhao et al., 1996). A natural fatty acid 

occupies the cavity and is termed the “pocket factor”, for example, myristic acid, palmitic 

acid, stearic acid, and sphingosine (Smyth and Martin, 2002). The specific fatty acid binding 

to this cavity results in the enhancement of the protein rigidity, and stabilizes the virion 

particles such that uncoating remains impeded (Whitton et al., 2005). Viral binding to the 

cell surface receptor expels the lipid moiety, and thereby destabilizes the virion to initiate 

uncoating. The molecules binding to this pocket with higher affinity than a fatty acid inhibit 

the viral uncoating, and this forms the core mechanism by which the effective viral uncoating 

inhibitors act (Evans and Almond, 1998, Li et al., 2017, Li et al., 2007, Shih et al., 2004). 

The specific role of lipids in RV cell entry is not very well determined. However, it plays a 

major role in the viral replication process. Early studies demonstrated that the saturated fatty 

acids of 10 to 16 carbon chain length induced an enhancement in the infectivity of simian 

RV strain SA11 in LLC-MK2 cells, with maximum effect shown by capric acid and palmitic 

acid. It was also implicated that this enhancing effect requires previous binding of outer 

capsid proteins to the cell surface receptors (Superti et al., 1995). The sequestration of 

cholesterol from the MA104 cell membrane with methyl-β-cyclodextrin (MβCD) did not 

affect the binding of RV to the cell surface, but severely impaired the infectivity of the 

infectious particle. Similarly, upon inhibition of the synthesis of N-glycoprotein and 

glycolipids, a marked decrease in viral infectivity was displayed. Thus, the involvement of 

cholesterol, glycolipids, and N-glycoproteins in RV infection strongly indicates that one RV 

receptor(s) might be present in the lipid rafts in the cell membrane (Guerrero et al., 2000b). 

Subsequent studies provided evidence that lipid rafts play a major role in RV cell entry, as 

most of the implicated RV receptor(s) such as GM1, integrin subunits α2 and β3, and hsc70 

are associated with these detergent-resistant membranes (DRMs) (Iša et al., 2004, Cuadras 

and Greenberg, 2003, Arias et al., 2015, Jayaram et al., 2004, Lopez and Arias, 2004, Lopez 

and Arias, 2006). Previous studies of RV interaction with liposomes demonstrated that 

uncleaved VP4 did not interact with liposomes, but treatment with trypsin restored the 

interaction (Nandi et al., 1992). This interaction was endorsed by further experimental 

evidence where VP5* (a tryptic product of spike VP4) did not directly associate with 

liposomes, but upon adding VP4 with liposomes, subsequent treatment with trypsin 

triggered its interaction with the liposomes. This indicates that the VP5* binds the lipid 
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bilayer in an intermediate conformation state that is different from the trimeric form of VP5* 

(Trask et al., 2010). 

Lipid droplets (LDs) are the principal lipid storage structure with elevated triglycerides and 

cholesterol ester, and are encircled by a phospholipid monolayer that embeds perilipin A and 

adipose differentiation-related protein (ADRP) (Herker and Ott, 2012, Walther and Farese, 

2012, Brasaemle and Wolins, 2012, Martin and Parton, 2006). During RV replication steps, 

the assembly of the virion in the infected cells occurs within viroplasms. The confocal 

microscopic showed the association of RV viroplasms with proteins (perilipin A and ADRP), 

and lipids that are typical of LDs. Additionally, treatment with a combination of 

isoproterenol and isobutylmethylxanthine interferes with LD formation, reduces the 

viroplasms number, and inhibits the RV dsRNA replication and thereby the production of 

the nascent virion (Cheung et al., 2010). The RV-infected cells contain substantially elevated 

lipid profiles compared to uninfected cells. Ultracentrifugation studies further strengthened 

the previous finding that viroplasms recruit LDs to be functional (Gaunt et al., 2013b, Kim 

and Chang, 2011). An inhibitor of long-chain acyl-coenzyme A (CoA) synthetase triacsin C 

and its analogs inhibits RV replication by decreasing the biosynthesis of fatty acids (FAs) 

(Kim et al., 2012). Different types of compounds such as C75 (FA synthase inhibitor) and 

5-(tetradecyloxy)-2-furoic acid (TOFA, Acetyl-CoA carboxylase 1 inhibitor) that interfere 

with LD homeostasis decrease RV replication (Gaunt et al., 2013a, Crawford and 

Desselberger, 2016, Lever and Desselberger, 2016). The eminence of LDs for viral-host 

interactions is an emerging concept. Several in vitro and in vivo studies underlined that 

inhibitors that perturb LD homeostasis significantly decrease RV synthesis, and thus have 

the potential to be established as a therapeutic candidate against RV infections. 

 

1.7 Rotavirus replication cycle 

The RV virion targets the mature epithelial cells located at the tip of intestinal villi of the 

jejunum and ileum (Greenberg et al., 1994). Similar to the other Reoviridae viruses, the RV 

gene contains a short noncoding sequence at the 5ˈ and 3ˈ end. The 5ˈ GGC sequence is 

highly conserved and exists in all RV strains, whereas the 3ˈ sequence UGUGACC is found 

in most strains (Taniguchi and Urasawa, 1995, Cunliffe et al., 2002a). RV replication is a 
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complex multistep process (Fig. 1.10) that involves: (1) RV interaction to host cell receptors, 

(2) viral uncoating, (3) mRNA generation, (4) protein production and viroplasm formation, 

(5) genome packaging, (6) DLP interaction with the endoplasmic reticulum and its coating, 

and (7) release of nascent viral particles (Ciarlet et al., 2002a, Desselberger, 2014, Estes, 

2001, Estes and Greenberg, 2013a, Marsh and Helenius, 2006, Trask et al., 2012, Navarro 

et al., 2016). 

Infectious RV particles that are triple-layered initially attach to the sialo-glycans or HBGAs 

receptors on the host cell surface, followed by downstream post-attachment interactions with 

cellular receptors (integrins and Hsc70) (Arias et al., 2016, Estes and Greenberg, 2013b). 

The viral internalization into the epithelial cells is considered to be pH independent, and 

careful evaluation using multiple pharmacological techniques implicated distinct endocytic 

routes. There are two hypotheses presented for the entry mechanism: The first involves direct 

fusion and subsequent penetration, while the more recommended second hypothesis is based 

on Ca2+-dependent receptor-mediated endocytosis, followed by trafficking and subsequent 

entry to the early endosomal membrane (Estes and Greenberg, 2013b, Navarro et al., 2016). 

Some human RV strains (DS-1, Wa, and WI69) and animal strains (YM, UK, nar3, and 

SA11-4S) use clathrin-mediated endocytosis for cell internalization (Gutierrez et al., 2010, 

Diaz-Salinas et al., 2013, Díaz-Salinas et al., 2014, Arias et al., 2016). By contrast, the simian 

RV strain RRV enters through an atypical endocytic pathway that is independent of clathrin- 

and caveolin-mediated endocytosis, but depends on the presence of cholesterol and dynamin 

2 (Sanchez-San Martin et al., 2004). The viral particle is enclosed in an intracellular vesicle, 

and travels from the periphery of the cell to the perinuclear space to reach cytoplasm. During 

this early stage of replication, the RV particle uncoats and hijacks the endosomal network 

that is typically operated by the cells to engulf and transport certain membrane factors, lipids, 

and hormones (Marsh and Helenius, 2006). 

The low Ca2+ in the endosomes trigger the dissociation of the outer layer from the viral 

capsid form DLPs (Patton et al., 2006). Further, the VP5* that is inserted into the VP7 layer, 

undergoes a structural transition, and thus assists in the destabilization and lysis of the vesicle 

membrane to release the transcriptionally active DLPs into the cytoplasm (Settembre et al., 

2011, Kim et al., 2010, Tihova et al., 2001). Structural studies indicated that the VP7 layer 
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uncoating event is associated with the dilation of the aqueous channel in the DLP that 

facilitates the inflow of nucleotides and ions, and the outflow of the genomic transcripts 

(Trask et al., 2012). In the viral core, the nascent positive-sense RNA ((+)RNAs) transcripts 

corresponding to each of the 11 RV genomes are synthesized by RNA-dependent RNA 

polymerase (RdRp) by employing the negative-sense RNA ((-)RNA) strand of the dsRNA 

gene as the template (Lawton et al., 2000). The nascent (+)RNA transcripts migrate through 

the RNA exit tunnel to interact with the VP3 protein to achieve a 5ˈ cap, whereas the (-)RNA 

re-integrates with the genomic (+)RNA (Lu et al., 2008, Trask et al., 2012). Furthermore, 

the (+)RNA is released into the cytoplasm via type I aqueous channels located in the core 

and inner viral capsid (Prasad et al., 1996, Estes and Greenberg, 2013b). The (+)RNA acts 

as the template for protein synthesis and genome replication. The (+)RNA templates are 

replicated by the RdRp into the dsRNA genome, and are also translated into the viral protein 

and form a viroplasm, which is created to sequester the capsid proteins and RNA genome 

(dsRNA) for assembly into the VP2 core containing the new viral genome (Trask et al., 2012, 

Navarro et al., 2016). The (+)RNA that escapes the viroplasm is translated in the cytosol by 

free ribosomes into viral proteins, except for VP7 and NSP4 protein that are translated by 

the ribosomes associated with the rough endoplasmic reticulum (ER) (Au et al., 1993, 

Stirzaker et al., 1990). The NSP4 protein mediates an interaction between the DLPs released 

from the viroplasm and VP4 with that of the ER membrane. As a consequence, the ER 

membrane is deformed, and a DLP-VP4-NSP4 complex migrates into the ER by the 

buddying process. By an unknown mechanism, the transient membrane is lost, followed by 

the assembly of VP7 and VP4 to form TLPs (Desselberger, 2014, Navarro et al., 2016). 

Multiple mechanisms, based on in vitro studies, have been suggested for the release of TLPs 

from the infected cells (Trask et al., 2012, Musalem and Espejo, 1985). Cell culture studies 

have demonstrated that direct cell lysis egresses the virus, and it may not reflect the primary 

mechanism. The viral release is expected to utilize a novel secretion pathway that bypasses 

the pre-existing secretory pathways (Desselberger, 2014, Estes and Greenberg, 2013b, 

Navarro et al., 2016, Arias et al., 2015). 
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Figure 1.10. Attachment and replication cycle of rotavirus. Rotavirus cell entry and replication 
is a multistep process and is discussed in the text. This figure is adapted from (Estes and Greenberg, 
2013a). 

 

1.8 Rotavirus vaccines 

The ubiquitous nature and robustness of RV virions with a low infectious dose is a 

continuing problem globally (Grimwood and Lambert, 2009). Thus the development of RV 

vaccines has been prioritized by the WHO to reduce early childhood mortality (Wardlaw et 

al., 2010). The classic Jennerian approach was used for initial vaccine development. This 

approach was first reported by Edward Jenner in 1798, and uses animal strains to immunize 

humans (Riedel, 2005, Martella et al., 2010). The advantage of this approach is that animal 

strains can be easily attenuated through cell culture passage and are usually attenuated in 

humans naturally (Ward et al., 2008). This approach was used for the development of the 

first RV vaccine candidate RIT4237 (bovine RV strain), and subsequently MMU18006 

(simian RRV strain), and the bovine strain Wister calf-3 (WC3) was tested in humans (Table 

1.1) (Delem et al., 1984, Glass et al., 2006, Clark et al., 1986, Clark et al., 1996, Flores et 
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al., 1987, Kapikian et al., 1986). These vaccine candidates delivered a level of cross-

protection and are well-tolerated (Glass et al., 2006). In two separate efficacy trials, in 

Finland, an orally administered G6 monovalent RV vaccine candidate RIT4237 induced 

approximately 80% protection against serologically different human strains in infants 

(Vesikari et al., 1984). However, this vaccine was withdrawn due to an insufficient level of 

protection against human strains in developing countries (Jiang et al., 2010). This was 

followed by the introduction of the modified Jennerian approach, which involves the 

creation of animal-human reassortant strains using cell culture, and this led to the new 

foundation for further development of RRV and WC3 vaccine candidates (Table 1.1) 

(Dennehy, 2008, Heaton and Ciarlet, 2007). 

The two globally licensed live oral, second-generation vaccines, RotaTeqTM (Merck & Co. 

Pennsylvania) and RotarixTM (GlaxoSmithKline Biologicals, Rixensart, Belgium) have been 

approved by the WHO for incorporation into national immunization programmes (Table 1.1) 

(WHO, 2009). RotaTeqTM is a pentavalent vaccine comprising five genetically different 

human-bovine reassortant virus strains. The reassortant vaccine candidate contains a gene 

encoding an outer layer viral protein VP7 of human strains belonging to the G1-G4 or P[8] 

genotypes (represents the common circulating wild-type RV strains) that packs against the 

bovine RV backbone (WC3; G6P[5]) (Clark et al., 1996). The three-dose efficacy, in phase 

III clinical trials of RotaTeqTM, showed 74% protection against RV gastroenteritis of any 

severity, and approximately 98% prevention against severe RV gastroenteritis 

(Matthijnssens et al., 2010, Cortese and Parashar, 2009, Vesikari et al., 2006). RotarixTM, on 

the other hand, is a monovalent oral vaccine comprising single strains (RIX4414, obtained 

from human RV strain 89-12 isolated in Cincinnati), belonging to a G1P[8] human genotype 

highly circulated across the globe (Bernstein et al., 1999). RotarixTM is administered as a 

double-dose series in infants, and is indicated for the prevention of RV gastroenteritis caused 

by G1P[8], G3 P[8], G4 P[8], and G9 P[8], and also against heterotypic G2P[4] strains 

(Plosker, 2011, O'Ryan and Linhares, 2009). Thus the RotaTeqTM protections are largely 

homotypic, while the RotarixTM affords heterotypic protections. The phase III clinical trials 

of these vaccines showed over 85% efficiency in reducing severe RV-induced gastroenteritis 

in developed countries, with a less pronounced reduction in RV-related mortality rate in the 

developing world. The observed declined efficacy of RV vaccines in less-developed nations 
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is not fully understood, and may be attributed to several environmental and biological factors 

(Kollaritsch et al., 2015, Wang et al., 2015a, Yen et al., 2014). 

There are numerous third-generation RV vaccines in development pipelines for licensure 

(Table 1.2). The Lamb RV strain LLR-37 (G10P[15]) was developed by the Lanzhou 

Institute of Biological Products, and was licensed in China in 2000 (Table 1.1). It includes 

one dose at two to 36 months of age, followed by a yearly booster dose until three years of 

age. Post-licensure studies reported 73.3% protection against RV-related hospitalization, and 

displayed higher effectiveness in older children (Zhen et al., 2015, Wang et al., 2015a). 

Recently, a monovalent vaccine derived from human neonatal strain 116E (G9P[11], natural 

human-bovine reassortant) and another (Rotavin-M1) from human G1P[8] RV strain 

(KH0118-2003) were developed and licensed in India and Vietnam respectively (Table 1.1) 

(Luan le et al., 2009, Das et al., 1993, Bhandari et al., 2014). A vaccine derived from 

asymptomatic neonatal RV strain RV3 (G3P[6]) is currently in phases I and II clinical trials 

in New Zealand, Australia, and Indonesia (Danchin et al., 2013). 

In some clinical trials the vaccines have shown a small increased risk of intussusception 

(Desai et al., 2013, Desai et al., 2012, Vesikari, 2016). The efficacy of the two globally 

licensed RV vaccines is reduced particularly in South Africa and Asia, where the RV-

induced mortality rates are higher. In addition, vaccine development and distribution raise 

an economic burden (Constenla et al., 2008, Rheingans et al., 2014). Thus, though the 

achievement of the development of RV vaccines has been well recognized, the development 

of other effective therapeutics for treating RV infections may render an excellent alternative 

to vaccine development. 
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Table 1.1. The live oral RV vaccines licensed or in the pipeline of development to date. 
This table is modified from (Vesikari, 2016). 
 

Vaccine RV strains 
characteristic 

Manufacturer Status of 
development 

Animal RV strains 
RIT4237 G6P[5] SmithKline RIT Withdrawn 

WC3 G6P[7] Institut Merieux Withdrawn 
RRV G3P[5] NIH Withdrawn 
LLR Lamb strain 

G10P[15] 
Lanzhou Institute of 
Biological Products 

(China) 

Licensed and in 
use in China 

Animal–human reassortant strains 
RotaShieldTM Tetravalent human– 

rhesus reassortant 
G1–G4 + P7[5] 

Wyeth (United States) Withdrawn 
1999, Phase II 

trials of neonatal 
administration 

in Ghana 
RotaTeqTM Pentavalent human– 

bovine reassortant 
G1–G4 + P7[5]; 

G6 + P1A[8] 

Merck (United States) Licensed 
worldwide 

BRV-TV/ 
BRV-PV 

Bovine–human 
tetravalent/pentavalent 

reassortants 
G1–G4 + P7[5]/ 

G1–G4 + G9–P7[5] 

Biotecnics Instituto 
Butantan (Brazil) 

Shantha Biotecnics 
Limited (India) 

Serum Institute of 
India 

(India) 
Wuhan (China) 

Phase I trial 
Phase II/III trials 

Phase III trial 

Human RV strains 
RotarixTM Human strain 

G1P1A[8] 
GlaxoSmithKline 

(Belgium) 
Licensed 

worldwide 
RotavacTM Human neonatal strain 

116E G9P[11] 
Bharat Biotech 
International 

Limited (India) 

Licensed in India 

Rotavin-M1TM Human strain 
G1P1A[8] 

Polyvan (Vietnam) Licensed and in 
use in Vietnam 

RV3-BB Human neonatal strain 
G3P2A[6] 

Murdoch Children’s 
Research Institute 

(Australia) and 
Biofarma (Indonesia) 

Licensed and in 
use in Vietnam 
Phase III trial 
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1.9 Aims and outline of the thesis 

RVs is a clinically significant pathogen, and is the causative agent of life-threatening 

gastroenteritis in many young humans and animals, especially in developing countries. The 

interaction between the rotavirus spike protein (VP8*) and cell surface glycoconjugates 

facilitates virus initial cell attachment and subsequent cell entry. Recent studies have broadly 

expanded our understanding of the diversity of glycans employed by RVs for infection, and 

this glycan recognition can dictate virus host specificity, pathogenesis, tissue tropism, and 

interspecies transmission. The present study has been designed to identify and characterize 

the following: 

 

x Understanding the initial cellular engagement of zoonotic RV strains: Genetic 

reassortment and interspecies transmission are common mechanisms by which 

animal RV genes are introduced into humans, resulting in the generation of an 

atypical strain with certain animal-like characteristics. Interspecies transmission has 

caused a serious burden on the health system, and has posed the biggest challenges 

to vaccine industries. The lack of structural data limits our understanding of how 

these emerging RV strains infect the alternative hosts that express different cellular 

glycans. To understand the initial cellular engagement, we directed our structural and 

biophysical studies to these zoonotic RV strains, which are elaborated on in detail in 

Chapters 2, 4, and 5. 

x Structural characterization of RVs VP8* with glycan and modified sialic acid: 

The recruitment of cellular glycans by RVs at an initial stage for cellular attachment 

may serve as a prominent target for structure-based drug design against viral 

infections. The characterization of the interaction between the lectin domain VP8* 

of RVs with Sia-derivative and Sia-containing receptors at the atomic level has been 

attempted, and the biological implications are discussed in Chapters 2 and 3. 

x Novel discovery of fatty acid-binding pocket in VP8* protein: In the course of 

understanding the VP8* and carbohydrates engagement, we discovered that this 

lectin domain (VP8*) not only binds to carbohydrates, but possesses a striking 

affinity for lipids. This first novel discovery provides a new paradigm that switches 

our interest to corroborate this VP8*-fatty acid interaction in multiple NA-sensitive 
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and -insensitive RV strains, which may lead to the development of novel therapeutics 

against RV infection. This forms the basis of Chapters 4, 5, and 6. 
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Chapter 2 

Glycan preference of canine K9 VP8* and crystallographic structural 

determination and analysis of K9 VP8* protein with a Sia-derivative 

  

2.1 Foreword 

Gangliosides form the major category of glycosphingolipids that are widely expressed on 

the cell surfaces in mammalian species, containing one or more Sia-moieties linked on the 

sugar chain. Interactions between the RV spike-protein carbohydrate-binding domain (VP8*) 

and cell surface gangliosides facilitate virus initial cell attachment and subsequent cell entry. 

An accepted paradigm that some NA-sensitive RV strains utilize Sia-containing 

gangliosides as the primary receptor (Coulson, 2015, Yu et al., 2011) could be exploited for 

new drug design and development. Some previously studied NA-sensitive RV strains 

manifest striking discrimination in recognition of Neu5Ac and Neu5Gc (Yu et al., 2012). 

The canine K9 RV strain and the human RV strains HCR-3A and Ro1845 have shown 

characteristically high nucleotide sequence identities, and are reported to possess zoonotic 

potential (Tsugawa and Hoshino, 2008). Interestingly, K9 VP8* shares 98% and 96% 

sequence identity to that of HCR-3A and Ro1845, respectively. This high level of sequence 

identity dictates that these RV strains may utilize similar types of glycans for infection. As 

described in Chapter 1, Neu5Gc is widespread in animals and is not synthesized in normal 

human tissues, however, it can be metabolically incorporated into human tissues. The high 

sequence identity of K9 V8* with human RV strains HCRR-3A and Ro1845, makes this an 

interesting strain to explore for its ability to recognize host cell carbohydrates. The 

biophysical studies were carried out to understand K9 VP8*-Sia interactions, and the 

specificity displayed for the N-acetyl- and N-glycolyl-neuraminic acid derivatives are 

presented in section 2.2 of this chapter, in the form of a publication. 

Significant challenges to the development of effective inhibitors of RVs have been due to 

the emergence of mutated multiple RV strains. The residues contributing to Sia-binding are 

highly conserved in most of the NA-sensitive RV strains. With a view to the development 

of novel Sia-based RV inhibitors, section 2.3 of this chapter describes the crystallographic 
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determination and analysis of the K9 VP8* protein with a Sia-derivative (Neu5Acα2Me, 4-

(2-ethylhexamide)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

2.2 Specificity and affinity of neuraminic acid exhibited by canine rotavirus strain K9 

carbohydrate-binding domain (VP8*) 

Statement of Contribution to Co-Authored Published Paper 

This section includes a co-authored paper. The bibliographic details of the co-authored 
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S. Coulson, and Helen Blanchard. Preliminary crystallographic analysis and glycan 

preference of the carbohydrate-binding domain (VP8*) of canine rotavirus strain K9. J 

Mol Recognit. 2018; e2718. https://doi.org/10.1002/jmr.2718 
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1. The conception and design of the study. 

2. The acquisition and interpretation of most of the data. 

x ITC experiments were performed in cooperation with Dr. Chandan Kishor. 

3. The preparation of all figures. 

4. The preparation of the manuscript with the help of my supervisor, Prof. Helen 

Blanchard. 

         
(Signed)                                                                              (Date) 10/01/2018 

Student: Rahul Mishra 

 

 

(Signed)                        (Date) 11/01/2018 

Corresponding author: Professor Helen Blanchard 

 

 

(Signed)                         (Date) 11/01/2018 

Supervisor: Professor Helen Blanchard 



41 
 

 



42 
 

 



43 
 

 



44 
 

 



45 
 

 



46 
 

 



47 
 

 



48 
 

 
 

 



49 
 

 
 

 

 



50 
 

 
 

 

 

 

 

 

 

 



51 
 

 
 

 

 

 

 

 

 

 



52 
 

 
 

 

 

 

 

 

 



53 
 

2.3 Crystallographic structural determination and analysis of canine K9 VP8* protein 

with Sia-derivative 

 

2.3.1 Overview 

Structural studies of virus-glycan interactions have enabled the exploration of binding details 

of the viral attachment protein (VP8*) and glycans. The crystallographic structures of VP8* 

from two NA-sensitive RV strains, porcine CRW-8 (Blanchard et al., 2007, Yu et al., 2011, 

Yu et al., 2012), and rhesus RRV (Dormitzer et al., 2002b, Kraschnefski et al., 2009) in 

complex with each Sia-derivatives Neu5Acα2Me and Neu5Gcα2Me, have been determined. 

The key residues involved in Sia-protein interaction, including Arg101, Tyr188, Tyr189, 

and Ser190, and a conservative substitution at position 155 (Tyr155 in RRV and His155 

in CRW-8), are highly conserved among NA-sensitive RV strains. The interaction of 

Neu5Acα2Me with CRW-8 and RRV VP8* proteins follows a similar binding mode, 

where the carboxylate, glycerol side-chain, and acetamide (NHAc) groups of the ligand 

make direct interactions with the protein (Dormitzer et al., 2002b, Blanchard et al., 2007). 

In pursuit of designing a better inhibitor with greater binding affinity against RV VP8*, a 

modification on Neu5Acα2Me (which represents the minimal sialoside) was undertaken. In 

the crystal structure 2I2S (Blanchard et al., 2007), the O4 group of Neu5Acα2Me is solvent 

exposed, and did not participate in direct hydrogen-bonding with the protein, though it 

displayed water-mediated interaction with Tyr188 backbone amide (Fig. 2,1a). Synthetic 

modification at the O4 position of Neu5Acα2Me (Fig. 2.1b) was therefore made to enhance 

its interaction with the protein directly. I have investigated the interaction of canine K9 VP8* 

with the Neu5Acα2Me-4-(2-ethylhexamide) (1, Neu5Acα2Me derivative), where the O4 

group is replaced by a 2-ethyl-hexamide group (synthesized in Professor Mark von Itzstein’s 

group). The carbonyl group (O11) of 1 (Fig. 2.1b) is anticipated to interact directly with the 

underlying amide backbone of Tyr188, and thus will augment the protein to ligand 

interactions. Additionally, the 2-ethyl-hexane group will further reinforce the binding by 

hydrophobic interaction with the adjacent hydrophobic residues within the VP8* protein. 
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Figure 2.1. Neu5Acα2Me binding mode and its modified derivative. (a) Neu5Acα2Me bound 

CRW-8 VP8* (2SIS). VP8* protein in the white surface; Neu5Acα2Me in stick representation 

(carbon coloured in green, oxygen in red, and nitrogen in blue). The O4 group is solvent exposed, 

and pointing away from the Tyr188 (labelled in red) backbone amide. (b) Stick representation of 

Neu5Acα2Me and its O4 modified derivative, 1. Carbon coloured in green, oxygen in red, and 

nitrogen in blue. Carbon numberings are depicted for both the ligands. 

 

2.3.2 Materials and methods 

2.3.2.1 Protein expression, purification, and crystallization 

The K9 VP8*64-224 protein was expressed and purified, as detailed in section 2.2 of this 

chapter (methods section of submitted publication). To grow the crystals of the complex 

structure, the K9 VP8* protein at 30.26 mg ml-1 concentration was pre-mixed with each 

ligands (Neu5Acα2Me and its derivative (1)), to give a protein: ligand ratio of 1:20. The 

mixture was incubated overnight, and crystallization was initially carried out using the 

published MPD condition (70% MPD, 0.1M HEPES pH 7.5; this condition gave crystals for 

porcine CRW-8 VP8* in complex with Neu5Acα2Me) for both the ligands (Scott et al., 
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2005), but no crystals were obtained. Hampton Crystal Screen kits were then employed to 

determine the new crystallization conditions. The crystals of K9 VP8*64-224, in complex with 

1, grew in a drop containing 0.5 μl of the reservoir (0.1M Na HEPES pH 7.5, 10% 

isopropanol and 20% PEG 4000) and 0.5 μl of protein-ligand mixture in approximately 

seven days (Fig. 2.2b). 

 

2.3.2.2 Protein structure elucidation 

For all the crystals, X-ray diffraction experiments were performed at the Australian 

Synchrotron, using MX2 beamlines using a wavelength of 0.9537 Å and an ADSC Quantum 

315r CCD detector at 100K. The crystals of K9 VP8*+ 1 were selected and washed in the 

mother reservoir solution (0.1M Na HEPES pH 7.5, 10% isopropanol, and 20% PEG 4000), 

and dipped in a cryoprotectant solution (15% Glycerol, 0.1M Na HEPES pH 7.5, 10% 

isopropanol, and 20% PEG 4000) for 60 seconds before being flash-frozen in liquid nitrogen. 

Data collection was controlled using the Blu-Ice software (McPhillips et al., 2002), 

processed using XDS (Kabsch, 2010) and scaled and merged using AIMLESS (Evans and 

Murshudov, 2013). The structure was determined by molecular replacement using PHASER 

(McCoy et al., 2007). The search model was a homology model of canine K9 VP8*64–224 

that was built using the SWISS-MODEL server (Arnold et al., 2006) based on amino-acid 

sequence alignment with RRV VP8* (80% amino-acid sequence identity), and the three-

dimensional protein structure of RRV VP8*62–224 (PDB code 2P3K (Kraschnefski et al., 

2009)). Refinement of the atomic model was performed using Phenix-refine (Afonine et al., 

2013, Afonine et al., 2012, Afonine et al., 2009, Headd et al., 2012), and the visualization of 

electron density maps together with model manipulation and building were carried out using 

the programme Coot (Emsley et al., 2010). Initially, the refinement was carried out with non-

crystallographic symmetry restraints between the two molecules of the asymmetric unit, but 

inspection of the relative change in R-factor and free R-factor values with and without non-

crystallographic symmetry restraints led us to abandon these restraints. Structure validation 

was performed using MolProbity (Chen et al., 2010). 
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2.3.3 Results and discussion 

2.3.3.1 Co-crystallization and structural determination of K9 VP8*64-224 with 1 

An attempt has been made to co-crystallize the K9 VP8* protein with different ligands such 

as Neu5Acα2Me and its derivative (1). The protein at 30.26 mg ml-1 concentration was pre-

mixed with the ligand to give a protein: ligand ratio of 1:20, and the hanging-drop vapor-

diffusion method was used, with each drop comprising of 0.5 µl of the protein-ligand mixture 

and 0.5 µl of the reservoir solution. Crystallization trials were done with conditions for the 

highly homologous CRW-8 VP8* (Scott et al., 2005), that gave fibrous crystals within three 

to four days for Neu5Acα2Me complexed. However, 1 complexed did not produce any 

crystals in this condition. Optimization based on the MPD condition did not improve the 

fibrous nature of the crystals, and these crystals were not amenable to data collection. To 

establish an alternative condition, crystal screenings were conducted using commercially 

available Crystal Screen kits (Hampton Research) at 293 K for both the ligands. For the 

Neu5Acα2Me complexed, similar fibrous crystals were reproduced in the MPD condition as 

before (Fig. 2.2a), whereas the crystals of K9 VP8* with 1 grew in a drop containing the 

reservoir 0.1 M Na HEPES pH 7.5, 10% isopropanol, and 20% PEG 4000, which appeared 

like flakes clubbed together forming the layered crystals (Fig. 2.2b). These crystals grew in 

six days, and were diffracted to ~1.5 Å. Optimization of this new condition, and changing 

the protein-to-ligand ratio did not produce any crystals for Neu5Acα2Me complexed K9 

VP8*. 

 
Figure 2.2. Co-crystallization of K9 VP8*64-224 in complex with Neu5Acα2Me and 1. (a) Crystals 
of K9 VP8*64-224 in complex with Neu5Acα2Me. Fibrous crystals formed in three to four days under 
the condition comprising 70% MPD, 0.1M HEPES pH 7.5. (b) Crystals of K9 VP8*64-224 in complex 
with 1. Flakes clubbed together forming the layered crystal was grown under the condition containing 
0.1 M Na HEPES pH 7.5, 10% isopropanol, and 20% PEG 4000. 
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Two datasets with high resolution were collected for K9 VP8*64-224 in complex with 1, and 

the structure was determined using molecular replacement. The crystal exhibits an 

orthorhombic system, and belongs to space group P212121 (Table 2.1). Assuming two 

molecules per asymmetric unit, the Matthews coefficient (Matthews, 1968, Kantardjieff and 

Rupp, 2003) VM value was calculated to be 2.5 Å3 Da-1, giving a solvent content of 42.2%. 

PHASER was used for molecular replacement in an automatic mode, and gave the top 

solution with LLG of 2455.1 and TFZ of 47.5. The top solution was further subjected to 

Phenix-refine, and was refined to R-factor and free R-factor values of 14.8 % and 17.8 % 

respectively (Table 2.1). The overall geometry of the structure was analyzed and validated 

by MolProbity (Chen et al., 2010), where all the residues of the structure were found in most 

favoured and additionally allowed regions (Fig. 2.3). 
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Table 2.1. Crystallographic data and refinement statistics for K9 VP8*64-224 in complex with 
1. 

Crystal system, Space group Orthorhombic, P212121 
Unit cell parameters (Å, - ˚) a=53.46, b=65.40, c=90.32, α= β = γ =90q 
Resolution (Å) 37.63 - 1.54 (1.595 - 1.54) 
Total number of observations 675850 (50129) 
Total number of unique observations 47260 (4368) 
Redundancy 14.3 (11.5) 
Completeness (%) 99.21 (92.81) 
Mean I/σ(I) 35.85 (6.26) 
Wilson B-factor 14.77 
#Rmerge (%) 5.41 (41.81) 

 
Refinement 
Resolution (Å) 37.63 - 1.54 (1.595 - 1.54) 
Reflections used in refinement 47240 (4365) 
Reflections used for R-free 2387 (213) 
R-work (%) 14.8 (18.3) 
R-free (%) 17.8 (22.7) 
 
No. of atoms / Average B factors (Å2) 
 No. atoms Average B factors 
Protein 2874 16.5 
Water molecules 657 33.4 
Ligands 98 24.3 
 
RMS deviations 
Bond lengths (Å) 0.004 
Bond angles (˚) 1.21 
 
Ramachandran Plot Statistics 
Favoured (%) 96.7 
Allowed (%) 3.3 
Outliers (%) 0 
  

 

#R   = I (hkl)  − I(hkl) ∕ I (hkl) 

Statistics for the highest-resolution shell are shown in parentheses. 
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Figure 2.3. MolProbity Ramachandran analysis of K9 VP8*64-224 in complex with 1. 
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2.3.3.2 X-ray crystallographic structural analysis of K9 VP8*64-224 in complex with 1 

Consistent with previously published Sia-complexed RV VP8* structures, the overall 

secondary structure of 1 bound K9 VP8*64-224 is conserved, with each molecule a compactly 

folded globular domain comprising a 12-stranded antiparallel β-sandwich. The α-helix (αB) 

located at the C-terminus packs against the six stranded β-sheets, and the antiparallel β-

ribbon (βE and βF) packs against the other β-sheet (Fig. 2.4a). Superimposition of our 

generated K9 homology model (described in section 2.2) and the crystal structure of 1 

complexed K9 VP8* gave a root-mean-square deviation (RMSD) of 0.70 Å (Cα atoms of 

Val64-Leu224), indicating that both the homology model and crystal structures of K9 VP8* 

are comparable. The sialoside binding site is located between the two β-sheets, and the well-

defined electron density of 1 allowed unambiguous assignment of its contacts made with the 

VP8* protein (Fig. 2.4a). The crystallographic structure of K9 VP8*64-224 in complex with 1 

refined to 1.54 Å contains two protein molecules (designated as A and B respectively), two 

ligand molecules (1), one HEPES [N-(2-hydroxyethyl) piperazine-N1-(2-ethane-sulphonic 

acid)] molecule, two glycerol molecules, and two sodium ions (located at the Sia-binding 

sites) in the asymmetric unit. The crystallographic structure displayed a clear electron 

density for Gly62 and Ser63 (GST-linker peptide) at the N-terminal region of the molecule 

B, and no such density is observed in molecule A. Superimposition of molecules A and B 

reveals a RMSD of 0.33 Å (Cα atoms of Val64-Leu224). The greatest differences are for the 

C-terminus loop region (Asn222-Leu224), and the loop region from Tyr170-Arg173 that 

connects two strands βI and βJ (Fig. 2.4b). All the atoms in the entire protein backbone of 

molecules A and B are well defined in the 2mFo-DFc electron density map (contour level at 

1.0 σ). The two protein molecules A and B are packed together via direct hydrogen-bonding, 

and water-mediated engagement of residues present at the interface. At the interface, the 

carbonyl and carboxyl side chains of Gln70 and Asp204 (molecule A) were found in the 

hydrogen-bonding distance to NH of Ala89 backbone, and the side chain of Lys163 

(molecule B) respectively. The Arg223 sidechain of molecule B hydrogen bonds to the 

carbonyl backbone of Pro86 and Lys163 belonging to molecule A, whereas the Arg223 side 

chain of molecule A makes a hydrogen bond with the carbonyl backbone of Arg223 of 

molecule B. Along with these direct hydrogen bond interactions, multiple water-mediated 

interactions were observed at the interface of the two monomers. Interestingly, at the 
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interface of the two monomers, an unexpected HEPES molecule is defined, proximal to the 

N-terminus of molecule A. The hydroxyl side chain of HEPES exhibits direct hydrogen-

bonding with the Leu65 carbonyl and Gly67 amide backbone of molecule A. The sulphonic 

acid group of HEPES hydrogen bonds directly with the backbone amide and side chain of 

the Gln70 of molecule A. By contrast, HEPES engages with Glu109 and Asn111 of molecule 

B via water-mediated interactions (Fig. 2.4c), thereby bridging the two protein molecules, 

giving a better crystallographic packing. 

 

Figure 2.4. Crystal structure of K9 VP8*64-224 in complex with 1. (a) Cartoon representation K9 
VP8*64-224 bound with 1 (molecule A representative). Stick representation (green carbon, red oxygen, 
blue nitrogen) of 1 bound at the cleft that is formed at the edge of the two six-stranded β-sheets 
(coloured in blue and green respectively). Labeling of the secondary-structure elements is according 
to RRV VP8* core (Dormitzer et al., 2002b), except that ribbon βH, which split into βH and βHˡ in 
RRV, is continuous in 1 complexed K9 VP8*64-224. The strand βA is continuous in RRV VP8* 
(Dormitzer et al., 2002b), and is split into βA and βAˡ in 1 complexed K9 VP8*64-224. The 2mFo-DFc 
map is illustrated in grey mesh at 1.0 σ contour level. Secondary structure analysis was performed 
using the Stride (Heinig and Frishman, 2004) assignment algorithm. (b) Ribbon representation of 
superimposed molecule A (coloured in yellow), and B (coloured in cyan). RMSD of 0.33 Å on Cα 
atoms. Tyr170-Arg173 region highlighted by a red arrow. (c) Interaction of HEPES (pink stick) with 
the residues at the interface of molecule A (yellow stick), and molecule B (blue stick). Direct 
hydrogen bond and water bridge interactions are represented in blue and grey dashed lines 
respectively; water molecule in dark grey sphere; salt bridge interactions are represented in yellow 
dashed lines. 

 

The VP8* sialoside binding site is an open-ended shallow groove, where the aromatic ring 

of the Tyr188 and the side chain of Ser190 forms one edge of the cavity, and His155 forms 

the opposite. The side chains of Arg101, Tyr189, Gly187 (Lys187/RRV VP8*), and Ser144 
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(Val144/RRV VP8*) constitute the floor of the groove (Fig. 2.5). Residues in the sialoside 

binding sites of 1 bound K9 VP8*64-224 structure are well defined in electron density in both 

the protein molecules A and B. 1 binds at the equivalent site in both the protein molecules.  

 

Figure 2.5. Interaction between K9 VP8*64-224 and ligand 1. Hydrogen bonds and hydrophobic 
interactions are depicted by dashed black and yellow lines respectively. All the residues in stick 
representation; an oxygen atom in red, and nitrogen atom in blue; ligand 1 in stick representation 
(carbon in green). (a) Electron density map of Sia-binding site bound with 1 (molecule A 
representative). Carbon in yellow; showing the electron density map (grey, calculated with 
coefficient 2mFo-DFc, and contoured at 1.0 σ), computed after the inclusion of 1 (density not shown 
for clarity) at the binding site in the structural refinement. (b) Direct hydrogen bonds between 1 and 
VP8*64-224 (molecule A representative). Residues in the yellow stick; a total of seven direct hydrogen 
bonds were observed, including five conserved interactions. (c) Water-mediated interactions 
(molecule A representative). Carbon in yellow; water molecule in red sphere; shows a water network, 
linking the O10 and Na+ (purple) (revealed a distorted octahedral coordination sphere formed by side 
chains of Asp142, Tyr165, and Thr176, backbone carbonyl groups of Tyr177 and Gly156, and water 
molecule (located apical to 1 shown with #)). (c) Water-mediated interactions (molecule B 
representative). Carbon in cyan; water molecule in a red sphere; O10 of 1 bridges with Thr146 and 
Ser153, involving two and one water molecule(s) respectively. 
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The residues interacting with 1 did not indicate any alternative conformations, except Ser190 

and Ser178 in molecule A, and Ser190 in molecule B (Fig. 2.5a). As anticipated, the ligand 

1 binds with similar orientation at an equivalent location as the Neu5Acα2Me binds to the 

porcine CRW-8 VP8* (PDB: 2I2S) and to the rhesus RRV VP8* (PDB:1KQR) structures 

(Blanchard et al., 2007, Dormitzer et al., 2002b). The ligand 1 interacts with the protein 

directly via seven hydrogen bonds and two hydrophobic interactions. These interactions are 

comparable in both the monomers (Fig. 2.5b, Table 2.2.1, Table 2.2.2). Furthermore, several 

water-mediated contacts were also found anchoring the ligand in the Sia-binding site. These 

include the carboxylate and acetamide group of the ligand interacting with the hydroxyl side 

chain of Ser190 and the backbone carbonyl of Tyr188 respectively, whereas O8 and O9 of 

the glycerol side chain engage with the guanidinium group of Arg101 (Fig. 2.5b, Table 2.2.1). 

These five direct interactions are conserved, and are defined as critical contacts for the 

binding of Sia derivatives among NA-sensitive RV strains (Blanchard et al., 2007, Yu and 

Blanchard, 2014). Additionally, the O7 of the glycerol side chain and the carbonyl of the 

ethyl-hexamide group are in hydrogen bond distance to that of the His155 and amide 

backbone of Tyr188 respectively. The C4 of the ring and ethyl carbon of 1 form hydrophobic 

interactions with Cε1 and Cε2 of Tyr188 (Fig. 2.5b, Table 2.2.2), further intensifying the 

protein-ligand contacts. It is noteworthy that water-mediated engagements between VP8* 

and 1 are distinct between molecule A and molecule B in the K9 VP8*64-224 complex 

structure (Fig. 2.5c & d, Table 2.2.3). In both monomers, the carboxylate and methoxy group 

of 1 interact with the hydroxyl group of Tyr188 and Ser190 via the water-bridge, involving 

two and one water molecule(s) respectively, contrasting with 2I2S (only one water molecule 

forms the bridging). An additional water-mediated interaction has been observed between 

the carboxylate and methoxy group of 1 with the Arg173 using one water molecule. This 

interaction is absent in molecule B, and is not seen in any Sia complexed VP8* structure 

previously reported. Arg173 participation in water-mediated interaction with 1 could explain 

the shift in the Cα chain observed before (Fig. 2.4b). The water-bridge in molecule B links 

O9 of the ligand to the side chain of Ser153 and Thr146, involving one and two water 

molecule(s) respectively (Fig. 2.5d, Table 2.2.3). Interestingly, a conserved water network 

is observed in both molecule A and molecule B that connects O10 of the ligand to Nδ1 of 

His155, the backbone amide of Gly156, the hydroxyl side chain of Ser178, and the oxygen 
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atom of the backbone and side chain of Thr176. The water molecule lies apical to 1 (will be 

termed apical water throughout the text) that eventually interacts directly with Thr176 also 

coordinates with a conserved sodium ion (Fig. 2.5c, d, Table 2.2.3). The water-mediated 

hydrogen bond between the glycerol side chain of O9 and the hydroxyl group of Tyr155 in 

the RRV VP8* structure (1KQR) cannot be emulated in the K9 VP8*, considering the 

Tyr155 replacement with His155 in K9. However, the O10 of the acetamide group of the 

ligand in K9 and CRW-8 engages with the Nδ1 of His155, involving one and two water 

molecule(s) respectively (Blanchard et al., 2007). 

 

Table 2.2. Interaction of 1 with the K9 VP8*64-224 residues in molecules A and B. 

Table 2.2.1. Direct hydrogen bonding network (Molecule A representative). 

Donor Atom Acceptor Atom Distance (Å) 

NH1 of Arg101 O9 of ligand 1 2.9 

NH1 of Arg101 O8 of ligand 1 2.9 

Ser190 OH O1A of 1 carboxylate 2.6 

Ser190 main chain amide O1B of 1 carboxylate 2.9 

Acetamido nitrogen of ligand 1 Tyr188 carbonyl 2.8 

Tyr188 main chain amide O11 of ligand 1 2.8 

O8 of ligand 1 Nδ1 of His155 3.5 

 

Table 2.2.2. Hydrophobic interaction network (Molecule A representative). 

Residues Atom Ligand Atom Distance (Å) 

Cε1 of Tyr188 C-3 of ring of 1 3.6 

Cε2 of Tyr188 C-1 of 2-ethyl substituent in 1  3.6 

 

 

 

 



65 
 

 

Table 2.2.3. Water-mediated hydrogen-bonding network. 

  Molecule A Molecule B 

Protein Atom Ligand (1) 
Atom 

Water 
molecule 
involved 

Protein Atom Ligand (1) 
Atom 

Water 
molecule 
involved 

Tyr188 OH O1A 2 Tyr188 OH O1A 2 

Tyr188 OH O2 (2-methoxy) 2 Tyr188 OH O2 (2-
methoxy) 

2 

Arg173 NH2 O1A 1 Thr146 OH O9 2 

Ser190 OH O2 (2-methoxy) 1 Ser153 OH O9 1 

Nδ1 of His155 O10 1 Nδ1 of His155 O10 1 

Gly156 main 
chain amide 

O10 1 Gly156 main 
chain amide 

O10 1 

Ser178 OH O10 2 Ser178 OH O10 2 

Thr176 OH O10 4 Thr176 OH O10 4 

 

Consistent with other CRW-8 structures published to date, an Na+ is unambiguously defined 

within the sialoside binding site proximal to the acetamide group in both molecule A and 

molecule B in the 1 bound K9 VP8*64-224 structure. Na+ exhibits a distorted octahedral 

coordination, involving the hydroxyl side chain of Tyr165 and Thr176, the carbonyl 

backbone of Gly156 and Tyr177, the carboxylate side chain of Asp142, and an apical water 

molecule (Fig. 2.5c, d). The RRV VP8* contains Lys187 instead of glycine as in K9 and 

CRW-8. The side chain of Lys187 (1KQR) directly occupies the region in which the Na+ 

and the apical water reside in the K9 VP8*, as a consequence disrupting this conserved ion 

pocket in the RRV VP8* structure (1KQR). The Gly156-Pro157 peptide bond remains 

inflexible, contrasting the dynamic state in the form of cis-trans-isomerization, as reported 

in 1KQR (Dormitzer et al., 2002b). This inflexibility in the K9 VP8* is partly due to the 

coordination of Gly156 carbonyl with Na+, locking this peptide segment into a single 

conformation. The K9 VP8* shares 80% and 73% sequence identity with that of the RRV 
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VP8* and CRW-8 VP8* respectively. Despite the difference, the binding mode of the Sia-

derivative is identical, along with the conservation of the critical ligand-protein interactions. 

A conserved pocket adjacent to the bound sialoside is an open cavity of a hydrophobic nature, 

and consistently accommodates small ligands. The aromatic ring of Tyr170 and His175, and 

side chains of Thr186, Arg210, and Glu213 form the rim of the pocket, whereas Trp81 and 

Met168 form the floor of the pocket. These aromatic and hydrophobic residues that 

constitute the pocket are remarkably conserved among different VP8* belonging to both 

NA-sensitive (CRW-8 and RRV) and NA-insensitive RV strains (the human Wa and DS-1; 

Glu213/RRV and CRW-8 are equivalent to Glu212 of the VP8* sequence of the human Wa 

and DS-1). Consistently, this pocket is occupied by small molecules such as glycerol and 

benzamidine in various VP8* structures published to date (Dormitzer et al., 2002b, 

Blanchard et al., 2007, Yu et al., 2011, Yu et al., 2012, Yu et al., 2015). In our 1 bound K9 

VP8*64-224 structure, the cryoprotectant glycerol was able to soak into this conserved pocket, 

and the glycerol molecule is refined with full occupancy in both molecule A and molecule 

B. All the residues and glycerol molecule are well defined in electron density (Fig. 2.6a). 

Not only the nature of the pocket is conserved, but the glycerol also interacts with the Glu213 

and Arg210 is also conserved (Fig. 2.6a), as was reported in the CRW-8 and Wa VP8* 

structures. The key interaction of glycerol with Glu213 and Arg210 assists in preserving the 

similar orientation of the glycerol ligand within the pocket among various VP8* structures. 

Glycerol in both the monomers forms the hydrogen bond with the hydroxyl side chain of 

Thr186. A conserved water network in the CRW-8 VP8* structure (2I2S, 3TAY), and RRV 

VP8* structures (1KQR, 2P3K, and 2P3I) has been defined that links O4 of the 

Neu5Acα2Me/Neu5Gcα2Me to the conserved Glu213. This water network is not fully 

conserved in the structure of K9 VP8*64-224 in complex with 1, due to the modification of 

O4 into 2-ethyl-hexamides. Despite this amendment, molecule A of the structure did 

present a water network involving five water molecules that link Glu213 and glycerol 

molecule (Fig. 2.6b), though molecule B did not show such linkage. The conservation of 

the pocket indicates that it may have a certain role in RV infection, and needs to be explored 

further. 
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Figure 2.6. Conserved glycerol pocket in 1 bound K9 VP8*64-224 complex structure. (a) Electron 
density map and interaction of glycerol molecule within the conserved pocket. Binding site residues 
(yellow carbon) with bound glycerol (magenta carbon) depicted in stick representation. The black 
dashed lines depict hydrogen bonds. The 2mFo-DFc map is illustrated in blue mesh for the residues, 
and red mesh for glycerol molecule at a 1.0 σ contour level. (b) The O11 group of ligand 1 (green 
carbon, stick representation) is bridging to the highly conserved Glu213 (yellow carbon, stick 
representation). Glu213 forms the side of the conserved pocket, accommodating a glycerol molecule 
(magenta carbon, stick representation). The water molecule is represented in a red sphere; K9 VP8*64-

224 is shown in white surface. 
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2.4 Summary 

K9 VP8*64-224 was expressed, purified, and crystallized in complex with a Sia-derivative 1. 

Detailed biophysical studies were carried out to understand the sialic acid interactions and 

glycan preference shown by the K9 VP8*. Additionally, structure determination and analysis 

of the 1 bound K9 VP8* structure were carried out. 

Rotavirus attachment to the cell surface glycoconjugates has not been fully established, and 

is still debated. Thus, studies on multiple RV strains could provide further insight into the 

glycan recognition profile. There is an expansion of reports on RV strains that are apparently 

derived from transmission between humans, cats, and dogs; humans and cattle; humans and 

pigs; pigs and cattle; and pigs and horses (Palombo, 2002, Matthijnssens et al., 2011b). 

Common pets such as dogs and cats stay in proximity to humans, thereby posing an increased 

risk of zoonotic transmission. Human RV strains Ro1845 and HCR3A were shown to share 

characteristically high nucleotide identities with that of feline RV (Cat97) and canine RV 

(K9), and has been speculated to be derived from interspecies transmission. The canine K9 

VP8* shares 98% and 96% sequence identity with that of the human rotaviruses HCR-3A 

and Ro1845, respectively. The VP8* of RV mediates initial interaction with cellular glycans, 

which determines the host selection and may be critical for zoonotic transmission. The 

glycan binding has previously been shown to be translated to that exhibited by infectious 

RV particles (Yu et al., 2012, Bohm et al., 2015). Our STD NMR and ITC studies 

demonstrated that canine K9 rotavirus particles possess the ability to bind with the N-

glycolyl- and N-acetyl-derivatives of Sia-containing gangliosides with comparable affinity. 

These findings of RV strains with zoonotic potential may facilitate broader RV surveillance 

in companion animals and livestock. 

To understand the structural changes within the VP8* domain upon glycan binding, and to 

design better ligands with greater affinity, we crystallized the K9 VP8* protein in complex 

with a Sia-derivative 1. Structural analysis of the O4-modified ligand 1 bound to K9 VP8* 

displayed an enhanced interaction with the protein, as compared to the Neu5Acα2Me. As 

anticipated, the water-mediated contact between the O4 of Neu5Acα2Me and the Tyr188 

amide in the 2I2S structure is replaced by direct hydrogen-bonding interaction with O11 

of ligand 1 (Fig. 2.5b). Further, the O7 of the glycerol side chain of 1 forms a direct 
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hydrogen bond with His155 (Fig. 2.5b). The enhanced direct hydrogen-bonding contacts, 

together with hydrophobic interactions facilitated by 2-ethyl group, suggest that this O4 

modification further intensified the interaction with the VP8*, and could bind stronger than 

Neu5Acα2Me and Neu5Gcα2Me. Both the monomers of the structure present a well-

defined water network that links O10 of 1 with the Na+ located in proximity to the sialoside 

binding site. The Na+ coordination with Gly156 carbonyl may have locked the Gly156-

Pro157 peptide into a single conformation. The cryoprotectant glycerol molecules occupy 

the highly conserved pocket between NA-sensitive and -insensitive RV strains. The 

orientation and linking of a glycerol molecule with Glu213 residues are highly conserved 

among the Sia-complexed structure reported to date. This conserved pocket may have a 

functional role in the RV life cycle. The reverse genetic technique could be employed to 

determine the exact function of this conserved small molecule binding pocket. The atomic 

details discussed in this chapter on the interaction of the Sia-derivative 1 and the K9 VP8* 

could be utilized for the designing of future ligands with greater affinity. 
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Chapter 3 

Structural investigation of porcine CRW-8 VP8* with aceramido-GM1bGc 

ganglioside and its biological implications 

 

3.1 Overview 

Gangliosides are a novel class of biological amphipathic molecules, carrying one or more 

sialic acid residues, and are localized mainly on the outer leaflet of cell membranes. They 

contain a hydrophilic glycan head that is anchored in the membrane by the ceramide chain. 

Gangliosides play a major role in multiple physiological processes (Schengrund, 2015, 

Ledeen and Wu, 2015), including cell adhesion and proliferation (Hakomori, 2000), signal 

transduction (Bremer et al., 1984), and neuronal protection (Schnaar et al., 2014, Schengrund, 

2015). They are also used as a receptor for multiple viruses, for example, paramyxoviruses 

(Sendai and Newcastle disease virus) (Villar and Barroso, 2006), the influenza virus 

(Bergelson et al., 1982), noroviruses (Taube et al., 2009), and RVs (Rolsma et al., 1998, Yu 

and Blanchard, 2014). The diversities of their biological function are mainly a consequence 

of the variation of the oligosaccharide head-groups, but are sometimes also influenced by 

their ceramide structures (Hakomori, 2002, Yu et al., 2004). Ganglioside biosynthesis is 

initiated at the endoplasmic reticulum with the synthesis of the ceramide, and further 

modified in the Golgi apparatus by the sequential addition of the carbohydrate moieties 

(Maccioni, 2007). The enzyme UDP-glucose: ceramide glucosyltransferase (UGCG) 

converts the ceramide into glucosylceramide (GlcCer) by the transfer of a glucose molecule 

(Fig. 3.1), and a galactose molecule is further added. Knocking down the expression of the 

UGCG enzyme ultimately leads to the inhibition of the synthesis of major gangliosides. 

Galactosyltransferase I (GalT1) catalyzes the production of lactoceramide (LacCer) from 

GlcCer by the addition of a galactose molecule. The first Sia addition to LacCer by the 

enzyme lactosyl ceramide-α-2,3–sialyl transferase 5 (GM3-synthase [GM3-s]), produces the 

GM3 ganglioside, serving as the critical step in the synthesis of Sia-containing gangliosides. 

The synthesized gangliosides within the Golgi complex are delivered to the plasma 

membrane (Tettamanti, 2004).  
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Figure 3.1. Ganglioside biosynthesis and chemical structure. (a) Schematic representation of 
main ganglioside synthesis. × represents the silencing of each ceramide glucosyltransferase (UGCG) 
and lactosyl ceramide-α-2,3–sialyl transferase 5 (GM3-s). Saccharide units are shown in shapes. 
Ganglioside nomenclature is as per IUPAC-IUB (1999). Figure modified from (Martinez et al., 2013). 
(b) Chemical structure of a-GM1bAc/ a-GM1bGc. The ϕ and ψ angles are indicated. Carbon atom 
numbering is labelled in red. The Neu5Acyl group is represented by R and highlighted in red circle. 
Neu5Gc (NHGc) is the hydroxylated derivative of Neu5Ac (NHAc), and is predominant in animal 
species. (c) Stereo diagram of a-GM1bGc glycan. Depicted in sticks (carbon in yellow; oxygen in 
red; and nitrogen in blue) 
 

Gangliosides play a crucial role in rotavirus cell entry, and have been investigated previously 

(Coulson, 2015, Yu and Blanchard, 2014). The terminal Sia-containing gangliosides GM3 

inhibited the infectivity of the NA-sensitive porcine RV strains (CRW-8 and OSU), whereas 
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the rhesus strain RRV has been shown to interact with GM3, GM2, and GD1a gangliosides 

(Yu et al., 2011, Delorme et al., 2001). GM1a (containing a sub-terminal Sia-moiety) 

inhibited infection with the NA-insensitive human strains KUN and MO, and have been 

shown to interact with the human Wa with the involvement of its sub-terminal Sia-moiety 

(Guo et al., 1999, Haselhorst et al., 2009). The synthesis of gangliosides identified as 

potential RV receptors could be inhibited by knocking out the enzyme GM3-s that transfers 

the first Sia-molecule. These gangliosides are the main species in the intestine of Macaca 

fascicularis (Dahiya et al., 1986), suggesting its implication for RV infection in vivo. A study 

showed that the inhibition of ganglioside synthesis by RNAi-directed GM3-s (Fig. 3.1) 

results in decreased infectivity of both NA-sensitive and -insensitive RV strains. However, 

the decreased levels of gangliosides did not affect cell binding of RV strains (the human Wa, 

simian RRV, porcine TFR-41, and bovine UK), indicating that the functional role of 

gangliosides is a requirement for productive cell entry rather than cell attachment (Martinez 

et al., 2013). Thus, it was speculated that RVs may recognize the Sia-molecule present on 

the other cell surface molecules, such as glycoproteins. Additionally, the minor ganglioside 

GM1b (NeuAc alpha 2-3 GalI beta 1-3 GalNAc beta 1-4 GalII beta 1-4 Glc beta 1-1'-ceramide) 

(Fig. 3.1b), which contains terminal Sia (its synthesis is not interfered with by GM3-s 

inhibition) could potentially act as a receptor for RVs. The natural occurrence of GM1b was 

first demonstrated in rat ascites hepatoma cells (Hirabayashi et al., 1979), and was later 

detected at the developmental stage of various cell lines and tissues such as rat bone marrow 

(Taki et al., 1983), and mouse leukocytes and lymphocytes (Schwarting and Gajewski, 1981) 

and spleen tissue (Nakamura et al., 1984). With respect to phylogenetic recapitulation, the 

GM1b forms the major ganglioside in amphibian brain tissues, and is expressed at a specific 

developmental stage of the mammalian brain (Hirabayashi et al., 1990). Thus, at tissue 

developmental stage, the abundant expression of GM1b could be the major determinant for 

RV interaction with these mono-sialylated gangliosides for subsequent cell entry. The 

Neu5Gc version of GM1b is more widespread in animals, but not synthesized in normal 

human tissues, due to an inactivating mutation of the CMP–N-acetylneuraminic acid 

hydroxylase (Davies and Varki, 2015).  

We provide the first report on the atomic details of the interaction of the minor ganglioside 

a-GM1bGc with that of the porcine CRW-8 VP8*. These results imply that RVs not only 
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use the major gangliosides as their potential binding partners, but could also recruit the 

mono-sialylated minor gangliosides such as GM1b for host cell invasion. This chapter 

describes in detail the expression, purification, crystallization, structural determination, and 

analysis of the porcine CRW-8 VP8* in complex with a-GM1bGc, and discusses subsequent 

implications for the secondary Sia-binding site in VP8*. 

 

3.2 Methods and materials  

3.2.1 Protein expression, purification, and crystallization 

The CRW-8 VP8*64-224 protein was expressed and purified, as detailed for the K9 VP8*64-

224 in section 2.2 of Chapter 2. CRW-8 VP8*64-224 was concentrated to 20.2 mg ml-1, and was 

premixed with the ligand (a-GM1bGc) to make the protein-to-ligand ratios of 1:10, 1:20, 

1:50, and 1:100. The hanging drop vapor diffusion method was used to set up drops, each 

containing 0.5 µl of protein and 0.5 µl of the reservoir solution (0.1 M HEPES [N-(2-

hydroxyethyl) piperazine-N1-(2-ethane-sulphonic acid)] pH 7.5, 70% v/v MPD (2-methyl-

2,4-pentanediol)) (previously known condition for the CRW-8 VP8* protein (Scott et al., 

2005)). All the drops tested that contained different protein-to-ligand ratios gave crystals in 

approximately four to seven days. The crystals failed to grow when the concentration of 

MPD was less than 60%. The crystals were picked from the drops containing the 1:20 protein-

to-ligand ratio, and were cryo-cooled with liquid nitrogen for data collection (Fig. 3.2). 

 

3.2.2 Structure determination and refinement 

For all the crystals, X-ray diffraction experiments were performed at the Australian 

Synchrotron, using MX2 beam lines using a wavelength of 0.9537 Å and an ADSC Quantum 

315r CCD detector at 100K. The crystals of the CRW-8 VP8*64-224+a-GM1bGc were picked 

up from the hanging drop, and washed in the reservoir solution (0.1 M HEPES pH 7.5, 70% 

v/v MPD) for 10 to 20 seconds before being cryo-cooled in liquid nitrogen. 

Data collection was controlled using the Blu-Ice software (McPhillips et al., 2002), 

processed using XDS (Kabsch, 2010), and scaled and merged using AIMLESS (Evans and 

Murshudov, 2013). The structure was determined by molecular replacement using PHASER 
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(McCoy et al., 2007). The search model was the modified crystal structure of the 

Neu5Acα2Me complexed porcine CRW-8 VP8*64–224 (monomer A of asymmetric unit of 

PDB 2I2S was used) (Blanchard et al., 2007). Refinement of the atomic model was 

performed using Phenix-refine (Afonine et al., 2013, Afonine et al., 2012, Afonine et al., 

2009, Headd et al., 2012), and visualization of the electron density maps together with model 

manipulation and building were carried out using the programme COOT (Emsley et al., 

2010). Initially, the refinement was carried out with non-crystallographic symmetry 

restraints between the two molecules of the asymmetric unit, but inspection of the relative 

change in R-factor and free R-factor values with and without non-crystallographic symmetry 

restraints led us to abandon these restraints. Structure validation was performed using 

MolProbity (Chen et al., 2010). 

 

3.2.3 Saturation transfer difference nuclear magnetic resonance (STD NMR) 

All STD NMR experiments were acquired on a Bruker 600 MHz Advance spectrometer 

using a conventional 1H/13C/15N gradient cryoprobe system at 288 K. Deuterium oxide 

(99.9 %, deuterium) was purchased from Novachem Pty Ltd (Collingwood, Australia), 

and was used for NMR buffer preparation. STD NMR experiment samples were prepared 

by mixing the VP8* proteins with the ligand in the NMR buffer (20 mM Phosphate buffer, 

pH 7.1, 10 mM NaCl), giving a molar ratio of 1:100 in 300 µl. The VP8*64-224 protein was 

saturated at -1 ppm, and off-resonance was set at 33 ppm with a cascade of 40 selective 

Gaussian-shaped pulses of 50 ms duration. A 100-μs delay between each soft pulse was 

applied, giving a total of 2 s saturation time. Data were obtained with an interspersed 

acquisition of pseudo-two-dimensional on-resonance and off-resonance spectra. These 

spectra were processed separately, to acquire the final STD NMR spectra by subtracting 

individual on- and off-resonance spectra. Control STD NMR experiments were also 

performed, using an identical experimental setup and ligand concentration, but in the 

absence of the protein. 
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3.3 Results and discussion 

3.3.1 Co-crystallization and structural determination of CRW-8 VP8*64-224 with a-

GM1b 

The crystals (Fig. 3.2) of the porcine CRW-8 VP8*64-224 in complex with a-GM1bGc grew 

in all the tested proteins to the ligand ratio (1:10, 1:20, 1:50, and 1:100), though the crystals 

at 1:10 and 1:100 ratios were more fragile, and disappeared four days after their appearance. 

The crystals grown in protein-to-ligand ratios of 1:20 (Fig. 3.2a) and 1:50 (Fig. 3.2b) were 

relatively more stable, and were used for further diffraction studies. The morphology of 

the crystals was similar in both the drops. The higher concentration of MPD in the reservoir 

solution acted as a good cryoprotectant, and the crystals from the drop containing the 1:20 

(protein-to-ligand) ratio diffracted to a resolution of ~1.95 Å. 

 

Figure 3.2. Crystals of CRW-8 VP8* with a-GM1bGc. (a) Crystals were grown at a protein 
concentration of 1:20. (b) Crystals were grown at a protein concentration of 1:50. 
 

Crystal exhibit an orthorhombic crystal system, and belong to the space group P212121 

(Table 3.1). The unit cell dimensions are comparable to that reported previously for the a-

GM3Gc bound CRW-8 VP8* (PDB: 3SIS) (Yu et al., 2011). Assuming two molecules per 

asymmetric unit, the Matthews coefficient (Matthews, 1968, Kantardjieff and Rupp, 2003) 

VM value was calculated to be 2.57 Å3 Da-1, giving a solvent content of 52.2%. The crystal 

structure was solved by molecular replacement, using the modified crystal structure of the 

porcine CRW-8 VP8*64–224 in complex with Neu5Acα2Me (monomer A of asymmetric unit 

of PDB 2I2S was used) as the search model, and was refined to R-factor and free R-factor 

values of 15.6 % and 18.8 % respectively (Table 3.1). The overall geometry of the structure 

was analyzed and validated by MolProbity (Chen et al., 2010), where all the residues of the 

structure were found in the most favoured and additionally allowed region (Fig. 3.3). 
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Table 3.1. Crystallographic data and refinement statistics for CRW-8 VP8*64-224 in complex 
with a-GM1bGc. 

Crystal system, Space group Orthorhombic, P212121 
Unit cell parameters (Å, ˚) a=57.33, b=57.64, c=114.16, α= β = γ =90q 
Resolution (Å) 38.29 - 1.95 (2.02 - 1.95) 
Total number of observations 56575 (5523) 
Total number of unique observations 28301 (2764) 
Redundancy 2.0 (2.0) 
Completeness (%) 99.9 (100.0) 
Mean I/σ(I) 20.3 (4.4) 
Wilson B-factor 18.2 
#Rmerge (%) 3.2 (18.8) 

 
Refinement 
Resolution (Å) 38.29 - 1.95 (2.02 - 1.95) 
Reflections used in refinement 28301 (2764) 
Reflections used for R-free 1369 (132) 
R-work (%) 15.8 (19.4) 
R-free (%) 18.7 (24.1) 
 
No. of atoms / Average B factors (Å2) 
 No. atoms Average B factors 
Protein 2664 18.1 
Water molecules 365 30.9 
Ligands 201 29.5 
 
RMS deviations 
Bond lengths (Å) 0.004 
Bond angles (˚) 0.74 
 
Ramachandran Plot Statistics 
Favoured (%) 96.7 
Allowed (%) 3.3 
Outliers (%) 0 

 

 #R   = ∑ ∑ I (hkl) −  I(hkl) ∕ ∑ ∑ I (hkl) 

Statistics for the highest-resolution shell are shown in parentheses. 
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Figure 3.3. MolProbity Ramachandran analysis of CRW-8 VP8*64-224 in complex with a-
GM1bGc. 
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3.3.2 Crystal structure of a-GM1bGc bound CRW-8 VP8*64-224 

The crystallographic structure of a-GM1bGc bound CRW-8 VP8*64-224 contains two protein 

molecules (designated as A and B), three HEPES and two MPD molecules originating from 

the crystallization buffer, and two Na+ (occupied the same site in each Sia-binding precinct) 

in the asymmetric unit. Each protein molecule is a compactly folded globular domain, built 

around a 12-stranded antiparallel β-sandwich. A C-terminal α-helix (αB) is packed against 

a six-stranded β-sheet, and a β-hairpin (EF) is packed against the other sheet. Consistent with 

other Sia-bound VP8* (Blanchard et al., 2007, Yu et al., 2011, Yu et al., 2012), a 310-helix 

(αA) is decorated in the KL-loop region (loop connecting βK and βL) (Fig. 3.4a). 

 

 
Figure 3.4. Structure of a-GM1bGc bound CRW-8 VP8*64-224 protein. (a) Cartoon representation 
of the overall structure (molecule B as representative). Representing the carbohydrate (a-GM1bGc) 
binding site between two β-sheets, forming an open-ended shallow groove. Labeling of secondary-
structure elements is according to the RRV VP8* core (Dormitzer et al., 2002b), except that the 
ribbon βH, which split into βH and βHˡ in RRV, is continuous in CRW-8. The strand βA is continuous 
in the RRV VP8* (Dormitzer et al., 2002b), and is split into βA and βAˡ in the CRW-8 VP8*. The β-
hairpin (EF), α-helix (αB), and 310-helix (αA) are coloured in red; the six-stranded β-sheet packed 
against αB is coloured in blue, and the other β-sheet in green; loops are in yellow. (b) Residues of 
CRW-8 VP8* contributing to form the carbohydrate-binding groove (yellow carbon) are depicted in 
stick representation. The 2mFo-DFc sigma-A weighted map is illustrated in grey mesh at a 1.0 σ 

contour level. 
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The overall three-dimensional protein structures of molecules A and B are comparable with 

their superimposition (Cα atoms of Leu64–Leu224), giving an RMSD of 0.37 Å. The 

crystallographic structure displayed a clear electron density for Gly62 and Ser63 (GST linker 

peptide) at the N-terminal extension in molecule A. By contrast, the Gly62 electron density 

was ambiguous in molecule B, and the Ser63 could only be modeled. The Cα atoms in both 

the molecules are well defined in the 2mFo-DFc electron density map (contour level at 1.0 

σ), while the electron density about the side chain of Gln113, Gln135, and Glu214 from 

molecule A, and Gln124 from molecule B, were ambiguous. The three residues of molecule 

A (Gln113, Asn120, and Glu214), and five residues of molecule B (Gln70, Gln113, Gln125, 

Val143, and Asn178) were assigned alternate conformations as per the density map. The 

CRW-8 VP8* contains 21 prolines, of which Gly67 to Pro68 and Thr181 to Pro182 were 

found in cis-conformations in both the protein molecules. The CRW-8 VP8* carbohydrate-

binding site appears to be an open-ended, shallow groove, and is located between the two β-

sheets. The side chains of Tyr188 and Ser190 form one edge of the groove; the aromatic ring 

of His155 forms the opposite edge, and the Arg101, Ser144, Gly187, and Tyr189 side chains 

form the floor. All these residues that form the carbohydrate-binding groove are well-defined 

within the 2mFo-DFc Sigma-A weighted map (contour level at 1.0 σ) (Fig. 3.4b). The 

electron density of the bound a-GM1bGc in both molecules A and B is clearly defined in 

2mFo-DFc maps (Fig. 3.5a, b), and all the subunits of a-GM1bGc bound in both the protein 

molecules A and B were refined with lower temperature factor and full occupancy. The key 

interactions of the a-GM1bGc ganglioside are mainly contributed by the terminal Neu5Gc 

moiety, and is positioned in an identical manner in both the VP8* molecules of the 

asymmetric unit. By contrast, the orientation of other monomers (Gal, GalNAc, and Glc) of 

a-GM1bGc ganglioside is not conserved. The different orientation is attributed to the distinct 

and close crystal packing environment surrounding the bound glycan in both the protein 

molecules A and B (Fig. 3.5c). In protein molecule B, GalI, GalNAc, and GalII moieties of 

a-GM1bGc lie closer to the protein, and the Glc moiety is projecting further to the solvent, 

whereas in molecule A, the GalNAc, GalII, and Glc moieties are more solvent exposed, and 

project relatively away from the protein surface (Fig. 3.5c). The glycosidic torsion angles (ɸ, 

ψ) (Fig. 3.1b) of the ganglioside best define its conformational state under different 

physiological conditions. When bound to the protein molecule, the interacting moiety of the 
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glycans populates in a discrete conformation cluster, where the glycosidic torsion angles 

have been influenced by glycan engagement to the proteins (DeMarco and Woods, 2009, 

Siebert et al., 1996). 

 

 
 

Figure 3.5. Electron density map and conformation of a-GM1bGc in the crystal structure 
(CRW-8 VP8*64-224 in complex with a-GM1bGc). a-GM1bGc bound to protein molecule A, 
represented in the green stick; a-GM1bGc bound to protein molecule B, represented in the cyan stick. 
(a) mFo-DFc electron density map (grey mesh) contoured at 2.0 σ, calculated after refinement of 
models devoid of a-GM1bGc (representing protein molecule A (white surface)). (b) mFo-DFc 
electron density map (grey mesh) contoured at 2.0 σ, calculated after refinement of models devoid 
of a-GM1bGc (representing protein molecule B (white surface)). (c) Superimposition of protein 
molecules A and B of the crystal structure. Representing the distinct conformation of a-GM1bGc 
bound to molecules A and B. Protein molecule shown in white cartoon, and the GH-loop connecting 
βG and βH is shown in yellow. 
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Table 3.2. Torsion angles of glycosidic linkages in crystal structures of CRW-8 VP8*64-224 
bound to a-GM1bGc. 

a-GM1bGc 

Linkage VP8* molecule A VP8* molecule B 

ɸ (deg) 

[annotationa] 

Ψ (deg) 

[annotationa] 

ɸ (deg) 

[annotationa] 

Ψ (deg) 

[annotationa] 

Neu5Gc (α2,3) GalI -53.5 [-sc] -11 [-sp] -66.7 [-sc] -10 [-sp] 

GalI (β1,3) GalNAc 41.8 [+sc] -47.4 [-sc] 47.6 [+sc] -6.9 [-sp] 

GalNAc (β1,4) GalII 37.9 [+sc] 10.3 [+sp] 34.9 [+sc] 14.9 [+sp] 

GalII (β1,4) Glc 35.7 [+sc] -19.3 [-sp] 38.8 [+sc] -13.9 [-sp] 

aAccording to the Klyne–Prelog system for describing conformations around a single bond. 
sp: synperiplanar (0° to ±30°); sc: synclinal (30° to 90° and -30° to -90°) 
 
Angle definitions: 

φ Neu5Gc (α2,3) GalI is C1-C2-O3-C3; ψ Neu5Gc (α2,3) GalI is C2-O3-C3-H3 

φ GalI (β1,3) GalNac is H1-C1-O3-C3; ψ GalI (β1,3) GalNac is C1-O3-C3-H3 

φ GalNac (β1,4) GalII is H1-C1-O4-C4; ψ GalNac (β1,4) GalII is C1-O4-C4-H4 

φ GalII (β1,4) Glc is H1-C1-O4-C4; ψ GalII (β1,4) Glc is C1-O4-C4-H4 

 

The conformation exhibited by Neu5Gc (α2,3) GalI linkage in molecule A has the glycosidic 

torsion angles of ϕ = -53.5° and ψ = -11°, and in the molecule B is ϕ = -66.7° and ψ = -10° 

(Table 3.2). These angles fall in the range of a highly populated (87%) and discrete 

conformational cluster that is typical for protein-bound carbohydrates (Siebert et al., 1996, 

DeMarco and Woods, 2009). The angles for the Neu5Ac/Gc (α2,3) Gal linkage of a-GM3Ac 

(PDB code- 3SIT) and a-GM3Gc (PDB code- 3SIS), each bound to the CRW-8 VP8* (Yu 

et al., 2011), were comparable to our a-GM1bGc bound CRW-8 VP8*64-224 crystal structure. 

The ϕ and ψ angles between the linkages of the monomers within the a-GM1bGc ligand, 

when bound to the CRW-8 VP8* molecules A and B, showed that the single bond 

conformations were restricted to either synperiplanar (sp) or synclinal (sc) (Table 3.2). The 

significant transition in ψ angles from -47.4˚ (a-GM1bGc of protein molecule A) to -6.9˚ (a-

GM1bGc of protein molecule B) along the GalI (β1,3) GalNAc linkage, enabled a substantial 
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bending of the a-GM1bGc subunits for subsequent engagement to the protein molecule B. 

The transition between these conformational states is the consequence of distinct 

engagement of a-GM1bGc in both the protein molecules A and B in the asymmetric unit, 

and is partly attributed to the crystal packing. The a-GM1bGc bound to the symmetry-related 

molecule A packs against the other a-GM1bGc glycan that is bound to protein molecule B. 

Thus the steric hindrance of the symmetry-related glycan may restrict the freedom of 

movement of the a-GM1bGc bound to molecule B (Fig. 3.6). In particular, the O6 of GalNAc 

of a-GM1bGc glycan (bound to molecule A; symmetry-related molecule) hydrogen bonds 

with the O3 and O4 of the GalNAc moiety belonging to the a-GM1bGc that is bound to the 

protein molecule B. This interaction is likely expected to switch the ψ angle on GalI (β1,3) 

GalNAc linkage from -sc to -sp conformations in molecules A and B respectively. The 

difference observed in the glycosidic torsion angles between a-GM1bGc bound to the protein 

molecules A and B further illustrates that the ganglioside head group can present in a variety 

of conformations, and is partially associated with the flexibility in its glycosidic linkage. 

However, the subunit that forms the key interaction with the protein is more rigid in 

maintaining the actual conformation required for efficient binding. 

 

Figure 3.6. The packing environments surrounding the bound a-GM1bGc. a-GM1bGc bound to 
protein molecules A and B is represented in green and cyan sticks respectively. Symmetry-related 
proteins are represented in magenta ribbons. (a) The packing environment surrounding the bound a-
GM1bGc on molecule A. Protein molecule A is represented in yellow ribbon. (b) The packing 
environment surrounding the bound a-GM1bGc on molecule B. Protein molecule B is represented in 
yellow ribbon. The orientation of a-GM1bGc bound to molecule B is more likely adopted 
conformation in solution as is less influenced by the crystal packing. 
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3.3.2.1 a-GM1bGc interactions in the crystal structure of a-GM1bGc bound CRW-8 

VP8*64-224 

The high-resolution structure of the a-GM1bGc bound CRW-8 VP8*64-224 imparts an 

unambiguous electron density of the ligand, and thus presents a clear portrait of ligand 

engagement to the protein residues, revealing a complex interaction network. The terminal 

NeuGc is the key interacting subunit that engages directly by six hydrogen bonds and one 

hydrophobic interaction with the VP8* (Fig. 3.7a, b; Table 3.3); moreover, its binding mode 

is conserved in both protein molecules in asymmetric units. The carboxylic group hydrogen 

bonds with the hydroxyl side chain, and the main chain amide of Ser190. The O8 and O9 of 

the glycerol side chain of the Neu5Gc subunit engage with the guanidinium group of Arg101 

directly, and its acetamide group interacts with the main chain carbonyl of Tyr188. These 

five direct hydrogen bonds are critical for anchoring Sia in the VP8* binding site, and these 

interactions are conserved in all the reported structures of Sia-bound VP8* (Yu and 

Blanchard, 2014, Coulson, 2015). A glycolyl group in Neu5Gc that distinguishes it from 

Neu5Ac exhibits an additional hydrogen bond with the main chain amide of Tyr188 (Fig. 

3.7a, b; Table 3.3.1). The a-GM1bGc is more inclined to the protein in molecule B, resulting 

in a significant direct hydrogen bond between O3 of the GalII subunit and the hydroxyl side 

chain of Thr146 residue that is located in the GH-loop adjacent to the Sia-binding site (Fig. 

3.5c; Fig. 5.7b). The C3 of the Neu5Gc forms a hydrophobic interaction with the Cε1 of 

Tyr188, and is consistent in both the protein molecules (Fig. 3.7a, b; Table 3.3.2). The ligand 

forms a complex water-mediated interaction network with the protein, and is not entirely 

conserved between both the protein molecules A and B (Fig. 3.7a, b; Table 3.3.3). The O4 

of the Neu4Gc hydrogen bonds with a water molecule, which then bridges with the main 

chain amide of Tyr188. Additionally, its O7, O10, and O11 atoms form water-mediated 

interactions with the Nδ1 of His155, the main chain amide of Gly156, and the carbonyl side 

chain of Asn178, respectively. The O9 of the glycerol side chain of the Neu5Gc interacts 

with a water molecule, which then hydrogen-bonds with the main chain carbonyl and 

hydroxyl side chain of Ser144 and Thr153 respectively. Also, the O1A Neu5Gc carboxylate 

and the O4 of the GalI interact with hydroxyl side chain of Ser190, involving one water 

molecule. All these water-mediated interactions were conserved in the protein molecules A 

and B. 
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Figure 3.7. Interactions between CRW-8 VP8*
64–224 and a-GM1bGc. All the residues are 

represented in stick (yellow carbon, red oxygen, and blue nitrogen), a water molecule in the raspberry 
sphere, Na+ in the purple sphere, direct hydrogen-bond interactions in the blue dash, and water-
mediated interactions in the grey dash. The a-GM1bGc bound structure shows engagement of the 
glycolyl group of the Neu5Gc into an extensive network that includes interaction with the water 
(represented by # and termed as apical water in the text) that coordinates to a Na+ and lies apical to 
Neu5Gc subunit of a-GM1bGc. (a) Direct and water-mediated protein-ligand interactions engaging 
a-GM1bGc in protein molecule A. Ligand a-GM1bGc represented in sticks (green carbon, red 
oxygen, and blue nitrogen). (b) Direct and water-mediated protein-ligand interactions engaging a-
GM1bGc in protein molecule B, and an additional hydrogen bond between the Tyr188 backbone 
amide and the glycolyl group. Ligand (a-GM1bGc) represented in the sticks (green carbon, red 
oxygen, and blue nitrogen). 
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Table 3.3. Interaction of a-GM1bGc with the CRW-8 VP8*64-224 residues. 

 

Table 3.3.1. Direct hydrogen-bonding network (Molecule B representative). 

Donor Atom Acceptor Atom Distance (Å) 

NH1 of Arg101 O9 of Neu5Gc 2.9 

NH2 of Arg101 O8 of Neu5Gc 2.8 

Ser190 main chain amide O1B of Neu5Gc carboxylate 2.8 

Hydroxyl side chain of Ser190 O1B of Neu5Gc carboxylate 2.7 

Acetamido nitrogen of Neu5Gc Main chain carbonyl of Tyr188  2.9 

Tyr188 main chain amide O11 of Neu5Gc 3.4 

#O3 of GalII Hydroxyl side chain of Thr146 3.4 

#Interactions not observed in protein molecule A. 

 

Table 3.3.2. Hydrophobic interaction network (Molecule B representative). 

Residues Atom Ligand Atom Distance (Å) 

Cε1 of Tyr188 C-3 of Neu5Gc 4.0 

 

 

Table 3.3.3. Water-mediated hydrogen-bonding network. 

Molecule A Molecule B 

Protein Atom Ligand 
Atom 

Water 
molecule 
involved 

Protein 
Atom 

Ligand 
Atom 

Water 
molecule 
involved 

Tyr188 OH O4 of 
Neu5Gc 

1 - - - 

Main chain amide of 
Tyr188 

O4 of 
Neu5Gc 

1 Main chain 
amide of 
Tyr188 

O4 of 
Neu5Gc 

1 

Side chain nitrogen 
of Asn178 

O11 of 
Neu5Gc 

1 Side chain 
nitrogen of 

Asn178 

O11 of 
Neu5Gc 

1 
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Hydroxyl side chain 
of Asn178 

O11 of 
Neu5Gc 

1 Hydroxyl 
side chain of 

Asn178 

O11 of 
Neu5Gc 

1 

Arg173 NH2 O1A of 
Neu5Gc 

2 - - - 

Carbonyl main 
chain/ hydroxyl side 

chain of Ser144 

O9 of 
Neu5Gc 

1 Hydroxyl 
side chain of 

Ser144 

O9 of 
Neu5Gc 

1 

Hydroxyl side chain 
of Thr153 

O9 of 
Neu5Gc 

1 Hydroxyl 
side chain of 

Thr153 

O9 of 
Neu5Gc 

1 

Nδ1 of His155 O7 and O10 
of Neu5Gc 

1 Nδ1 of 
His155 

O7 and O10 
of Neu5Gc 

1 

- - - Nε2 of 
His155 

O9 of 
Neu5Gc 

1 

Gly156 main chain 
amide 

O10 of 
Neu5Gc 

1 Gly156 main 
chain amide 

O10 of 
Neu5Gc 

1 

Ser190 OH O4 of GalI 1 Ser190 OH O4 of GalI 1 

- - - Ser190 OH O6 of GalI 1 

   Hydroxyl 
side chain of 

Thr153 

O2 of GalII 1 

- - - Hydroxyl 
side chain of 

Thr146 

Acetamido 
nitrogen 
(N2) of 
Neu5Gc 

1 

- - - Nε2 of 
His155 

O3 of GalII 2 

- - - Hydroxyl 
side chain of 

Thr153 

O3 of GalII 2 

 

 

In the protein molecule A, the O4 of the Neu5Gc forms a water-mediated hydrogen bond 

with the hydroxyl side chain of Tyr188, and is absent in molecule B. Similarly, in molecule 

A, the O1A Neu5Gc carboxylate and the O4 of the GalI also engage with the guanidinium 
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group of Arg173, involving two water molecules, and are absent in molecule B. By contrast, 

molecule B displays a more complex water-mediated interaction network that involves the 

four subunits, Neu5Gc, GalI, GalNac, and GalII (Fig. 3.7b; Table 3.3.3). The nitrogen atom 

of the acetamide group of the GalNAc moiety link to hydroxyl side chain of Thr146 using a 

water molecule. The same water molecule also links the O3 of the GalII with the hydroxyl 

side chain of Thr146. It is noted that the O3 of the GalII contains a sialic acid moiety in the 

GD1a ganglioside. The O3 of the GalII also interacts with the Nε2 of His155, and the main 

chain carbonyl of Ser144, involving two water molecules, and also forms a water-mediated 

hydrogen bond to the hydroxyl side chain of Thr153 that involves three water molecules. 

Thus the O3 of the GalII engages with the residues (Thr146 and Thr153) located at the GH-

loop that is adjacent to the Sia-binding site. Similarly, the O2 of the GalII also hydrogen-

bonds to the hydroxyl side chain of Thr153 and the carbonyl main chain of Ser144 by 

incorporating a water molecule. As discussed in Chapter 2, an Na+ is unambiguously defined 

within the Sia-binding site, proximal to the glycosylamine group of a Neu5Gc moiety in both 

molecules A and B of the a-GM1bGc bound CRW-8 VP8*64-224 crystal structure (Fig. 3.7). 

The Na+ was refined with full occupancy, giving a temperature factor of 16 Å2 and 12.4 Å2 

in the protein molecules A and B respectively. Consistent with the other published Sia-bound 

CRW-8 VP8* structures (Blanchard et al., 2007, Yu et al., 2011, Yu et al., 2012), the Na+ 

exhibits a distorted octahedral geometry of coordination, involving the hydroxyl side chain 

of Tyr165 and Thr176, the carbonyl backbone of Gly156 and Tyr177, the carboxylate side 

chain of Asp142, and a water molecule (denoted as apical water) (Fig. 3.7). This apical water 

molecule hydrogen-bonds with the O11 of the Neu5Gc moiety, thus linking the ion and the 

glycan together. The exact role of the conserved sodium ion pocket within the Sia-binding 

site has not yet been elucidated. However, its conservation may indicate that it does play a 

certain role in RV cell engagement. 

 

3.3.2.2 Ligands originating from reservoir solution 

The crystal structure of a-GM1bGc bound CRW-8 VP8*64-224 contains three HEPES 

molecules (two of them interact with protein molecule A and the third with protein molecule 

B), and two MPD molecules (which occupy a similar site in both protein molecules A and 

B), originating from the crystallization buffer. Consistent with the other published VP8* 
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structures (2I2S, 1KQR, 2P3K, 2DWR, and 2P3I) of both NA-sensitive and NA-insensitive 

strains, a conserved small molecule-binding pocket formed by Thr186, Arg210, Met168, 

Trp81, Tyr175, Phe170, and Glu213 (as discussed in Chapter 2) residues consistently holds 

ligands such as glycerol/MPD/benzamidine. The residues within this small molecule-

binding pocket are highly conserved, and have a well-defined 2mFo-DFc electron density 

map at 1.0 σ (Fig.3.8a). A HEPES occupies this conserved cavity in protein molecule A, 

where its hydroxyl end lies within the cavity, and the sulfate end is solvent exposed. The 

hydroxyl group hydrogen-bonds with the NH1 of the guanidinium group of Arg210 and the 

Oε2 of the Glu213 carboxylate. Also, the N4 of the pyridine ring engages directly with the 

Oε1 of the Glu213 carboxylate. The cavity holds the ligand by an additional hydrophobic 

interaction between the C7 of an ethyl-alcohol group of HEPES and the Cε2 of Tyr175 (Fig. 

3.8a). The protein molecule B did not present any ligand within this cavity, contrasting with 

molecule A. The difference is the consequence of crystal packing, where the N-terminal 

residues (Gly62 and Ser63 of GST-linker; and Leu64 of CRW-8 VP8* sequence) from the 

symmetry-related molecule A projects into this cavity of molecule B (Fig. 3.8b), thus 

covering the same. The hydroxyl side chain and main chain amide Ser63 hydrogen-bond to 

the highly conserved residues Glu213 with the cavity of molecule B. Similarly, the main 

chain carbonyl of Ser63 and main chain amide of Gly62 make direct engagement with the 

hydroxyl side chain of Tyr175 and Thr186 respectively (Fig. 3.8b). Despite the symmetry-

related molecule A N-terminus insertion into the C-terminal α-helix region of the molecule 

B, the overall structure is not influenced by this packing arrangement. This structural feature 

has also been reported previously for the Sia-complexed CRW-8 VP8* PDBs (2I2S, 3TAY, 

3SIT, and 3SIS) (Blanchard et al., 2007, Yu et al., 2011, Yu et al., 2012). The second HEPES 

molecule sits in the depression formed between the βE strand of the hairpin and the βC strand 

of one of the sheets (Fig. 3.8c). The hydroxyl and sulfate group of the HEPES molecule 

forms direct hydrogen bonds to the guanidinium group of Arg117, and the main chain and 

the side chain amide of Asn120 respectively, and both these residues lie in the βE strand 

(Fig. 3.8b). Similarly, the N1 and N4 of the pyridine group hydrogen-bond with the Oε2 and 

Oε1 of the Glu89 (BC-loop) side chain carboxylate respectively. A water molecule bridges 

the hydroxyl group of HEPES and carboxylate of Glu109 (DE-loop). Likewise, the Os1 of 

the sulfate group interacts with two water molecules, and one of them bridges with the main 
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chain carbonyl of the Gly90 (βC), and another with the main chain carbonyl of the Val91 

(βC) (Fig. 3.8c). The third HEPES molecule exists as a free ligand, and is mostly solvent 

exposed. The hydroxyl group of this third HEPES lies proximal to the BC-loop region of the 

protein molecule B, and it hydrogen-bonds with the main chain amide of the Glu89 (BC-

loop). 

 

Figure 3.8. Crystallization buffer originated ligands interaction with CRW-8 VP8* residues. 
All residues and ligands depicted in the sticks. Nitrogen atom coloured in blue, oxygen atom in red, 
and sulphur atom in orange. The water molecule is represented in raspberry spheres. Direct hydrogen 
bond and water-mediated interactions are shown in blue and grey dash respectively. (a) Electron 
density map and interaction of HEPES molecule within the conserved pocket. Binding site residues 
(yellow carbon, black labels) with bound HEPES (green carbon). The 2mFo-DFc map is illustrated 
in blue mesh for the residues, and red mesh for the HEPES molecule at a 1.0 σ contour level. (b) The 
N-terminal segment insertion into the conserved small molecule binding pocket. The N-terminus 
from a symmetry-related molecule A (green carbon) projects into the pocket of molecule B (yellow 
carbon) of a-GM1bGc bound CRW-8 VP8*64-224 structure. (c) The second HEPES (green carbon) 
molecule interacting with residues (yellow carbon) of protein molecule A. The water molecule that 
bridges the HEPES and MPD in protein molecule A is highlighted with #. (d) MPD (green carbon) 
interaction to residues (yellow carbon) of protein molecule A. 
 

Consistent with previously reported structures of Sia-bound CRW-8 VP8* (PDB code- 

3TAY, 3SIS, and 3SIT) (Yu et al., 2011, Yu et al., 2012), an MPD molecule has been 
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unambiguously defined in a small pocket formed between the BC-loop (loop connecting βB 

and βC) and the LM-loop (loop connecting βL and βM) in both protein molecules A and B 

in the asymmetric unit. The 2-hydroxyl of MPD is located at the hydrogen bond distances 

from the main chain amide of Thr87 (BC-loop), and main chain amide and carbonyl of Val88 

(BC-loop) (Fig. 3.8d). A water molecule bridges the 4-hydroxyl of MPD to the main chain 

carbonyl of Val91 of protein molecule A. The same water molecule also links the MPD and 

the Os1 of the sulfate group of the HEPES molecule within the protein molecule A (Fig. 3.8c, 

d). 

 

3.3.3 Investigating the secondary Sia-binding site within VP8* protein 

Sia-binding proteins belong to a wide range of sequence families, and belong to different 

structural classes that are involved in diverse physiological functions. Despite the structural 

diversity, they all share a common feature, namely their ability to bind the Sia. A secondary 

binding site of Sia other than its primary site has been reported in the influenza virus 

neuraminidase (Lai et al., 2012), and the human parainfluenza virus type HN glycoprotein 

(Alymova et al., 2012). These secondary Sia-bindings are triggered and exposed upon 

attachment of Sia at the primary site. The binding mode of Sia at these two sites are different: 

For example, in influenza neuraminidase at the primary site Sia binds in a boat conformation, 

whereas at the secondary site it exhibits a chair-like conformation (Bhagavat and Chandra, 

2014). In the crystal structure of Sia-bound CRW-8 VP8*64-224 (PDB code-2I2S), a 

Neu5Acα2Me molecule binds at an unexpected site other than its primary Sia-binding site 

(Blanchard et al., 2007). VP8* has galectins (lectins with β-galactosides affinity) like a β-

sandwich fold, despite low sequence identity (9% for structurally conserved regions of 

rhesus RRV and galectin-3) (Dormitzer et al., 2002b). Interestingly, this unexpected 

Neu5Acα2Me binds adjacent to where the N-acetyl-lactosamine is located in human 

galectin-3 (PDB: 1A3K) (Seetharaman et al., 1998). The discovery of Sia-derivative at this 

site was considered to be influenced by the crystal packing. However, it has been proposed 

that this secondary site may have a function as a carbohydrate-binding site for multivalent 

interactions with the branched carbohydrate structures (Blanchard et al., 2007). The specific 

biological relevance of this secondary site remains unclear. STD NMR studies demonstrated 

that CRW-8 VP8* interacts with GD1a, involving both terminal and sub-terminal Sia moiety, 
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but not recognizing the GM1 glycan, even though it contains a sub-terminal Sia (Haselhorst 

et al., 2009). The exact sites of interaction on the VP8* protein surface with the Sia(s) of 

GD1a are undetermined. Furthermore, the crystal structure of CRW-8 VP8* in complex with 

the GM3 glycan revealed that the site where the Sia of GM3 binds represents a high-affinity 

binding site, and most likely would accommodate the Sia and the Gal of the terminal portion 

of GD1a (Yu et al., 2011). It has also been speculated that the distal part, including the sub-

terminal Sia, of the larger ganglioside (GD1a), may lie along the cleft proximal to Asp100 

(towards the 310-helix region). Our crystal structure of CRW-8 VP8* in complex with a-

GM1bGc provided an atomic detail into the projection of the larger oligosaccharide chain 

when bound to the VP8* protein. The presence of an additional sub-terminal Sia at the O3 

of the GalII in GD1a differentiates it from GM1b. It is anticipated that the Neu5Gc location 

in our crystal structure represents the higher-affinity Sia-binding site, that is in agreement 

with the GM3 bound CRW-8 VP8* crystal structure (Yu et al., 2011). Thus, this higher-

affinity Sia-binding site could be a potential site for binding of terminal Sia of the GD1a 

with CRW-8 VP8*. As discussed previously, the O3 of the GalII subunit of GM1bGc 

hydrogen-bonds with the Thr146 hydroxyl side chain that lies in the GH-loop of the protein 

molecule B, whereas the O3 of the GalII subunit of the other ligand is ~7.9 Å away from 

Thr146 of the protein molecule A. Our crystal structure clearly displayed that the O3 of the 

GalII of a-GM1bGc projects towards the groove formed by the residues that construct the 

GH-loop (Fig. 3.9a). Thus, the in silico placement of the Sia at the O3 of the GalII of a-

GM1bGc indicates that this groove may serve as a potential site for the binding of the sub-

terminal Sia of the GD1a with the VP8*. In stark contrast, some human RV strains, for 

example the human Wa, did not recognize the terminal Sia-containing glycans, whilst it 

interacted with the sub-terminal Sia-containing glycans such as GM1a (Haselhorst et al., 

2009). Structural comparison between CRW-8 and Wa VP8* revealed the substantial charge 

differences at the cleft where the Sia binds in the CRW-8 and RRV strains. This led to the 

consideration that the cleft equivalent to the Sia-binding site may be inept for Sia-binding in 

the Wa strain (Blanchard et al., 2007). 
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Figure 3.9. Structure of a-GM1bGc bound CRW-8 VP8*64-224 and its superimposition with the 
human Wa apo VP8*64-224. (a) The conformation of a-GM1bGc along the protein molecule A 
surface. The glycan a-GM1bGc and protein molecule A are presented in the sticks (green carbon) 
and protein molecule is shown in surface. The carbon, nitrogen, and oxygen of the residues forming 
the GH-loop are coloured in yellow, blue, and red respectively. A black arrow represents the O3 of 
the GalII point towards the protein surface. (b) Superimposition of a-GM1bGc bound CRW-8 VP8*64-

224 and Wa VP8*64-224 (PDB: 2DWR). A red arrow shows the O3 of the GalII projects on the 
equivalent GH-loop of the human Wa. Both the CRW-8 and Wa are represented in white cartoons; 
the GH-loops of the Wa and the CWW-8 are coloured in green and yellow respectively. Zoomed 
image of GH-loop residues of superimposed CRW-8 (carbon in yellow; residues labelled in black) 
and Wa (carbon in green; residues labelled in red) with side chain shown in stick representation. 
 

 

Similarly, the crystal structure of the human DS-1 VP8* core presented the parallel 

conclusion that the groove corresponding to the RRV Sia-binding site is not an obvious Sia-

binding pocket in DS-1 VP8* (Monnier et al., 2006). Thus, the question is where exactly the 

sub-terminal Sia of the GM1a glycan binds in the human Wa VP8*. We anticipate that the 

groove formed by the residues of the GH-loop may present a potential site for binding of the 

sub-terminal Sia moiety in CRW-8 VP8*. Despite the lower level of sequence identity 

between the Wa and CRW-8 VP8*64-224 (45%), their secondary structures and overall folds 

are highly conserved (Fig. 3.9b) (Blanchard et al., 2007). The GH-loop residues are not 

highly conserved between the Wa and CRW-8. The mutation of Pro148 and the Gly150 of 

CRW-8 into serine and asparagine in the human Wa increases the polarity of the loop region 

in the Wa strain (Fig. 3.9b). The higher polarity of the GH-loop in the Wa reinforces its 

prospect of being the sub-terminal Sia-binding site for glycans such as GM1a. Additionally, 

both the CRW-8 and Wa recognize a GD1a- and GM1a- sub-terminal Sia residue, 

respectively, suggesting an equivalent binding domain could exist (Haselhorst et al., 2009). 
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To investigate the GH-loop as a potential site for the binding of the sub-terminal Sia of the 

GM1a, a poly-alanine mutant was generated. The Wa strain residues from Ser145 to Glu150 

(from the GH-loop) were mutated to alanine, thereby disrupting the polarity of this loop. The 

enhancement in the hydrophobic character of the GH-loop by the introduction of alanine 

would certainly disrupt its binding to Sia. The poly-alanine human Wa VP8*64-224 mutant 

was generated by Dr. Chandan Kishor (a member of Prof. Blanchard’s group). To address 

the role of the GH-loop in recognition of the sub-terminal Sia of the GM1a, we obtained the 

saturation transfer difference (STD) NMR spectra for a-GM1a, each in the presence of wild-

type human Wa VP8*64-224 and its poly-alanine mutant under identical experimental 

conditions (Fig. 3.10). 

 

Figure 3.10. STD NMR studies of a-GM1aAc in the presence of wild and mutant human Wa 
VP8*64-224. (a) Chemical structure of a-GM1aAc. The protein-binding epitopes are coloured in red. 
Each subunit is labelled in black, and carbon numberings are shown in red. (b) Spectra of a-GM1aAc 
in the presence of wild and mutant human Wa VP8*64-224. (i) 1H NMR spectrum of a-GM1aAc; (ii) 
STD NMR spectrum of a-GM1aAc in the presence of wild-type Wa VP8* at a protein-ligand molar 
ratio of 1:100; (iii) STD NMR spectrum of a-GM1aAc in the presence of poly-alanine mutant of the 
Wa VP8* at a protein-ligand molar ratio of 1:100. The STD peaks are labelled in black, and black 
arrows show the STD signals for H3ax and H3eq. 
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The a-GM1a binds to the wild-type Wa VP8* with prominent STD NMR signals observed 

for the NHAc group methyl protons of the sub-terminal Neu5Ac and GalNac subunit at 1.83 

ppm and 1.80 ppm respectively (Fig. 3.10b). Furthermore, H3eq and H3ax of the Neu5Ac 

moiety also receive saturation from the protein, and thus form the part of the binding epitope. 

These signals provide strong evidence that a-GM1a interacts with the wild-type Wa VP8*. 

This is in agreement with previous reports on a-GM1a interaction with the Wa VP8* 

(Haselhorst et al., 2009). Unexpectedly, the aGM1a displayed similar binding epitopes, even 

in the presence of a polyalanine mutant of the Wa VP8* (Fig. 3.10b). This clearly reveals 

that the domain for GM1a binding is different from our anticipated site (GH-loop) in the Wa 

VP8*. Perhaps the possibility of the presence of a distinct sub-terminal Sia-binding site 

between the porcine CRW-8 and the human Wa cannot be eliminated. 
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3.4 Summary 

This chapter reports and describes the first crystallographic structure of the CRW-8 VP8*64-

224 in complex with a-GM1bGc. Also, STD NMR experiments were undertaken to assess the 

prospective secondary Sia-binding site in the VP8* protein. 

RVs exhibit tissue-specific tropism, and thus interact with specific receptors to gain entry 

into host cells. RV cell entry is a complex multistep process that involves a series of 

interactions with the specific cell surface receptors (Jayaram et al., 2004, Lopez and Arias, 

2004). Multiple receptors have been identified, including glycans, integrins, and heat shock 

cognate protein 70 (Hsc70), that assist RVs in gaining cell entry (Guerrero et al., 2000a, 

Ciarlet et al., 2002a, Dormitzer et al., 2002b, Guerrero et al., 2002, Graham et al., 2003). A 

widely accepted paradigm is that most NA-sensitive RV strains (for example, porcine CRW-

8 and rhesus RRV) use terminal Sia-containing glycans as their binding partners, but the 

recognition of Sia-containing glycans by other NA-sensitive RV strains (for example, the 

human Wa and DS-1) remains controversial. Gangliosides are distributed on the cell surface, 

and are decorated with one or more Sia moiety. Previous studies have reported that 

gangliosides, for example, GM1a, GM3, and GD1a, form the major proportion of glycans 

on the intestinal enterocytes. However, little attention has been given to gangliosides that do 

contain Sia moiety and are expressed in relatively lower proportions. The GM1 ganglioside 

exists in two isomeric forms, GM1a and GM1b, differing only by the sub-terminal versus 

terminal position of the Sia subunit. The GM1b (containing terminal Sia) is regarded as a 

minor ganglioside that co-exists with GM1a on the intestinal enterocytes (McFarland et al., 

2005). However, it is widely expressed at the tissue developmental stage. The GM1b has 

been identified as the functional receptor for the influenza virus (Suzuki et al., 1985), and 

has implications for Campylobacter jejuni infections (Yuki et al., 1999). 

Our crystal structure of a-GM1bGc bound CRW-8 VP8* provides the first atomic details on 

the conformation of mono-sialylated GM1bGc when interacting with the VP8* protein. 

Importantly, the Neu5Gc subunit of a-GM1bGc constitutes the major interacting unit of the 

glycan, and its site of interaction represents the higher-affinity Sia-binding site. The 

orientation of the Neu5Gc and the GalI are comparable in both the protein molecules A and 

B present in the asymmetric unit. However, the remaining subunits orient differently 
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between both the protein molecules. The O3 of the GalII moiety interacts with the residues 

of the GH-loop region of protein molecule B, and lies closer to the protein surface. In protein 

molecule A, the GalII subunit lies away from the protein surface; however, its O3 points 

towards a groove formed by GH-loop residues. This groove could be a potential secondary 

Sia-binding site, where the sub-terminal Sia of the GD1a may interact with the CRW-8 VP8*. 

The GH-loop equivalent in the human Wa has been tested for its interaction with the a-GM1a 

glycan that contains the sub-terminal Sia using STD NMR. Our STD NMR results suggest 

that, in the human Wa, the site for the binding of the sub-terminal Sia of the GM1a is 

different from our anticipated site. Further investigations are necessary to explore the site 

where the sub-terminal Sia binds in the human Wa and the porcine CRW-8 VP8*. Possibly 

the crystal structure of the Wa VP8* in complex with GM1a, and the CRW-8 VP8* in 

complex with GD1a would certainly provide better insight into the secondary Sia-binding 

site in VP8* proteins, and should be studied. 
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Chapter 4 

Structural investigation and biological implications of porcine TFR-41 VP8* 

 

4.1 Foreword 

RVs exhibit enormous genetic and strain diversity. RV strains recognize different glycans, 

irrespective of their common origin and high level of sequence identity. Group A RV 

infections have been most frequently identified in episodes of diarrhea in piglets worldwide 

(Lorenzetti et al., 2011, Halaihel et al., 2010, Linares et al., 2009). Group A RV strains are 

one of the most commonly detected viral agents associated with gastroenteritis in piglets 

between one and eight weeks of age, and have been detected in non-diarrheic piglets as well. 

There is evidence supporting the possibility that Group A RV of porcine origin, or natural 

porcine-human Group A RV reassortant, has spread successfully to the human population. 

An unusual G5 RV strain has been detected in Latin America and Brazil since the early 

1980s, and has subsequently been reported in Argentina and Paraguay (Bok et al., 2001b, 

Carmona et al., 2004, Coluchi et al., 2002, Gouvea et al., 1994). The outer capsid proteins 

VP7 and VP4 genes suggested that these G5 RV strain are the naturally occurring reassortant 

between Wa-like human and porcine RVs (Alfieri et al., 1996). Multiple unusual strains 

causing an epidemic of infantile gastroenteritis in India have been reported, and sequence 

analysis of at least nine genome segments, including the VP4 gene, one such strain RMC321 

(G9P[19]) demonstrated that it is of porcine origin (Ghosh and Naik, 1989a, Varghese et al., 

2004). In 1989, the G9P[19] strains Mc323 and Mc345 were isolated in Thailand, and were 

shown to be genetically more related to porcine than to human RV, using sequence analysis 

and RNA-RNA hybridization techniques (Okada et al., 2000). Multiple RV strains have been 

isolated from porcine origin, for example Gottfried, C95, CRW8, A131 A138, A411, SB-

1A, OSU, C134, TFR-41, EE, YM, A253, A46, and 4F. Although most of the animal strains 

are sensitive to NA treatment, some of the RV strains from porcine origin, for example 

Gottfried, A46, and 4F are insensitive to NA treatment, and behave similarly to human 

strains (Jolly et al., 2001, Ciarlet et al., 2002b). It has also been reported that NA-sensitive 

RV strains interact with glycans containing terminal sialic acid such as GM3 and GD1a, 
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whereas NA-insensitive strains prefer to interact with glycans containing sub-terminal sialic 

acid (Haselhorst et al., 2009, Haselhorst et al., 2011). 

One of the RVs strain from porcine origin, TFR-41 (G5P9[7]), is unique in regards to its 

glycan recognition. TFR-41 was first isolated from piglets in Trafalgar (Victoria, Australia), 

and has shown different glycan recognition to that of other porcine RV strains (CRW-8, 

MDR-13, and OSU) that share a high level of sequence identity (Nagesha and Holmes, 1988). 

However, the VP4 relationship of TFR-41 was established and found to be antigenically 

more related with the UK bovine RV (Nagesha and Holmes, 1991). TFR-41 was shown to 

enter cells through clathrin-mediated endocytosis, similar to that of the human Wa and 

bovine UK (Gutierrez et al., 2010). Unusually, TFR-41 infectivity depends more on glycans 

containing subterminal sialic acid, for example GM1, rather than glycans with a terminal 

sialic acid such as GD1a. The glycan recognition of TFR-41 is distinct from other 

antigenically similar porcine RV strains. However, its recognition was found to be akin to 

that of bovine UK, and human RV strains Wa/RV-3 (Fleming et al., 2014). Interestingly, 

most of the animal RV strains prefer N-glycolylneuraminic acid containing glycans that are 

abundantly expressed in animal tissues, but is however only acquired through dietary uptake 

in normal human tissues (Bardor et al., 2005). As reported, the presence of Pro157 and 

Gly187 in the VP8* domain has a significant impact on their preferences. Although, TFR-

41 VP8* contains Pro157 and Gly187 similar to that of CRW-8, its infectivity was slightly 

reduced by Neu5Acα2Me, and was unaffected by Neu5Gcα2Me (Fleming et al., 2014). Due 

to the lack of atomic structural information on TFR-41 VP8*, our understanding is still 

limited to predict how this RV strain behaves differently to other porcine RV strains. 

This chapter describes how the porcine RV strain TFR-41 utilizes a wider range of cellular 

glycans, identified as VP8* binding partners. Here we report the first glycan-free crystal 

structure of NA-sensitive RV strains. Unexpectedly, we discovered a substantial structural 

rearrangement that has not been observed in any other VP8* structure (elaborated the 

publication in the section 4.2). This significant rearrangement within the VP8* domain 

exposes a novel hydrophobic cavity, which raises multiple questions regarding the major 

role of VP8* during RV cell entry. 
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4.2 Substantial receptor-induced structural rearrangement of rotavirus VP8*: 

potential implications for cross-species infection 
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4.3 Further results and discussion 

The crystals of TFR-41-VP8*64-224 belong to the monoclinic crystal system, and the structure 

is determined under the space group C2. This is the first crystallographic structure of an apo 

form of an NA-sensitive animal RV VP8* (porcine P[7] TFR-41). All the statistics and 

geometry analysis have been presented in section 4.5 (publication supporting information) 

of this chapter. The crystallographic structure of TFR-41 VP8*64-224 contains two protein 

molecules (designated molecules A and B) in the asymmetric unit. Each molecule is a 

compactly folded globular domain, built around a central β-sandwich. The C-terminal α-

helix (αB) is packed against a five-stranded β-sheet, and a β-hairpin (strands E and F) packed 

against the six-stranded β-sheet (Fig. 4.1a). The α-carbon of the N-terminal residue (Leu64) 

and C-terminal residue (Leu224) are only 10.8 Å apart. Comparison between the monomers 

(Cα atoms), displayed an RMSD of 0.26 Å. There are no major conformational differences 

between these two molecules, beside a minor shift in their N-terminus (Leu64-Leu66) 

regions. The interface between the two protein molecules of the asymmetric unit engages 

the β-hairpin motif of molecule B with one region of molecule A, specifically Gly67. In 

molecules A and B, all the Cα atoms are well defined in the 2ǀFoǀ - ǀFcǀαcalc electron density 

map (contour level 1.0 σ), except for the electron density of the side chain of Leu64 

(molecule A), and Glu214 (molecule B) is ambiguous. Alternate conformations were present 

at the residues Thr87, Gln113, Ile141, Thr153, and Val167 of molecule A, whereas for 

molecule B, Gln135, Val167, and Asn183 were found in alternate conformation. The VP8* 

carbohydrate-binding site appears as an open-ended, shallow groove. The side chain of 

Tyr188 (β-strand K) and Ser190 form (KL loop) one edge of the groove; the aromatic ring 

of His155 (β-strand H) and the side chain of Arg101 (CD-loop) form the opposite edge (Fig. 

4.1b). The Arg101, Tyr188, and Ser190 residues are particularly critical to Sia recognition 

by NA-sensitive animal RVs, as they interact with the carboxylate, the glycerol side chain, 

and the acetamide (NHAc) functional group of Sia (Yu et al., 2011, Blanchard et al., 2007, 

Yu et al., 2012). 
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Figure 4.1. Structure of TFR-41 VP8*64-224 protein (PDB ID: 5CA6). (a) Cartoon representation 
of protein molecule A. The β-hairpin (EF) and α-helix (αB) is red, five-stranded and six-stranded β-
sheet is blue and green respectively, loops are yellow. The sialoside binding site in between two β-
sheets (β-strand K and H), forming an open-ended shallow groove. Secondary structure elements 
are labelled in accordance with RRV VP8* core (Dormitzer et al., 2002b), except that ribbon βH, 
which split into βH and βHˡ in RRV, is continuous in TFR-41. The 310-helix (αA) that is present in 
RRV, is absent in TFR-41. (b) Residues of TFR-41 VP8* contributing to form the carbohydrate-
binding groove (yellow carbon) are depicted in stick representation. The 2|Fo|−|Fc|αcalc electron 
density map is illustrated in blue mesh at a 1.0 σ contour level. 
 

 

4.3.1 Comparison of the TFR-41 VP8*64-224 protein structure with that of CRW-8 

VP8*64-224 Ser157 complex structure (2I2S) 

As elaborated in section 4.2, in the TFR-41 VP8* there is a complete absence of helical 

structure (310-helix) in the Thr192–Val197 region (within the loop connecting the KL 

strands); this is in contrast to the presence of a short helix (310-helix, amino acids 194–196) 

at the equivalent location in the CRW-8 VP8* (Fig. 4.2a) (Blanchard et al., 2007, Yu et al., 

2012). Unambiguous 2ǀFoǀ - ǀFcǀαcalc electron density was obtained for these residues, with 

well-defined side chain orientation (Fig. 4.1b). Further, the displacement of the Cα 

trajectories has also been noted in the region proximal to the Sia-binding site. The loop 

connecting the CD strands and GH strands displayed differences in their Cα traces (Fig. 4.2a). 

The amino acids from Gly95-Thr96 and Trp102-Leu103 form part of the βC- and βD-strands 
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respectively, and the residues from Asn97-Arg101 form part of the CD-loop region. The 

residues in this region (Gly95-Arg101) are highly conserved in NA-sensitive RV strains, 

except a substitution from Ile99/CRW-8 to Thr99 in TFR-41 (Fig. 4.2b). Another significant 

shift in Cα atoms has been observed in the loop connecting the GH strands (Fig. 4.2a). The 

residues from Lys145-Tyr152 showed the displacement of Cα atoms to almost 2.6 Å among 

the residues that are equivalent in TFR-41 and CRW-8 in this region of the loop (Fig. 4.2c). 

 

 

Figure 4.2. Comparison of apo TFR-41 VP8*64-224 (PDB ID: 5CA6) and Sia-complexed CRW 
VP8*64-224 structures. Ligands are removed for the sake of clarity (PDB ID: 2I2S). (a) Cartoon 
representation of superimposed apo TFR-41 VP8* (sheets and loops in yellow), and Sia-complexed 
CRW-8 VP8* (sheets and loops in green). Labelling (white and highlighted in black) of secondary 
structure elements is according to RRV VP8* core (Dormitzer et al., 2002b), except that ribbon βH, 
which split into βH and βHˡ in RRV, and is continuous in TFR-41. The red arrow indicates 310-helix 
(αA, green) that is present in CRW-8, but absent in apo TFR-41 VP8*. The regions in TFR-41 and 
CRW-8 VP8* that displayed different Cα trajectories are highlighted with grey transparent boxes II 
and III. (b) Superimposed residues G95-L103 (region represented in box II) of CRW-8 VP8* (carbon 
in green) and TFR-41 VP8* (carbon in yellow). Substitution from T99/TFR-41 (highlighted in 
yellow) to I99/CRW-8 (coloured in green) are shown. (c) Superimposed residues K145-Y152 (region 
represented in box III) of complexed CRW-8 VP8* (carbon in green) and TFR-41 VP8* (carbon in 
yellow). 
 

Our novel finding of structural rearrangements of RVs VP8* occurring upon ligand-binding 

implies an inherent flexibility/adaptability within the VP8* ligand-binding groove. This 

could prove crucial for receptor recognition during initial RV cell engagement, and assist in 

RV adaptation to intestinal replication in alternative hosts that express differing cellular 
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glycans. Genetic reassortment and interspecies transmission are common mechanisms for 

introducing animal RVs genes into humans, which results in atypical human strains 

possessing certain animal RV-like characteristics. 

 

4.3.2 Identification of a novel hydrophobic cavity discovered in the TFR-41 VP8*64-224 

crystal structure 

We have determined the first high-resolution (1.9 Å) crystal structures of porcine RV (P[7]) 

TFR-41 VP8*64-224, that evidently depict the flexible nature of VP8* protein. As elaborated 

previously, the plasticity within the VP8* domain could serve as a key factor that explains 

the ability of VP8* to accommodate various glycans, and additionally to infect multiple 

species that express different cellular glycans. The substantial rearrangement observed in 

TFR-41 VP8* is associated with another intriguing finding of a deep hydrophobic cavity, 

which emerges as a consequence of this rearrangement, and is located within the Sia-binding 

site. The apo TFR-41 VP8* structure reveals explicit flipping up of the guanidinium group 

of Arg101, and culminates in the exposure of the novel hydrophobic cavity (Fig. 4.3a). This 

novel open conformation of VP8* with an exposed hydrophobic cavity is not empty; instead 

it is loaded with an endogenous fatty acid, perhaps originating from the bacterial expression 

system. The TFR-41 VP8*64-224 crystal structure contains two monomers (molecule A and 

molecule B) in its asymmetric unit. Based on the observed unambiguous electron density, 

palmitic acid (PLM) was placed in molecule A and cis-vaccenic acid (VCA) in molecule B 

(Fig. 4.3b and c). Both the fatty acids PLM (16-carbon chain) and VCA (18-carbon chain) 

are refined with full occupancy. The volume of the cavity was calculated by CASTp server 

(Dundas et al., 2006), and both molecule A (590 Å3) and molecule B (587.5 Å3) are 

comparable irrespective of the distinct fatty acids. This may indicate the capacity of the 

cavity, which can accommodate fatty acids containing a C-18 carbon chain length or lesser. 

The plausibility of the existence of PLM and VCA was directed by the fact that these are the 

two most abundant fatty acids expressed in E. Coli (Cronan and Thomas, 2009). 
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Figure 4.3. Hydrophobic cavity determined in the TFR-41 VP8*64-224 crystal structure (PDB ID: 
5CA6) and endogenous fatty acids. (a) Open conformation of VP8* with exposed hydrophobic 
cavity. Surface representation of TFR-41 VP8*64-224 (molecule A representative). The fatty acid 
ligand sitting in the cavity is not included for clarity. The yellow patches within the cavity represent 
Met199 (residue forms part of the floor of the cavity). (a) Chemical structure and electron density 
map associated with PLM (ball and stick representation). Carbon in blue. Electron density map is 
drawn as a grey mesh, with calculated coefficients 2|Fo|−|Fc|αcalc (contoured at 1.0 σ). (b) Chemical 
structure (carbon atoms numbered) and electron density map associated with VCA (ball and stick 
representation). Carbon in green. Electron density map is drawn as a grey mesh, with calculated 
coefficients 2|Fo|−|Fc|αcalc (contoured at 1.0 σ). 
 

Further, the identity of these endogenous fatty acids was ascertained and assessed by mass 

spectrometry (MS). The MS was exploited to investigate whether the purified VP8* from 

the TFR-41 RV strain had bound ligands prior to crystallization. Fatty acids were extracted 

into ethanol, and analyzed by electrospray ionization mass spectrometry (ESI-MS) using a 

negative ion mode (the method of fatty acid extraction and mass spectrometry are detailed 

in section 5.2.3) (Fig. 4.4). The spectra illustrate the presence of ions predicted for C16:1 

(16-carbon chain with 1 double bond), C16:0 (16-carbon chain), C18:1 (18-carbon chain 

with 1 double bond), and C18:0 (16-carbon chain) fatty acid carboxylates. The relative 

intensities of the ions were in the order C18:1>C16:0>C16:1>C18:0. The mass spectra (Fig. 

4.4) showed an intense molecular ion peak at m/z 281, corresponding to the molecular 

formula C18H31O2 (VCA, vaccenic acid), indicating the presence of vaccenic acid in 

abundance in the extracted sample. Moreover, the second most intense peak, at m/z 255, 

corresponds to the molecular formula C16H31O2 (PLM, palmitic acid). Apparently, the mass 
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spectroscopy results are congruous to the electron density map, as observed in the TFR-41 

VP8*64-224 crystal structure. 

 

Figure 4.4. Mass spectroscopy of extracted fatty acids. Accurate mass negative ion ESI-MS 
analysis of the free FA. The molecular formulae are indicated in parts per million (ppm). 
 
 
In the crystal structure of TFR-41 VP8*64-224, the hydrophobic carbon tail of the fatty acids 

is buried deep inside of the cavity, and the hydrophilic carboxylate end faces outward, 

towards the mouth or entrance of the cavity, and is solvent exposed (Fig. 4.5a). The deep 

cavity is L-shaped instead of linear, and can thus accommodate cis-VCA (bent at cis-bond) 

that is inherently a non-linear molecule. The hydrophobic pocket lies in between the two β-

sheets, and the residues lining the internal surface are largely hydrophobic (Fig. 4.5). The 

cavity entrance is guarded by the two charged residues Arg101 and His155, and five polar 

residues (Ser144, Tyr189, Ser190, Thr191, and Tyr194) (Fig. 4.5b). The amino acids Arg101, 
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His155, Tyr189, and Ser190 are the key residues that are involved in the formation of the 

Sia-binding groove in the Sia-complexed VP8* from the NA-sensitive RV strains, for 

example CRW-8 and RRV. The side chains of His155 (βH) and Ser144 (βG) form one edge 

of the entrance, while Tyr189 (βK) and Tyr194 (KL loop) form the opposite edge. Arg101 

(CD-loop) acts as a door that flips up to expose the cavity. The floor or lower end of the 

cavity is terminated mostly by non-polar residues (Pro76, Pro77, Ile82, Met168, and 

Met199), and the backbone of charged (Lys169) and polar (Tyr80) residues contributes to 

the hydrophobicity of the cavity (Fig. 4.5b). The Pro76 and Pro77 are positioned in the loop 

that connects the A and B strands (AB-loop), while Tyr80 and Ile82 form part of strand B 

(βB). Further, Met168/Lys169 and Met199 are present in the βI and βL strands respectively. 

The side wall of the cavity is mainly built by the eight residues (Val143, Ala104, Leu103, 

Val167, Ile174, Val197, Gly95, and Val93), making hydrophobic interaction with the 

endogenous fatty acid. Also, the backbone of charged (Asp142) and polar (Thr176, Thr105, 

Tyr194, Asn198, and Gln94) residues helps in maintaining the integrity of the hydrophobic 

cavity (Fig. 4.5b). The residues Ile174 (βJ), Thr176 (βJ), and Val167 (βI) are located in the 

five-stranded β-sheet, while the six-stranded β-sheet contains Val142 (βG), Val143 (βG), 

Leu103 (βD), Ala104 (βD), Thr105 (βD), Val93 (βC), Gln94 (βC), and Gly95 (βC). The 

remaining residues Tyr194, Val197, and Asn198 are located in the loop connecting the KL 

strands (KL-loop). In particular, the hydroxyl group of Tyr194 contributes to maintaining 

the polarity of the upper-end/mouth of the cavity, whereas its aromatic ring forms the part 

of the side wall contributing to the hydrophobic environment. 
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Figure 4.5. Fatty acid binding cavity in TFR-41 VP8*64-224 structure (PDB ID: 5CA6). Molecule 
B as representative. (a) Overview of the fatty acid binding site. VP8* is represented in the surface 
(white, 80% transparency, and cartoon in blue). The fatty acid ligand VCA is depicted in van der 
Waals representation, carbon in yellow, oxygen in red. A red arrow indicates the entrance of the 
cavity. (b) Residues contributing to the hydrophobic cavity containing VCA. VP8* is depicted in the 
white cartoon (80% transparency). Oxygen and nitrogen atoms in red and blue respectively. VCA in 
green sticks. The side chains of the residues forming the entire cavity are represented in stick, 
residues with yellow carbon form the entrance, residues with blue carbon form the side wall, and 
residues in pink form the lower end of the cavity. 

 

The hydrophobic environment of the cavity has a cumulative effect on the hydrogen bonds 

between the protein and fatty acid carboxylate. Molecule A of the TFR-41 VP8*64-224 

structure is loaded with PLM, where its carboxylate terminal hydrogen-bonds with the 

hydroxyl side chain of Thr191 (Fig. 4.6a; Table 4.1). The hydrogen atom of the backbone 

amide of Ser190 hydrogen-bonds with a water molecule, which then bridges over to the 

carboxylic group of PLM. These interaction networks at the entrance of the cavity are 

perhaps essential for flipping of Arg101 and Tyr194, and thereby preserving the open 

conformation of the VP8* protein. The aliphatic tail of PLM shows hydrophobic interaction 

with the residues Pro76, Leu103, Val167, Lys169, Tyr189, and Val197, and is necessary to 

keep the PLM within the cavity (Fig. 4.6a; Table 4.1.1). 
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Figure 4.6. Interaction map for fatty acid with TFR-41 VP8*64-224 protein (PDB ID: 5CA6). 
Nitrogen atom coloured in blue; oxygen atom in red; water molecule in red sphere; hydrophobic 
interactions are represented in grey dashed lines; direct hydrogen bond and water bridge interactions 
are represented in blue and grey dashed lines respectively. (a) Interaction map of PLM and molecule 
A residues. PLM is represented in cyan stick, while the interacting residues are displayed in yellow 
sticks. (b) Interaction map of VCA and molecule B residues. VCA is represented in green stick, while 
the interacting residues are shown in yellow sticks. 
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Table 4.1. PLM interaction with the TFR-41 VP8*64-224 residues in molecule A. 

Table 4.1.1. Hydrophobic interaction network 

Residues Atom Ligand Atom Distance (Å) 

γ-carbon of Pro76 C-16 of hydrocarbon tail 3.8 

γ-carbon of Lys169 C-16 of hydrocarbon tail 3.8 

γ1- carbon of Val197 C-13 of hydrocarbon tail 3.9 

β-carbon of Leu103 C-11 of hydrocarbon tail 4.0 

δ2-carbon of Leu103 C-5 of hydrocarbon tail 4.0 

γ1- carbon of Val167 C-10 of hydrocarbon tail 3.8 

γ-carbon of Tyr189 C-4 of hydrocarbon tail 3.4 

δ1- carbon of Tyr189 C-2 of hydrocarbon tail 3.8 

δ2-carbon of Tyr189 C-6 of hydrocarbon tail 3.6 

ε2-carbon of Tyr189 C-5 of hydrocarbon tail 4.0 

 

Table 4.1.2. Direct hydrogen-bonding network 

Donor Atom Acceptor 
Atom 

Distance 
H-A (Å) 

Main chain amide of Thr191 O2 of PLM 2.9 

Hydroxyl side chain of Thr191 O1 of PLM 2.2 

NH of Arg101 O1 of PLM 2.6 

H-A: distance between hydrogen and acceptor atoms 
 

Table 4.1.3. Water-mediated hydrogen-bonding network 

Protein Atom Ligand Atom Water molecule involved 

Main chain amide of 
Ser190 

O2 of PLM 1 
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The cavity associated with molecule B of the TFR-41 VP8*64-224 structure contains a mono-

unsaturated C-18 long-chain fatty acid (VCA). The carboxylate end of the VCA makes a 

significant interaction with the protein residues. The hydroxyl group of Tyr194 and the main 

chain amide of Ser190 & Thr191 form hydrogen-bond interactions to the carboxylate 

terminal of VCA (Fig. 4.6b; Table 4.2). The hydrogen-bond interaction of Tyr194 with the 

fatty acid is not conserved with PLM, being only found with VCA. Thus, the Tyr194 orients 

differently in TFR-41, when compared to CRW-8 VP8* (PDB: 2I2S) (that causes disruption 

of 310-helix in TFR-41 VP8*), in order to be able to interact with the main chain of Thr191 

rather than engaging with the fatty acid carboxylate. This interaction may contribute to 

maintaining the open conformation of the VP8* protein. The carboxylate of VCA also 

participates in water-mediated linkage with the side chain of Arg101 involving one water 

molecule. The carbon tail of VCA associates with the backbone of charged (Asp142 and 

Lys169) and polar (Tyr189) by hydrophobic interactions. Five hydrophobic residues 

(Leu103, Val197, Pro76, Ile82, and Val167) also participate in van der Waals interaction to 

the VCA carbon tail (Fig. 4.6b; Table 4.2.1). The residues forming the side wall and the 

lower end of the cavity appear to be fine-tuned to bind the C18 fatty acid, in particular, the 

side-chains of Pro76, Ile82, and Val167 restrict the length of the tail that could be 

accommodated in this part of the binding site. The details of the atomic distances and angles 

pertaining to the interaction of VCA to that of molecule B of the TFR-41 VP8*64-224 structure 

are presented in Table 4.2. 
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Table 4.2 VCA interaction with the TFR-41 VP8*64-224 residues in molecule A. 

Table 4.2.1. Hydrophobic interaction network 

Residues Atom Ligand Atom Distance (Å) 

δ1- carbon of Ile82 C-18 of hydrocarbon tail 3.4 

γ-carbon of Pro76 C-18 of hydrocarbon tail 3.9 

γ-carbon of Lys169 C-17 of hydrocarbon tail 3.7 

γ1- carbon of Val197 C-14 of hydrocarbon tail 3.8 

γ2- carbon of Val93 C-13 of hydrocarbon tail 3.9 

β-carbon of Leu103 C-11 of hydrocarbon tail 3.9 

δ2-carbon of Leu103 C-6 of hydrocarbon tail 3.9 

γ1- carbon of Val167 C-10 of hydrocarbon tail 3.9 

β-carbon of Asp142 C-7 of hydrocarbon tail 3.8 

γ-carbon of Tyr189 C-4 of hydrocarbon tail 3.8 

δ1- carbon of Tyr189 C-3 of hydrocarbon tail 3.8 

δ2-carbon of Tyr189 C-6 of hydrocarbon tail 3.6 

ε2-carbon of Tyr189 C-7 of hydrocarbon tail 3.9 

 

Table 4.2.2. Direct hydrogen-bonding network 

Donor Atom Acceptor 
Atom 

Distance 
H-A (Å) 

Main chain amide of Ser190 O1 of VCA 3.2 

Main chain amide of Thr191 O1 of VCA 2.5 

hydroxyl side chain of Tyr194 O1 of VCA 2.1 

H-A: distance between hydrogen and acceptor atoms 
 

Table 4.2.3. Water-mediated hydrogen-bonding network 

Protein Atom Ligand Atom Water molecule involved 

NH2 of Arg101 O1 of VCA 1 
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The carboxylate group of the fatty acids (PLM and VCA) is involved in multiple interactions 

with the VP8* protein. A water network, linking the glycan (Neu5Acα2Me) to the residue 

Glu213, is present in the Neu5Acα2Me bound 2I2S, and RRV VP8* structures (1KQR, 

2P3K, and 2P3I) are not observed in the TFR-41 VP8* structure (Fig. 4.7a), indicating their 

importance in the Sia-complexed VP8* structure to secure the ligand at the expected binding 

site. Apart from the fatty acid, some small molecules such as formic acid and glycerol were 

also found to interact at various sites on the TFR-41 VP8* protein structure. Three different 

formic acid molecules participate in hydrogen-bond interaction with residues (Lys145, 

Thr180, and Lys139) belonging to molecule A, whereas the fourth formic acid interacts with 

Thr186 of molecule B via direct hydrogen-bonding.  

Consistent with the other published VP8* structures (2I2S, 1KQR, 2P3K, 2DWR, and 2P3I) 

of both NA-sensitive and NA-insensitive strains, a conserved pocket formed by Thr186, 

Arg210, Met168, Trp81, Tyr175, Phe170, and Glu213 (as discussed in Chapter 2) residues 

is occupied by a glycerol in both molecules A and B of TFR-41 VP8*64-224. This glycerol-

binding pocket lies adjacent to the fatty acid binding site (Fig. 4.7a). The residues forming 

this conserved pocket have well-defined electron density (Fig.4.7b). The glycerol molecule 

engages with the side chain of Glu213 and Arg210 by direct hydrogen bonds. The hydroxyl 

group of glycerol forms a hydrogen bond to a water molecule that bridges to the hydroxyl 

group of Tyr175 (Fig. 4.7b). 
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Figure 4.7. Overview of conserved glycerol-binding pocket (molecule A as representative) (PDB 
ID: 5CA6). (a) Surface representation of glycerol-binding pocket. VP8* is shown in white surface 
with coloured residues forming conserved glycerol pocket. PLM and glycerol molecule are 
represented in the blue and green sticks respectively. Representing the location of the glycerol pocket 
relative to the FA binding site. (b) Interaction of glycerol with residues forming the conserved pocket. 
Electron density map is drawn as a grey mesh for residues and blue mesh for glycerol molecule, both 
with calculated coefficients 2|Fo|−|Fc|αcalc (contoured at 1.0 σ). Oxygen in red, nitrogen in blue, 
residues in yellow stick, and glycerol in green stick. 

 

 

4.3.3 Comparative studies on VP8* protein from different RV strains and its biological 

implications 

The residues participating in the formation of the hydrophobic cavity (fatty acid binding) of 

TFR-41 VP8*64-224 were compared with NA-sensitive and NA-insensitive RV strains (Table 

4.3). Depending on the availability of the crystal structures, we compared all the residues 

that are equivalent in 3D space to those that are involved in the construction of the 

hydrophobic cavity in TFR-41.  
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Table 4.3. Sequence comparison of the key residues forming the novel hydrophobic cavity from 
different RV strains. 

Strain/AA Porcine 
CRW-8 

Rhesus 
RRV 

Porcine 
TFR-41 

Human  
K8 

Human 
HAL1166 

Human 
Wa 

Human 
DS-1 

101 R R R R R F F 

144 S V S I I F (143) F (143) 

155 H Y H Y Y R (154) R (154) 

189 Y Y Y Y Y S (188) S (188) 

190 S S S L L S (189) N (189) 

191 T T T T T T (190) T (190) 

194 Y Y Y N N L (193) L (193) 

93 I V V A A Y Y 

94 Q E Q E E E E 

95 G G G G G S S 

103 L L L F F T T 

104 A A A A A A A 

105 T T T C C V V 

142 D D D L L E (141) E (141) 

143 V V V F F M (142) M (142) 

167 V V V W W I (166) M (166) 

174 I I I V V V (173) V (173) 

176 T T T W W T (175) T (175) 

194 Y Y Y N N L (193) L (193) 

197 V V V S S I (196) I (196) 

198 N N N N N S (197) S (197) 

76 P P P L L P P 

77 P P P P P P P 

80 Y Y Y Y Y Y Y 

82 I M I M M I L 

169 K K K K K K (168) K (168) 

168 M M M M M L (167) L (167) 

199 M M M V V I (198) I (198) 

RV strains highlighted in yellow are NA- sensitive; highlighted in blue are NA-insensitive strains. 
Residues coloured in green form the floor or lower end of the cavity, and those coloured in blue form the side 
wall. Residues coloured in red belong to the upper end of the cavity. 
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It is evident from our sequence comparison that residues forming the floor or lower end of 

the cavity are highly conserved in both NA-sensitive and -insensitive RV strains, with some 

conservative substitutions. Pro76, that forms a hydrophobic interaction with the fatty acid, 

is highly conserved in both NA-sensitive and -insensitive RV strains, however, this is 

replaced by another hydrophobic residue, Leu76, in those NA-insensitive human strains with 

atypical genetic makeup (K8 and HAL1166). Met199 is replaced by valine (K8/HAL1166) 

and isoleucine (Wa/DS-1), which could further assist in maintaining the hydrophobicity of 

the cavity. The amino acid at position 82 is either methionine/isoleucine in both NA-

sensitive or -insensitive strains, where is replaced by leucine in human DS-1. The fourteen 

residues shaping the side wall of the cavity are highly conserved within the NA-sensitive 

RV strains, with few conservative mutations from Val/Ile and Gln/Glu, as illustrated in Table 

4.3. When compared with NA-insensitive strains, most of the residues displayed 

conservative mutations; however, Val93/TFR-41 is replaced by bulky tyrosine in the human 

Wa and DS-1. The phenyl group of Tyr93 could increase the steric hindrance to 

accommodate fatty acid. Furthermore, the residues Leu103 and Thr105 of TFR-41 are 

instead Thr103 and Val105 respectively in the human Wa and DS-1 RV strains. Additionally, 

Val197 of NA-sensitive strains displayed a conservative mutation into isoleucine in the 

human Wa and DS-1, whereas the human strain K8/HAL1166 contains serine at the same 

location. Likewise, Asn198 is conserved in NA-sensitive RV strains as well as some NA-

insensitive strains (with atypical genetic makeup, K8 and HAL1166), contrasting the human 

Wa and DS-1 which incorporate serine, an another polar residue. Interestingly, the residues 

forming the entrance or upper edge of the cavity are highly conserved in NA-sensitive RV 

strains, as well as in some NA-insensitive RV strains with atypical genetic makeup, for 

example, the human K8, HAL1166, and HCR-3. These residues are equally important in 

making the interaction with different glycans to initiate initial virus-to-host-cell contact, and 

thus forming the glycan-binding site as well. 

The seven residues cast the shape of entrance of the cavity, notably Arg101, which is a key 

residue that interacts with sialic acid. Arg101 flips up to form the one edge of the entrance 

and is instead replaced by bulky Phe101, which may contribute steric hindrance for fatty 

acid binding. The bulky Tyr189, which stacks with the fatty acid tail region in TFR-41, and 

thus maintains the integrity of the entrance side wall, is replaced by the more hydrophilic 
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serine in Wa and DS-1, and thus altering the nature of this region. Tyr194/TFR-41 interacts 

with the carboxylic group of fatty acids, and stabilizes the VP8* domain, and is altered into 

Leu193/Wa. Most influential on the shape of the upper region of what could be the possible 

factor(s) that can interfere with the interaction of fatty acids in Wa/DS-1 are two adjacent 

arginine residues (Arg154 and Arg155), equivalent to His155 and Gly156 in TFR-41 that 

stretch across the cavity, literally filling the opening of the cavity, as observed in TFR-41. 

Evidently, the residues forming the side wall and floor of the novel hydrophobic cavity are 

conserved in both NA-sensitive and -insensitive RV strains, implicating that this cavity may 

be the common feature in all RV strains’ VP8*. However, there is a possibility that the NA-

insensitive RV VP8* protein is adorned with this novel cavity, but due to differences in the 

residues forming the upper region, it may restrict the entry and interaction of fatty acids with 

the protein. Additionally, towards the upper end of the cavity, the presence of more bulky 

groups in the human Wa/DS-1 distorts the shape of its upper end and could block the opening 

of the cavity. 
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4.4 Summary 

This research outlines the elucidation of the first crystal structure of apo TFR-41 VP8*64-224. 

Our observation that TFR-41 VP8* is loaded with endogenous fatty acid provides the first 

evidence of VP8* as a potential lipid-binding protein. Our previous studies detailed the 

plastic nature of the VP8* protein (Yu et al., 2015), indicating that VP8*, of different RV 

strains, is capable of binding to a fatty acid, despite some differences in amino acids 

constructing the hydrophobic cavity in both NA-sensitive and -insensitive RV strains. The 

presence of a hydrophobic cavity and fatty acid certainly raises multiple questions about the 

prime role of VP8* protein during initial RV-to-host-cell interaction and subsequent cell 

entry. In vivo, RVs have been shown to have a specific cell tropism, infecting the mature 

enterocytes of the villi of the small intestine primarily, and thus needing to bypass the acidic 

environment of the stomach. Our understanding is still limited to the stabilizing effect of 

fatty acid on the VP8* protein; however, the presence of the fatty acid within the deep cavity 

of both monomers of the TFR-41 VP8*64-224 structure implies that it may have a similar role 

as reported and well-studied in other viruses such as coxsackievirus, poliovirus, rhinovirus, 

enterovirus, and other picornaviruses (Rossmann, 1994, Wang et al., 2012, Wang et al., 

2015b). It has been postulated previously that ligand-free VP8* from NA-sensitive RV 

strains are not sufficiently stable for crystallization, and binding of ligands produces the 

more rigid and stable form of VP8* (Dormitzer et al., 2002b). The striking inference that 

can be drawn from our crystal structure is that the fatty acid and Sia bind at an equivalent 

location within the VP8* domain, and provide an opportunity for designing fatty acid-based 

inhibitors with the potential to inhibit viral attachment to the cell surface carbohydrates. The 

highly studied viral uncoating inhibitors replace the pocket factor from the hydrophobic 

cavity of picornaviruses, and thereby inhibit the viral uncoating step (De Palma et al., 2008). 

These inhibitors should be tested for their binding with the VP8* hydrophobic cavity that 

we have identified and reported here. With respect to viral cell entry mechanism, we 

speculate that provided fatty acid within the VP8* acts as a ‘pocket factor’, may contribute 

to rigidifying the VP8* core, and helps to bypass the acidic environment of the stomach. 

This fatty acid may be ejected out when the VP8* binds to the cell surface Sia, and causes 

the structural rearrangement within the VP4 spike domain for further cell entry. Thus our 
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novel structure unfolds an entirely new area in RV research, and should be explored further 

in relation to the design of effective therapeutics. 
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Chapter 5 

Structural investigation and biological implications of canine K9 VP8* 

 

5.1 Overview 

Dogs are considered as a primary vector for bacterial, parasitic, and viral zoonosis for 

persons of all ages. Dogs live in close proximity with humans, thereby posing an increased 

risk of zoonotic transmission, whilst the risk associated with transmission of enteric viruses 

has been underexplored. Canine RVs typically account for subclinical or mild forms of 

enteritis, associated with anorexia and vomiting in pups younger than two weeks of age 

(Santos et al., 1998). Dogs are also susceptible to infection with porcine (Osterhaus et al., 

1980) and bovine rotaviruses (Dagenais et al., 1981). Studies have shown that all canine RV 

(CRV) strains that have been identified so far, Australian K9 (also known as LSU 79C-36) 

(Fulton et al., 1981), American CU-1 and A79-10 (Hoshino et al., 1982, Hoshino et al., 1983), 

Japanese RS15 (Mochizuki and Hsuan, 1984), Italian RV198-95 and RV52-96 (Martella et 

al., 2001), and the Korean GC-KS05 (Kang et al., 2007), belong to the G3P[3] genotype 

constellation, with the exception of an accidental transfer of a bovine-like G8P[1] genotype, 

representing a probable interspecies transmission (Sieg et al., 2015). The genes of feline and 

canine RVs carrying G3P[3] share high nucleotide sequence identity, which suggests the 

occurrence of interspecies transmission of RVs between cats and dogs (Tsugawa and 

Hoshino, 2008, Gauchan et al., 2015). Interestingly, some of the isolated human RV (HRV) 

strains have revealed a close relationship with canine/feline RV strains. The HRV strains 

Ro1845 (G3P[3]), isolated in Israel (Nakagomi et al., 1990), and HCR3A (G3P[3]), isolated 

from an asymptomatic child in Philadelphia (Gouvea et al., 1990, Nakagomi and Nakagomi, 

2000), were shown to be closely related to the feline RV (FRV) and canine RV (CRV) strains. 

From 1994 to 1996, three unusual HRV strains, PAF96 (G3P[9]), PAH136 (G3P[9]), and 

PAI58 (G3P[9]), were isolated in Italy, and were shown to possess canine-/feline-like VP7, 

VP4, and VP6 genome segments, whereas the NSP4 genome segment was like the HRV DS-

1 (De Grazia et al., 2007). The FRV strain Cat97, CRV strain K9, CU-1, and A79-10 strains, 

and the HRV strains Ro1845 and HRC3A were shown to be genetically highly identical to 

each other (Tsugawa and Hoshino, 2008). In one study, dogs experimentally infected with a 
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human RV did not present diarrhea, although RV antibodies were detected and viral particles 

were visualized by TEM in their faeces (Martella et al., 2001), indicating that dogs may be 

infected with RVs from different species and that transmission may occur through direct 

contact. These findings also suggest that dogs may have a role in the transmission and 

dissemination of RV between humans and other species (Sieg et al., 2015). It has been 

established that the majority of canine strains belong to group A or group C RVs, with G3P[3] 

serotype/genotype constellation (including canine K9 and CU-1) (Martella et al., 2001, Kang 

et al., 2007). Little attention has been given to these types of RV strains that have interspecies 

transmission potential. Structural studies will provide further insight in determination of the 

mechanism of RV infections in different species. 

It was our quest to grow the apo VP8* protein crystals from multiple NA-sensitive RV 

strains, to determine whether there is consistency in VP8* structural rearrangement upon 

receptor binding. This chapter describes the details of the crystallization, X-ray structure 

determination, and analysis of the canine K9 VP8* protein in its apo (ligand-free) form. 

Intriguingly, we discovered a similar pattern of structural re-arrangement as was observed 

in the porcine TFR-41 VP8* (described in Chapter 4 (Yu et al., 2015)), and revealed that the 

novel hydrophobic cavity is occupied by an endogenous fatty acid. The detailed structural 

analysis, along with its biological implications, is presented in this chapter. Further, the first 

report on the kinetics of K9 VP8* protein interaction with fatty acid is described. 

 

5.2 Materials and methods 
 

5.2.1 Protein expression, purification, and crystallization 

The protein expression and purification are described Chapter 2, section 2.2. Crystallization 

of the apo form of the VP8* domain from NA-sensitive rotaviruses was predicted to be 

challenging, as the presence of ligands are considered to stabilize the core of the VP8* 

proteins (Dormitzer et al., 2002b). In order to grow the crystals of the apo K9 VP8* protein, 

concentrations of 38.0 mg ml-1, 58.0 mg ml-1, and 98.0 mg ml-1 in TNE buffer were trialed. 

Initial protein crystallization trials were done using commercially available kits (Crystal 

Screen and Crystal Screen 2, Hampton Research), at 293 K using the hanging-drop vapour-
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diffusion method, with drops comprising 0.5 µl protein and 0.5 µl reservoir solution. Each 

hanging drop was equilibrated over 400 µl reservoir solution. The crystals grew within four 

days in a drop containing the reservoir solution 0.1 M HEPES pH 7.5 and 4.3 M NaCl, with 

a protein concentration of 98.0 mg ml-1. 

 

5.2.2 Structure determination and refinement 

For all the crystals, X-ray diffraction experiments were performed at the Australian 

Synchrotron, using MX2 beam lines using a wavelength of 0.9537 Å and an ADSC Quantum 

315r CCD detector at 100K. The apo crystals of K9 VP8* were picked up from the hanging 

drop, washed in the reservoir solution for 5-30 sec, and placed in a cryoprotectant solution 

(15% glycerol, 0.1 M HEPES pH 7.4, 4.3 M NaCl) for 10-60 sec before being cryo-cooled 

in liquid nitrogen. The crystal-to-detector distance was 179.92 mm, the oscillation range was 

1˚, and 360 images were collected to 1.75 Å resolution. Data collections and structural 

determinations were undertaken, as described in Chapter 2, except the refinement was 

carried out using non-crystallographic symmetry restraints between the two molecules of the 

asymmetric unit. 

 

5.2.3 Mass spectrometry (MS) 

Mass spectrometry was employed in assessing the identity of the endogenous fatty acid 

bound to the K9 VP8* protein. The K9 VP8* was dialyzed in 20 mM NH4HCO3 and 

concentrated to 50 mg ml-1. All glassware was washed with 3 M nitric acid. Ice-cold HPLC 

grade ethanol (600 µl) was added to the protein (150 µl) in aliquots, until ethanol 

constituted 80% of the total volume. The sample was vortexed and centrifuged (14000 

g for 30 min at 4 ℃), and the supernatant containing the extracted fatty acids (FAs) was 

isolated in a new vial. The ethanol was evaporated off at room temperature with continuous 

shaking, yielding fatty acids. The final weight of the fatty acid was measured and dissolved 

in the MS buffer (acetonitrile/water). Esquire 3000 Ion Trap Mass Spectrometer (Bruker) 

fitted with ESI (electro-spray ionization) was used for direct mass determination of the 

extracted fatty acids, in negative ion mode. 
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5.2.4 Isothermal titration calorimetry (ITC) 

The K9 VP8* and palmitic acid (PLM) were prepared in TNE buffer, containing 5% DMSO. 

Samples were degassed prior to use. Experiments were conducted with 0.1 mM K9-VP8* 

and 1 mM PLM. Titrations were performed in a TA NanoAnalyze calorimeter, using 20 

injections applied 300 seconds apart. Each injection dispensed 2.5 µl of the ligand into the 

sample cell containing 300 µl of the K9 VP8*, at 200 rpm. Titration and blank data were 

collected at room temperature, and binding isotherms were fitted using NanoAnalyze v3.7 

software. 

 

5.3 Results and discussion 

5.3.1 Apo structure of K9 VP8*64-224 

The K9 VP8*64-224 apo crystal belonged to hexagonal crystal system with a space group of 

P63; the protein structure was solved by molecular replacement, and the model was refined 

to R-factor and free R-factor values of 15.2% and 18.6% respectively (Table 5.1). The 

overall geometry of the structure was analyzed and validated by MolProbity (Chen et al., 

2010), with an overall score of 1.72. All the residues of the K9 VP8*64-224 structure were 

found in the most favoured and additionally allowed region (Fig. 5.1). The crystallographic 

structure of K9 VP8*64-224 contains two protein molecules (designated A and B) in the 

asymmetric unit. Each molecule of K9 VP8* forms a compactly folded globular domain, 

comprising a 12-stranded antiparallel β-sandwich formed by two sheets. It also contains a 

C-terminal α-helix (αB), which packs against one β-sheet, and a β-hairpin (EF) packed 

against the other.  
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Table 5.1. Crystallographic data and refinement statistics for K9 VP8*64-224. 

Crystal system, space group Hexagonal, P63 
Unit cell parameters (Å) a=95.57, b=95.57, c=71.12, α= β =90q, γ =120q 
Resolution (Å) 41.38–1.75 (1.78 -1.75) 
Total number of observations 814509 (29670) 
Total number of unique observations 37351 (2121) 
Redundancy 21.8 (14) 
Completeness (%) 100 (100) 
Mean I/σ(I) 49.2 (6.6) 
#Rmerge (%) 0.046 (0.41) 

 
Refinement 
Resolution (Å) 41.38–1.75 (1.78 -1.75) 
Total number of unique observations 37329 (3727) 
R-work (%) 15.2 (21.6) 
R-free (%) 18.6 (26.2) 
 
No. of atoms / average B factors (Å2) 
 No. atoms Average B factors 
Protein 2873 24.3 
Water molecules 535 32.3 
Ligands 44 20.7 
 
RMS deviations 
Bond lengths (Å) 0.009 
Bond angles (˚) 1.08 
 
Ramachandran Plot Statistics 
Favoured (%) 96.70 
Allowed (%) 3.30 
Outliers (%) 0 

 

 #R   = ∑ ∑ I (hkl)  −  I(hkl) ∕ ∑ ∑ I (hkl) 

 
Statistics for the highest-resolution shell are shown in parentheses. 
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Figure 5.1. MolProbity Ramachandran analysis of K9 VP8*64-224 protein. Pro68 and Pro182 are 

found in the cis-configuration. 
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The molecules A and B within the asymmetric unit are packed together, mainly by the 

involvement of the β-hairpin (EF) of molecule B and the Sia-binding cleft between the two 

β-sheets of molecule A. The mode of interaction between the residues present at the interface 

of the two molecules is mainly hydrogen bonding. The main chain amide of Gly156 of 

molecule A interacts directly with the hydroxyl side chain of Thr120 of molecule B. The 

side chain of Gln125 (molecule B) forms hydrogen bonds with the hydroxyl side chain, and 

the main chain carbonyl group of Tyr189 and Ser178 respectively belonging to molecule A. 

Similarly, the amide group of Gln127 (molecule B) showed direct hydrogen bonding with 

the hydroxyl group of Tyr188 (molecule A). Additionally, some of the residues located at 

the junction of molecules A and B showed a multiple water-mediated interaction network. 

The Gly156, Tyr88, and Tyr189 of molecule A are the key residues in forming the Sia-

binding site within the VP8* domain. 

The overall three-dimensional atomic structure of protein molecules A and B are comparable; 

however, superimposition (Cα atoms of Leu64–Leu224) gave a surprisingly high RMSD of 

1.73 Å (Fig. 5.2a). It was also revealed that there is significant structural rearrangement of 

Cα atom trajectories explicitly in the loop (KI-loop) connecting the βK and βI strands, and 

in the Sia-binding site of the VP8* from the identical RV strain. 
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Figure 5.2. Superimposition of molecule A and molecule B of the apo K9 VP8*64-224 crystal 
structure. (a) Superimposition of protein molecule A (sheets and loops in green) and molecule B 
(sheets and loops in yellow). α-Helix and β-hairpin are coloured red. Labelling of secondary structure 
elements is according to the RRV VP8* core (Dormitzer et al., 2002b), except that ribbon βH, which 
split into βH and βHˡ in RRV, is continuous in K9. βA splits into βA and βAˡ in the K9 VP8*. The 
overall fold of each of the two protein molecules in the asymmetric unit of the K9 VP8*64-224 is 
comparable with an RMSD of 1.73 Å on Cα atoms. (b) Superimposed residues (stick model) from 
Glu94-Ala104 (box II; CD-loop) of molecule A (green carbon and blue labels) and molecule B 
(yellow carbon and grey labels). Representing the substantial displacement of residues in this region 
of the protein, where Arg101 participates in interacting with sialoside. (c) Superimposed residues 
(stick model) Ser144-Tyr152 (box III; GH-loop) of molecule A (green carbon and blue labels) and 
molecule B (yellow carbon and grey labels). Representing the substantial displacement of residues 
in this region of the protein. (d) Superimposed residues of the carbohydrate-binding groove of the 
K9 VP8* molecule A (green carbon and blue labels) and molecule B (yellow carbon and grey labels) 
in stick model. Representing substantial rearrangement within the Sia-binding pocket. 310-helix 
(located in KL-loop) is observed in molecule A, and is absent in molecule B and is indicated by red 
arrow. (e) Superimposed residues (stick model) Leu119-Gln127 (box IV) of molecule A (green 
carbon and blue labels) and molecule B (yellow carbon and grey labels). These residues form the 
part of the β-hairpin. 
 



137 
 

The pattern of structural rearrangement revealed by the superimposition of molecules A and 

B of the K9 VP8*64-224 crystal structure is similar to that observed previously in the TFR-41 

VP8* structure (refer Chapter 4). There is a complete disruption of the helical structure (310-

helix, αA) in the Thr192–Ser196 region (located within the KL-loop) of molecule B of the 

K9 VP8* crystallographic structure; this is in contrast to the presence of a short helix (310-

helix, amino acids 194–196) at the equivalent location in molecule A (Fig. 5.2a). The 

disruption of the 310-helix in molecule B is associated with the flipping of Tyr194 

(participates in the formation of the 310-helix in molecule A) differently compared to 

molecule A (Fig. 5.2d). The highly conserved residues forming the Sia-binding sites Arg101, 

His155, Tyr188, Tyr189, and Ser190 adopted different orientations to each other in both 

molecules (Fig. 5.2d). Interestingly, a significant displacement in the Cα atoms backbone 

was also observed in the CD-loop region (b, Glu94-Ala104) and the GH-loop region (c, 

Ser144-Tyr152) (Fig. 5.2a, b, and c). The CD-loop region contains residues from Glu94 to 

Thr196 that form part of the βC strand, and the residues Trp102-Ala104 form part of the βD 

strands. Both these βC and βD strands are connected by the CD-loop formed by the residues 

Asn97, Asn98, Thr99, Asp100, and Arg101 (the key residue that interacts with Sia). 

Similarly, the GH-loop region (box III; Fig. 5.2a, c) is formed by nine residues, where 

Ser144 and Lys145 form part of the βD strands, and the remaining residues form the GH-

loop. Additionally, a substantial repositioning of the residues (Tyr119-Gln127) forming the 

part β-hairpin (EF) has also been observed (Fig. 5.2e). Despite the marginal relocation of the 

residues in some regions between molecules A and B, present in an asymmetric unit of the 

K9 VP8* crystal structure, the overall secondary structure remains conserved, except the 

310-helix. 

The crystal structure of the K9 VP8*64-224 also contains three sodium ions and two glycerol 

molecules in its asymmetric unit. Consistent with the previously published structures of Sia-

complexed CRW-8 VP8* (Blanchard et al., 2007, Yu et al., 2011, Yu et al., 2012), a Na+ is 

defined within the Sia-binding site in both molecules A and B (Fig. 5.3). Interestingly, the 

co-ordination pattern of the Na+ ion is distinct in both molecules A and B. The geometry of 

the coordination was validated using the CheckMyMetal server (Zheng et al., 2014, Zheng 

et al., 2017).  



138 
 

 

Figure 5.3. Sodium ion interaction with K9 VP8*. (a) Left: cartoon representation (coils and 
strands coloured in yellow) of molecule A, demonstrating the Na+ ions (purple sphere) locations. The 
Na+ ion at the conserved site is highlighted with ‘box 1’, and the second Na+ ion defined in molecule 
A is highlighted with ‘box 2’. Right: zoomed view of Na+ ions sites in molecule A. # represents the 
apical water molecule (discussed in the text). Box 1 depicts the coordination of a Na+ ion with the 
residues (yellow sticks) at the conserved site of molecule A. Box 2 depicts the coordination of the 
second Na+ ion with the residues (yellow sticks) of molecule A. Symbol ‘+’ represents the water 
molecule from the symmetry element. (b) Left: cartoon representation (coils and strands coloured in 
green) of molecule B demonstrating the Na+ ion (purple sphere) location. The Na+ ion at conserved 
site of molecule B is highlighted with ‘box 3’. Right: zoomed view of Na+ ion sites in molecule B. 
Box 3 depicts the coordination of a Na+ ion with the residues (green sticks) at the conserved site of 
molecule B. 

 

In molecule A, a Na+ (refined with full occupancy, and given a temperature factor of 12.96 

Å2) at the conserved site, exhibits distorted octahedral geometry, coordinating with the side 

chains of Asp142, Thr176, and Tyr165, the carbonyl group of Tyr177 and Gly156, and a 

water molecule (apical water, located apical to 1, as discussed in Chapter 2) (Fig. 5.3a). The 

geometry of coordination at the conserved site is consistent with previously reported 
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structures (Blanchard et al., 2007, Yu et al., 2011); however, the side chain oxygen of Thr176 

lies 3.05Å away from the Na+ centre, and hence without its close interaction the geometry 

would be considered trigonal bipyramidal (Fig. 5.3a). Another Na+ (temperature factor 13.13 

Å2) was also defined in molecule A, exhibiting octahedral geometry, and coordinating with 

the carbonyl and side chain of Ser178 and Thr185, and two water molecules (one water 

molecule from the symmetry operation) (Fig. 5.3a). By contrast, the Na+ (refined with full 

occupancy, and given a temperature factor of 13.94 Å2) at the conserved site in molecule B 

exhibits trigonal bipyramidal geometry, coordinating with the side chains of Asp142, Tyr165, 

and Thr176, the main chain carbonyl of Tyr177, and Gly156 (Fig. 5.3b). Interestingly, the 

apical water is not involved in the coordination, and is located 4.8 Å away from the Na+ 

centre, whereas the sidechain oxygen of Thr176 lies 2.4 Å away, and actively coordinates 

with the Na+ in molecule B (Fig. 5.3b). This dissimilarity is due to the structural differences 

that exist between molecules A and B of asymmetric unit. 

Consistent with the other published VP8* structures (2I2S, 1KQR, 2P3K, 2DWR, and 2P3I) 

of both the NA-sensitive and NA-insensitive strains, a conserved pocket formed by Thr186, 

Arg210, Met168, Trp81, Tyr175, Phe170, and Glu213 (discussed in Chapter 2) residues is 

occupied by a glycerol in both molecules A and B of the K9 VP8*64-224. This conserved 

pocket has a well-defined electron density map (Fig.5.4). In both the molecules, the glycerol 

molecule engages with the side chain of Glu213, Thr186, and Thr217 by direct hydrogen 

bonds. The hydroxyl group of glycerol forms a hydrogen bond to a water molecule that 

bridges to the hydroxyl group of Tyr177 (Fig. 5.4). 

 

Figure 5.4. Interaction of glycerol with 
residues at the conserved pocket 
(molecule B as representative). Electron 
density map is drawn as a grey mesh for 
residues and red mesh for glycerol 
molecule, with calculated coefficients 
2mFo-DFc (contoured at 1.0 σ). Oxygen in 
red, nitrogen in blue, residues in green 
stick, glycerol in the cyan stick. 
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5.3.1.1 Identification of novel hydrophobic cavity discovered in K9 VP8*64-224 protein 

structure 

A common feature of polioviruses, coxsackieviruses, and rhinoviruses is the presence of a 

hydrophobic pocket within their VP1 protein, which in most of the crystal structures (Filman 

et al., 1989, Hendry et al., 1999, Hogle et al., 1985, Kim et al., 1993, Muckelbauer et al., 

1995, Oliveira et al., 1993, Rossmann et al., 1985, Smyth et al., 1995, Yeates et al., 1991), 

is occupied by a natural fatty acid termed ‘pocket factor’. The pocket factor mediates the 

stability of the capsid, and its release is an essential prerequisite to uncoating. In addition, 

for the first time, we reported an intriguing finding of the presence of a hydrophobic cavity 

occupied by endogenous fatty acid in the RV strain TFR-41 VP8* protein, as described in 

Chapter 4. Our novel finding tempted us to explore the presence of the hydrophobic cavity 

in the VP8* protein from different RV strains. Interestingly, our attempt to crystallize the 

apo form of the canine K9 VP8* protein led to the discovery of the presence of a hydrophobic 

cavity within the Sia-binding site the of K9 VP8* as well. As anticipated, the cavity is 

occupied by a long-chain endogenous fatty acid (Vaccenic acid, VCA), and is acquired from 

the bacterial expression system (Cronan and Thomas, 2009). The fatty acid is only found in 

molecule B, and is not observed in molecule A of the K9 VP8*64-224 crystal structure. An 

unambiguous electron density favours the presence of VCA in its two naturally occurring 

conformers (Fig. 5.5). A good fit of the electron density was obtained by introducing a VCA 

in both the cis- and trans-conformation, giving an average temperature factor of 20.7 Å2. 

The interaction of the protein with that of VCA stabilizes the hydrocarbon in its slightly bent 

conformation. The hydrocarbon chain bends at the C-9 and C-10 in the case of the cis- and 

trans-conformation respectively (Fig. 5.5). The cavity is not linear, and instead forms into 

an L- shape, which stabilizes the hydrocarbon chain in a bent conformation. The volume of 

the hydrophobic cavity is 613.3 Å3, as calculated by the CASTp server (Dundas et al., 2006), 

which is slightly higher than that found in the TFR-41 VP8* (590 Å3 for molecule A and 

587.5 Å3 for molecule B; see Chapter 4). The comparatively larger cavity volume in the K9 

VP8* could explain the freedom of movement of VCA to adopt cis- and trans-conformation 

within the cavity. 
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Figure 5.5. The structure of endogenous fatty acid bound with molecule B of K9 VP8*64-224 
crystal structure. (a) Chemical structure represents the cis-VCA (carbons are numbered). (b) 
Electron density map associated with cis- and trans-VCA. The fatty acid VCA is shown in green 
stick and map (blue mesh), with calculated coefficient 2mFo-DFc (contoured at 1.0 σ). (c) Chemical 
structure represents the trans-conformer of VCA (carbons are numbered). (d) The structure of 
molecule B bonded with VCA. VP8* is represented in hydrophobicity surface (orange >white >blue); 
VCA is depicted with green sticks. 

 

Consistent with the TFR-41 VP8*, the hydrophobic side of the pocket is partially filled up 

with the aliphatic chain of VCA, while the polar side is occupied by the carboxylate group 

of the fatty acid (Fig. 5.5d). Residues forming the internal surface of the lipid-binding pocket 

are largely hydrophobic. This pocket is located in between the two β-sheets, and the 

carboxylic group of the fatty acid lies within the Sia-binding site of the VP8* (Fig. 5.6a). 

The cavity entrance is guarded by two charged residues Arg101 and His155, and four polar 

residues (Ser144, Tyr189, Ser190, and Tyr194) (Fig. 5.6a). The side wall of the cavity is 

lined by eight hydrophobic residues (Val143, Ala104, Leu103, Val167, Ile174, Val197, 

Gly95, and Val93), making hydrophobic interaction with the endogenous fatty acid. Also, 

the backbone of the charged (Asp142 and Glu94) and polar (Thr176, Thr105, Tyr194, and 

Asn198) residues helps in maintaining the integrity of the hydrophobic cavity (Fig. 5.6b). 

The floor or lower end of the cavity is terminated mostly by the non-polar residues (Pro76, 

Pro77, Met82, Met168, and Met199). However, the backbone of a charged residue (Lys169) 

and a polar residue (Tyr80) contributes to the hydrophobicity of the cavity (Fig. 5.6c). In 
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particular, the hydroxyl group of Tyr194 mainly contributes to maintaining the polarity of 

the entrance/mouth of the cavity, whereas its aromatic side chain forms the part of the side 

wall creating the hydrophobic environment (similar to the TFR-41 cavity). The side chain 

of Met199 and Met82 are found in alternative conformations, thus influencing the actual 

volume of the cavity. 

 

Figure 5.6. Residues forming the lipid-binding pocket in K9 VP8*64-224 structure (molecule B). 
(a) Details of side chains contributing to the upper end/entrance of the FA-binding cavity. Cis-
vaccenic acid is depicted with green sticks; residues forming the mouth or entrance of the cavity are 
represented by white lines and surface (transparency, 80%). (b) Details of residues contributing to 
the side wall of the hydrophobic cavity. cis-vaccenic acid is depicted with green sticks; residues 
forming the side wall of the cavity are represented in lines and semi-transparent surface (cyan). (c) 
Details of side chains contributing to the lower end of the FA-binding cavity. cis-Vaccenic acid is 
depicted with green sticks; residues forming the bottom end of the cavity are represented in lines and 
semi-transparent surface (magenta). 

 

The carboxylate group of the bound VCA is surrounded by polar residues, and exhibits direct 

hydrogen bond interaction with a nitrogen of the guanidinium of Arg101, the hydroxyl side 

chain of Ser144, and the hydroxyl group of Tyr194 (Fig. 5.7; Table 5.2.2). The carboxylate 

group also hydrogen-bonds with two well-defined water molecules, which then bridges over 

to the nitrogen atom of His155 (Fig. 5.7; Table 5.2.3). The carbonyl group of Ser144 

interacts with the carboxylate of the VCA indirectly via water-mediated hydrogen bonds, 

involving two water molecules (Fig. 5.6). These interactions serve as an important 

determinant in anchoring the VCA in the VP8* cavity. Tyr194 participates in the formation 

of the 310-helix in molecule A, but is oriented towards the VCA carboxylate, thereby 
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disrupting the 310-helix in molecule B (Fig. 5.2d; Fig. 5.7). There are major five residues 

(Val93, Leu103, Asp142, Lys169, and Tyr189) with van der Waals contacts with the 

aliphatic chain of VCA (Fig. 5.6; Table 5.2.1). The detailed distance between different 

interacting atoms of the VCA and the residues of molecule B are described in Table 5.2. 

Seven additional hydrophobic residues are positioned around the inner surface of the bound 

fatty acid, making van der Waals interactions with the aliphatic chain. These interactions 

perhaps stabilize the folded conformation of the fatty acid within the VP8* crevice. 

 

Figure 5.7. Interaction map for fatty acid (VCA) with molecule B of K9 VP8*64-224 protein. 
Trans-VCA (one representative conformer) is depicted in green sticks, while the interacting residues 
are displayed in yellow sticks. Nitrogen atom coloured in blue; oxygen atom in red; water molecules 
as red sphere; hydrophobic interactions are represented by grey dashed lines; Direct hydrogen bond 
and water bridge interactions were represented by blue and grey dashed lines respectively. 
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Table 5.2. VCA interaction with the K9 VP8*64-224 residues in molecule B. 

Table 5.2.1. Hydrophobic interaction network 

Residues Atom Ligand Atom Distance (Å) 

γ-carbon of Val93 C-13 of hydrocarbon tail 3.9 

δ-carbon of Leu103 C-5 of hydrocarbon tail 3.9 

β-carbon of Leu103 C-12 of hydrocarbon tail 3.8 

β-carbon of Asp142 C-8 of hydrocarbon tail 3.7 

β-carbon of Lys169 C-18 of hydrocarbon tail 3.8 

δ-carbon of Tyr189 C-7 of hydrocarbon tail 3.4 

γ-carbon of Tyr189 C-5 of hydrocarbon tail 3.9 

 

Table 5.2.2. Direct hydrogen-bonding network 

Donor Atom Acceptor Atom Distance 
H-A (Å) 

NH2 of Arg101 O1 of VCA 2.6 

OH of Ser144 O2 of VCA 3.0 

OH side chain of Tyr194 O1 of VCA 2.5 

H-A: distance between hydrogen and acceptor atoms 
 

Table 5.2.3. Water-mediated hydrogen-bonding network 

Protein Atom Ligand Atom Water molecule involved 

Ser144 OH O2 of VCA 1 

His155 Nε2 O2 of VCA 2 

Ser144 main chain carbonyl O2 of VCA 2 
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5.3.1.2 Comparison of apo and complex structures of K9 VP8* protein 

The crystal structure of the K9 VP8*64-224 contains two monomers in its asymmetric unit, 

and intriguingly one monomer (molecule B) is loaded with endogenous fatty acid (VCA), 

and the other monomer is ligand-free and represents the ligand-free conformation of the 

VP8* from the NA-sensitive RV strains. This indicates that in solution, the K9 VP8* could 

exist in two forms, one fatty acid bonded form (molecule B is representative), and another 

apo form (ligand-free form, representing molecule A). This is the first crystal structure that 

shows the ligand-free conformational state of the VP8* from the NA-sensitive RV strains. 

The complex structure of the K9 VP8* with that of a sialic acid derivative 1 (K9 VP8*:1, 

Sia-complexed K9 VP8*) was also determined, and is described in detail in Chapter 2. 

Superimposition (Cα atoms of Leu64–Leu224) of molecule A (ligand-free VP8* of K9) with 

that of the K9 VP8*:1 structure (molecule B representative) gives an RMSD of 0.64 Å (Fig. 

5.8a). Overall, the protein backbone is ligand-free, and the K9 VP8*:1 did not present any 

significant differences, other than the different orientation of Asn183 and Ala184 (Fig. 5.8a). 

In the complex structure, these two residues form part of a β-strand, whereas in molecule A, 

due to the different orientation of the side chain, these residues structured into a loop, thereby 

shortening the β-strand which participates in the formation of one edge of the Sia-binding 

groove. Comparison of the residues that cast the Sia-binding pocket did not show any 

significant variation in its Cα carbons, although the side chain of Tyr189, Tyr190, Ser190, 

and Arg101 showed a minor shift in both the structures (Fig. 5.8b). Interestingly, flipping of 

Ser190 is associated with the interaction of Sia-moiety, and is in agreement with the 

previously reported backbone flexibility (Dormitzer et al., 2002b). By contrast, the 

superimposition (Cα atoms of Leu64–Leu224) of the VCA-bound molecule B (K9 VP8* apo 

structure) with that of the K9 VP8*:1 (molecule B representative) resulted in an RMSD of 

1.34 Å (Fig. 5.8b). 
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Figure 5.8. Superimposition of apo and 1 bound K9 VP8*64-224 (a) Superimposition of protein 
molecule A (represent the ligand-free VP8*, sheets coloured in green) and the K9 VP8*:1 (molecule 
B representative, cyan sheets) (in cartoon representation). α-Helix and β-hairpin are coloured in red. 
RMSD of 0.64 Å on Cα atoms. Black arrow shows Asn183 and Ala184 location (b) Superimposed 
residues of the carbohydrate-binding groove of the K9 VP8* molecule A (green carbon) and the K9 
VP8*:1 (cyan carbon and black labels). Shown in stick representation; representing the flip of 
Ser190 and shift in the side chain of the residues forming the Sia-binding pocket. (c) Superimposition 
of the protein molecule B (VCA bound VP8*, coloured with yellow sheets) and the K9 VP8*:1 
(molecule B representative, cyan sheets) (in cartoon representation). α-Helix and β-hairpin are 
coloured in red. RMSD of 1.34 Å on Cα atoms. Black arrow shows Asn183 and Ala184 locations. 
Box II, III, and IV are in connection with Fig. 3.2. (d). Superimposed residues of the carbohydrate-
binding groove of the K9 VP8* molecule B (yellow carbon and black labels) and the K9 VP8*:1 
(cyan carbon and blue labels). Shown in stick representation; illustrating the flip of Tyr194, and the 
shift in the residues forming the Sia-binding pocket. 
 

 

Intriguingly, the comparison between the VCA-bound molecule B (K9 VP8* apo structure) 

and the K9 VP8*:1 (Sia-complexed) revealed substantial rearrangement throughout the 

VP8* domain. Essentially, the disruption of the 310-helix in molecule B provides an insight 
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into the plasticity of the VP8* protein. The disruption of the 310-helix is a consequence of 

the different orientation of Tyr194, which interacts with the fatty acid carboxylate in 

molecule B. The significant difference in the structure of molecule B (VCA bound K9 VP8*) 

when compared to the K9 VP8*:1 showed a similar shift as outlined in the previous section 

of this chapter (comparison of molecules A and B), and has also been elaborated in Chapter 4. 

In the K9 VP8*:1 structure, the residues from Glu94 to Ala104 and Ser144 to Tyr152 were 

found in a similar orientation as in molecule A, but differed in molecule B (Fig. 5.8c; 

Fig. 5.2b, c, and e). Notably, this rearrangement in the Sia-binding site of the VP8* is only 

observed when the protein is loaded with the endogenous fatty acid, which is in agreement 

with our previously reported TFR-41 VP8* structure (Fig.5.4d, Chapter 4). Arg101, Tyr188, 

Ser190, and His155 participate in the formation of the Sia-binding site, and these residues 

also construct the entrance of the fatty acid binding pocket. It is evident that Sia-containing 

gangliosides and endogenous fatty acids share the common binding site (Fig. 5.9). The 

molecule A of the K9 Apo VP8* that exists in ligand-free conformation is similar to that of 

the K9 VP8*:1, where the fatty acid binding cavity is locked and is not accessible, and could 

be designated as a ‘closed conformation’ of the VP8* (Fig. 5.9a, b). When the VP8* interacts 

with the FA, the Arg101 flips up and thus exposes the hydrophobic cavity where the FA sits, 

and is designated as ‘open conformation’ of the VP8* (Fig. 5.9c). Therefore, the orientation 

of Arg101 is apparently a crucial element that favours the open and closed conformation of 

the VP8*. Perhaps Arg101 may act as a door that opens the cavity on the FA encounter, or 

else the cavity remains closed in ligand-free and Sia-complexed VP8*. Our structural 

comparison of the K9 VP8* reveals that the apo and the Sia-derivative bound VP8* 

structures are comparable, whereas the VP8* undergoes a substantial structure 

rearrangement when it interacts with a FA. 
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Figure 5.9. Residues forming the Sia-binding groove of K9 VP8* protein. Carbohydrate-binding 
domain is shown in the light grey transparent surface (carbon, nitrogen, and oxygen atoms in light 
grey, navy blue, and red respectively) encompassing a stick representation of the residues. (a) Sia-
binding site of molecule A of the K9 VP8* apo structure (ligand-free). Blue carbon atoms in stick 
representation of residues; represents the closed conformation of the VP8* protein. (b) Sia-binding 
cavity of the K9 VP8*:1 (molecule B. representative). For clarity, the ligand is omitted from the 
figure; yellow carbon atoms in stick representation of residues; represents the closed conformation 
of the VP8* protein. (c) Sia-binding site of molecule B of the K9 VP8* apo structure (VCA bound). 
Ligand is not shown for clarity; grey carbon atoms in stick representation of residues; represents the 
open conformation of the VP8* protein. 

 

5.3.2 Rotavirus VP8* amino acid sequence comparison 

In Chapter 4, we discussed that the residues forming the FA-binding cavity are highly 

conserved in most NA-sensitive RV strains. In addition, the residues forming the floor and 

side wall of the cavity remain conserved in human RV strains such as Wa and DS-1, though 

some discrepancy was observed in the residues forming the entrance of the cavity. In the 

TFR-41 VP8*64-224 structures, Thr191 interacts with the carboxylate of the fatty acid via 

hydrogen bonds. The K9 VP8* contains hydrophobic Ala191 instead of Thr191/TFR-41; 

however, the binding of the FA to the K9 remains uninterrupted (Fig. 5.10). Interestingly, 

the canine K9 VP8* shares 98% and 96% sequence identity to that of the human RVs HCR-

3A and Ro1845, respectively. This high level of sequence identity, and the complete 

conservation of residues forming the hydrophobic cavity indicate that these human RV 

strains may have similar mechanisms of cell entry. 
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Figure 5.10. Amino acid sequence alignment of VP8* from animal rotaviruses K9, RRV, CRW-
8, and TFR-41 and human rotaviruses HCR-3A, Ro 1845, Wa, and DS-1. The VP8* sequences 
of the Wa and DS-1 have a deletion at position 135 (indicated by a solid red triangle). The VP8* 
ligand-binding amino acids (Arg101, His155/Tyr155, Tyr188, and Tyr189) that are conserved 
amongst animal rotaviruses K9, TFR-41, CRW-8, and RRV, and human rotaviruses HCR-3A and 
Ro1845 are indicated by red stars. Amino acids forming the entrance, sidewall, and floor of the fatty 
acid binding cavity are highlighted in yellow, blue, and red respectively. Arg101 covers the cavity 
in lipid-free state. Tyr194 indicated by a red circle; hydroxyl group forms the entrance of the cavity, 
while aromatic ring and backbone constitute the sidewall of the cavity. 

 

5.3.3 Fatty acid characterization 

The identity of the endogenous fatty acid was characterized by MS. Ethanol was used to 

extract the fatty acids from the protein that was used for crystallization studies. The extract 

was analyzed by negative ion accurate mass electrospray ionization mass spectrometry (ESI-

MS) (Fig. 5.11). The spectrum illustrates the presence of ions predicted for C16:1, C16:0, 

C18:1, and C18:0 fatty acid carboxylates. The relative intensities of the ions were in the 

order C18:1>C16:1>C16:0>C18:0. The mass spectrum (Fig. 5.11) shows an intense 

molecular ion peak at m/z 281, corresponding to the molecular formula C18H33O2 (VCA, 

vaccenic acid), representing the [M-H]- peak, indicating the presence of vaccenic acid in 

abundance in the extracted sample. Another peak at m/z 255 corresponds to the molecular 

C16H31O2 (PLM, palmitic acid, [M-H]- peak). It is observed that VCA constituted the major 

fatty acid in the extracted sample, and was in agreement with the electron density in the fatty 

acid binding cavities (Fig. 5.4b). The presence of PLM in the extract gives a direct indication 
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that PLM is participating in the interaction with the K9 VP8* as well, which is consistent 

with the TFR-41 VP8* structure (detailed in Chapter 4). 

 

Figure 5.11. Mass spectroscopy of extracted fatty acids. Accurate mass negative ion ESI-MS 
analysis of the free FAs. The molecular formulae are indicated in parts per million (ppm). 

 

5.3.4 ITC binding evaluation of fatty acid (PLM) 

Evidently, our crystal structures have demonstrated that the VP8* from the K9 and TFR-

41 showed interactions with a fatty acid. To understand this interaction and to investigate 

the kinetics of fatty acid binding, ITC was exploited. Due to the hydrophobic nature of 

the fatty acids and their low solubility in the aqueous medium, an organic additive, DMSO, 

was used to solubilize the PLM. The final concentration of DMSO was adjusted to 5% 

v/v. The experiments were conducted at 25 °C, in which PLM at 1mM concentration was 

injected into an ITC cell containing the K9 VP8* protein solution at 100 µM. The blank 

experiments measuring the heat of dissolution was calculated by titrating the ligand into 

the TNE buffer (containing 5% DMSO) excluding the protein. The final heat generated 

resulting from PLM interaction with the protein was obtained by subtracting the blank, 

and the binding isotherm was plotted (Fig. 5.12). The upper panel in this represents the 
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heat evolvement when adding PLM. The raw heat signals from this titration experiment were 

integrated to generate a plot of kcal/mol of injected PLM versus the molar ratio of ligand 

and protein, as displayed in the lower panel (Fig. 5.12). The Kd value obtained for PLM 

32.54 µM indicates PLM to be a suitable binder. The stoichiometry constant (N) is close to 

1, indicating the PLM has a single binding site. The binding enthalpy (ΔH) per mole of PLM 

was endothermic (12.1 kJ/mol), and the binding entropy (ΔS) as of 126.7 J/mol-K (Fig. 5.14). 

The titration of the K9 VP8* by PLM displayed an isotherm curve, and the entropy (TΔS) 

of this system overcame the binding enthalpy (ΔH > 0), displaying that the PLM binding 

was entropically driven. The entropically driven reactions favour hydrophobic interaction, 

and are also accompanied by the conformational changes. Our ITC results are in agreement 

with the crystal structure of the K9 VP8*, where the fatty acid aliphatic tail showed 

hydrophobic interactions with the VP8* protein, accompanied by substantial conformational 

rearrangement in the VP8* fatty acid binding precinct. 

.  

Figure 5.12. Binding of PLM to K9 VP8* protein. Top: Raw ITC data output for the endothermic 
interaction (ΔH > 0) between PLM (1mM) and the K9 VP8* protein (100 μM) at pH 8.00 and at 
27 ℃. Bottom: Titration isotherms derived from the integrated raw data. The solid line represents 
the results of nonlinear least-square fitting of the experimental data using the single-site model. 
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5.4 Summary 

To date, the VP8* from various RV strains were regarded as having only a carbohydrate-

binding function. The structure reported in this chapter has provided critical insight into the 

interactions that occur between the VP8* and fatty acid. In Chapter 4, we predicted the 

possibility that the VP8* from NA-sensitive RV strains were adorned with a pocket factor 

for gaining more stability, as reported for enteroviruses/picornaviruses. A deep hydrophobic 

cavity occupied by a pocket factor is well defined in almost all the structures of 

enterovirus/picornavirus particles reported to date (Filman et al., 1989, Hendry et al., 1999, 

Hogle et al., 1985, Kim et al., 1993, Muckelbauer et al., 1995, Oliveira et al., 1993, 

Rossmann et al., 1985, Smyth et al., 1995, Yeates et al., 1991). By contrast, our K9 VP8* 

structure contains one fatty acid bound and one ligand-free VP8* protein in its asymmetric 

unit. Additionally, the human RV strains Wa and DS-1 VP8* structures were also reported 

as ligand-free (Blanchard et al., 2007, Monnier et al., 2006). It is not clear at this stage 

whether fatty acid binding stabilizes the VP8* core, and can best be called a pocket factor, 

but it is certain that FA interaction induces the substantial structural rearrangement within 

the VP8* domain. Furthermore, our ITC studies present the kinetics of PLM binding that 

further supports the fatty acid binding to the K9 VP8* in solution. 

A previous study reported that the VP8* was capable of modulating the epithelial 

permeability (Nava et al., 2004). Our crystal structure of fatty acid bound VP8* did not 

specify the exact role of the fatty acid in RV cell entry; however, its involvement cannot be 

neglected. We anticipate that the VP8* may have an additional role other than recognition 

and attachment to the cell surface of the carbohydrate receptors. It could be speculated that 

the VP8* increases the membrane permeability by interacting with the fatty acid component 

of the plasma membrane, thus creating a pore. Further studies are essential to elucidate the 

importance of VP8* and fatty acid interaction in the RV infection process. 
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Chapter 6 

Investigating the presence of hydrophobic cavities in different NA-sensitive 

and -insensitive rotavirus strains VP8* and implications for inhibitor design 

 

6.1 Overview 

Viral infection is propagated primarily by the recognition and attachment of the virus particle 

to receptors on the target cell. The availability of a particular receptor on the cell surface 

determines the viral tropism. Several cellular receptors have been identified for RV infection 

(Blanchard et al., 2007, Yu et al., 2011, Haselhorst et al., 2011, Hu et al., 2012, Liu et al., 

2013, Ramani et al., 2013, Fleming et al., 2014, Yu and Blanchard, 2014, Coulson, 2015, 

Böhm et al., 2015); however, an accurate mechanism of infection is still unknown. Previous 

studies characterized VP8* as a carbohydrate-binding protein. Our discovery of a 

hydrophobic cavity in the VP8* protein, along with its interaction with a FA, raises further 

investigations on the prime role of the VP8* protein in rotavirus infections. Similarly, the 

VP1 protein of the rhinovirus (Oliveira et al., 1993, Zhao et al., 1996), poliovirus (Filman et 

al., 1989, Yeates et al., 1991, Zhang et al., 2008a), coxsackievirus (Hendry et al., 1999, 

Muckelbauer et al., 1995), and BEVs (Smyth et al., 1995) contains a deep hydrophobic 

pocket, which is accessible through a pore on the viral surface. The crystal structures of these 

viruses show that the pocket is occupied by natural FA (sphingosine or palmitate-like 

molecule) termed as ‘pocket factor’. The presence of a pocket factor plays a major role in 

the viral life cycle. The stability of the viral capsid is mediated by the presence of a pocket 

factor, and its discharge is necessary for viral uncoating (Hendry et al., 1999, Bergelson and 

Coyne, 2013, Wang et al., 2012). On incubating the virus with an excess of pocket factors, 

an inhibitory but reversible effect on uncoating was displayed, indicating that the empty and 

occupied states of the virus are in a dynamic equilibrium (Smyth and Martin, 2002). The 

cellular receptor (ICAM-1) binding site for the majority of the rhinovirus serotypes overlaps 

with the binding site of the pocket factor. Thus the receptor competes successfully with the 

pocket factor, involving the release of pocket factor as the receptor molecules are recruited. 

This event is associated with the conformational changes required for the initiation of the 

viral entry into the cell (Rossmann, 1994). The hydrophobic cavity in enteroviruses is located 
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in the capsid protein VP1 beneath the canyon floor (Smith et al., 1986), and in all the 

structures reported to date contains the pocket factor within the cavity, indicating its 

principal role in stabilizing the viral particle. By contrast, we determined the hydrophobic 

cavity within the VP8*, the protein domain that forms the head of the spike protein (VP4). 

The spike itself being proteolytically cleaved into its mature products VP8* and VP5* to 

allow conformational changes that drive virus cell entry (Rodriguez et al., 2014). Thus, the 

exact role of FAs determined in the VP8* hydrophobic cavity remains unclear at this stage. 

Our analysis of amino acid sequence determined that there is conservation of residues that 

form the hydrophobic cavity within the NA-sensitive RV strains, whereas some 

discrepancies were reported in the residues forming the upper end of the NA-insensitive RV 

strains. We utilized multiple techniques to determine the possibility of the presence of a 

hydrophobic cavity in both NA-sensitive and -insensitive RV strains. The detailed structural 

and biophysical studies to investigate the FA-binding and promising novel inhibitors are 

described in this chapter. 

 

6.2 Materials and methods 
 

6.2.1 Protein purification, crystallization and structural determination 

All the VP8* proteins presented in this chapter are expressed and purified following the 

protocol stated in Chapter 2. The hanging drop vapor diffusion method was employed for 

crystallization studies, with each drop comprising 0.5 µl protein and 0.5 µl reservoir solution. 

Each hanging drop was equilibrated over 400 µl of reservoir solution. Initially screens were 

done using commercially available Crystal Screen kits (Hampton Research) at 293 K. The 

condition obtained for each protein crystal was optimized to improve the crystal quality. The 

X-ray diffraction experiments pertaining to all the crystals, were undertaken at the Australian 

Synchrotron, using MX2 beamlines using a wavelength of 0.9537 Å and an ADSC Quantum 

315r CCD detector at 100K. The crystals of the apo VP8* were washed in the mother 

reservoir solution for 5-30 sec, and placed in their respective cryoprotectant solutions for 10-

15 sec, before being flash-cooled in liquid nitrogen. Data collections and structural 

determinations were undertaken as described in Chapter 2. 
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6.2.2 Mass spectrometry 

The fatty acid extraction and the MS analysis for each VP8* presented in this chapter follow 

the protocol as detailed in Chapter 5, section 5.2.3. 

 

6.2.3 NMR spectroscopy 

All saturation transfer difference nuclear magnetic resonance (STD NMR) 

experiments were acquired on a Bruker 600 MHz Advance spectrometer, using a 

conventional 1H/13C/15N gradient cryoprobe system at 288 K. Deuterium oxide (99.9 %, 

deuterium) was purchased from Novachem Pty Ltd (Collingwood, Australia), and was 

used for the NMR buffer preparation. STD NMR experiment samples were prepared by 

mixing the VP8* proteins with the ligand in the NMR buffer (20 mM Phosphate buffer, pH 

7.1, 10 mM NaCl), giving a molar ratio of 1:100 in 300 µl. DMSO-d6 (Sigma-Aldrich) was 

used at 5-10 % to dissolve the PLM. The VP8*64-224 protein was saturated at -1 ppm, and off-

resonance was set at 33 ppm with a cascade of 40 selective Gaussian-shaped pulses of 50 

ms duration. A 100-μs delay between each soft pulse was applied, giving a total of 2 s 

saturation time. Data were obtained with an interspersed acquisition of pseudo-two-

dimensional on-resonance and off-resonance spectra. These spectra were processed 

separately to acquire the final STD NMR spectra by subtracting individual on- and off-

resonance spectra. Control STD NMR experiments were also performed using an identical 

experimental setup and ligand concentration, but in the absence of the protein. 

 

The 19F nuclear magnetic resonance (19F-NMR) experiments were undertaken at 

376.5 MHz, using a Bruker Advance 400 MHz NMR spectrometer. The stock solution of 

pleconaril and PLM was prepared in ethanol. The NMR solutions were adjusted in such a 

way that final concentration of ethanol was less than 1%, and 5% DMSO was maintained 

in all the experiments. The pleconaril (1mM) was kept constant in all the experiments. The 

RRV VP8* to PLM ratio (1:50) was also maintained. The standard inversion recovery 

pulse sequence was employed to measure the longitudinal relaxation time (T1) with 10-12 

variable delays (ranging from 1 ms to 20 s), and for complete relaxation a delay at least five 

times the estimated relaxation time was allowed. The non-linear three parameters fit of the 
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experimental data was used to obtain T1 values. The relationship: η = (Id − I0)/I0, was used 

to estimate the heteronuclear Overhauser enhancement (heteronuclear NOE), where I0 and 

Id are the integrated intensities of 19F signals in spectra acquired without and with proton 

decoupling during the relaxation time. 
 

6.2.4 Docking studies 

AutoDock is a suite of software for predicting the interaction of small molecules or ligands 

with the bio-macromolecular targets. AutoDock 4.2 (Morris et al., 2009) was used to 

investigate the binding of viral uncoating inhibitors to that of the RRV VP8*64-224 

hydrophobic cavity. Docking protocol was validated using the crystal structure RRV 

VP8*64-224 bound with FA. The protein was prepared in the standard manner, using 

AutoDock Tools (version 1.4.5). A grid of 126 Å x 126 Å x 126 Å was constructed, with 

a spacing of 0.375 points per Å, and the grid centred was set on the identified ligand-

bound region for blind docking studies. For normal docking, the grid was placed such that 

it covers the hydrophobic cavity in the VP8*. The AutoDock calculations were undertaken 

with the following parameters: ga_pop_size = 250, ga_num_evals = 20,000,000 and 100 

docking conformations were generated. The docking results were processed and visualized 

using the utilities within AutoDock. 

 

6.3 Results and discussion 
 

6.3.1 Investigating the presence of a hydrophobic cavity in NA-sensitive and -

insensitive RV strains using X-ray crystallography 

The sequence similarity of the VP8* protein among most NA-sensitive RV strains, and 

particularly the high conservation of residues forming the hydrophobic cavity, first time 

identified by us, infer that the FA-binding may have a specific role in these RV strains. 

Similarly, the residues forming the lower wall and sidewall of the hydrophobic cavity are 

conserved among some NA-sensitive (porcine CRW-8, rhesus RRV, porcine TFR-41, and 

canine K9) and NA-insensitive (human Wa, DS-1, and WI61) RV strains with few 

conservative mutations. Of note is that the residues forming the entrance of the hydrophobic 

cavity displayed substantial structural differences between NA-sensitive and -insensitive RV 
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strains (detailed in Chapter 4). Despite these differences, and considering the plasticity of 

the VP8*, the possible existence of a FA-binding pocket in NA-sensitive RV strains could 

not be neglected. Further, FA interaction could be an important step in RV infection. To 

elucidate the molecular basis of VP8* recognition of natural FA, further studies are 

necessary. We anticipate that the X-ray crystal structures of FA bound VP8* from multiple 

RV strains will provide better insight into the role of the VP8* in RV infection, and for the 

development of inhibitors. 

 

6.3.1.1 Crystallization and structure determination of apo VP8* 

The VP8* protein belonging to NA-sensitive RV strains (porcine CRW-8 and rhesus RRV) 

were purified and concentrated to ~82 mg ml-1. Initial crystallization trials were undertaken 

using our previously determined conditions that gave apo TFR-41 and K9 VP8* crystals. 

These conditions did not produce any crystals for the apo CRW-8 and RRV VP8*. The 

alternative conditions were established using commercially available Crystal Screen kits 

(Hampton Research) at 293 K for both proteins. The crystals of the CRW-8 VP8*64-224 were 

obtained in a drop containing the 0.5 µl of protein and 0.5 µl of the reservoir (0.4 M NaCl, 

0.1 M sodium citrate tribasic dihydrate pH 5.6, 2% ethylene imine polymer) (Fig. 6.1a). 

Optimization of this condition was unable to reproduce the crystals. These CRW-8 VP8*64-

224 apo crystals showed a weak diffraction, and were inept for data collection. On the other 

hand, the apo crystals of the RRV VP8*64-224 were obtained in a drop containing 0.5 µl of 

the reservoir solution (0.1 M MES monohydrate pH 6.5, 1.6 M magnesium sulfate 

heptahydrate) and 0.5 µl of protein. The crystal appeared in four to five days, and grew to 

0.15 x 0.12 x 0.12 mm dimensions in seven to ten days. The apo RRV VP8* crystals were 

dipped in cryoprotectant solution (reservoir solution supplemented with 20% v/v glycerol) 

for approximately 10-15 s before being flash-cooled in liquid nitrogen. The crystal-to-

detector distance was 270.02 mm, the oscillation range was 1˚, and 200 images were 

collected to ~1.32 Å resolution. The crystal exhibited a tetragonal crystal system with space 

group P41212. The crystals have a solvent content of 55.85%, and each asymmetric unit 

contains one molecule of the RRV VP8* cores. The RRV VP8*64-224 structure was 

determined by molecular replacement, using an initial phasing model based on the 
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previously determined structure of the N-glycolylneuraminic acid complexed RRV VP8* 

(PDB code 3TB0 (Yu et al., 2012)). 

Towards crystallizing the FA bound VP8* belonging to NA-insensitive RV strains (human 

Wa and WI61), the VP8* from each human RV strain (Wa and WI61) were reacted with 

PLM (added as an ethanol solution) at 1:5 and 1:10 protein/PLM ratio at room temperature. 

The concentration and the volume were adjusted in such a way that the final ethanol 

concentration was less than 1%, and the mixture was subjected to Hampton crystal screens. 

The crystals of the human Wa VP8*64-224 in the presence of PLM were obtained in a drop 

containing the reservoir solution (0.2 M magnesium acetate tetrahydrate, 0.1 M sodium 

cacodylate trihydrate pH 6.5, 20% w/v PEG 8000). The structure of the Wa VP8*64-224 has 

been solved in the space group P1 to 1.7 Å resolution. The structure did not display any 

density pertaining to the FA, and the overall structure was comparable to that of the already 

published apo human Wa VP8* (PDB: 2DWR) (Blanchard et al., 2007). By contrast, the 

crystals of the human WI61 VP8* in the presence of PLM were grown in a drop containing 

the reservoir solution of 0.1 M Na HEPES pH 7.5, 10% isopropanol, 20% PEG 4000 (Fig. 

6.1c). These crystals grew to a dimension of 0.25 x 0.15 x 0.12 mm in five to six days. The 

crystals were dipped in cryoprotectant solution (reservoir solution supplemented with 20% 

v/v glycerol) for approximately 10-15 s, before being flash-cooled in liquid nitrogen. The 

crystal-to-detector distance was 299.99 mm, the oscillation range was 0.5˚, and 520 images 

were collected. The X-ray crystallographic structures of the human WI61 VP8*64-223 (NA-

insensitive) were determined by molecular replacement using a search model that was a 

homology model of the WI61 VP8*64–223 (built using the SWISS-MODEL server (Arnold et 

al., 2006), based on the three-dimensional protein structure Wa VP8* (91 % amino-acid 

sequence identity) PDB: 2DWR (Blanchard et al., 2007)). The WI61 VP8*64-223 in the 

presence of PLM crystallized in the space group P1, giving a solvent content of 44.68%, and 

each asymmetric unit contained three protein molecules, six glycerol molecules, and a 

sodium ion. 
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Figure 6.1. Crystals for RV VP8* protein. (a) Crystals of the porcine CRW-8 apo VP8*. Showed 
poor diffraction. (b) Crystals of the rhesus RRV apo VP8*. Diffracted to ~1.32 Å. (c) Crystals of the 
human WI61 VP8* premixed with PLM. Diffracted to ~2.03 Å. 
 

 

6.3.1.2 X-ray crystal structure of apo rhesus RRV VP8*64-224 

The X-ray crystallographic structure of the apo rhesus RRV VP8*64-224 (NA-sensitive) was 

determined at 1.32 Å resolution (Table 6.1). The structure was refined to R-factor of 14.7 % 

and free R-factor of 16.8% (Table 6.1), and the overall geometry was validated using 

MolProbity (Chen et al., 2010). All the residues of the RRV VP8*64-224 structure were found 

in the most favoured and additionally allowed region (Fig. 6.2). The RRV VP8*64-224 is a 

compactly folded globular domain, comprising a 12-stranded antiparallel β-sandwich 

forming two sheets. It also contains a C-terminal α-helix (αB), which packs against one β-

sheet, and the antiparallel β-ribbon (β-hairpin, EF) packs against the other β-sheet. 

Alternative conformations were evident for 44 amino acids, and likely demonstrate the 

flexible nature of the VP8* protein (Yu et al., 2015). 
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Table 6.1. Crystallographic data and refinement statistics for RRV VP8*64-224 and WI61 
VP8*64-223. 

 RRV VP8*64-224 WI61 VP8*64-223 with PLM 
Crystal system, space group Tetragonal, P41212 Triclinic, P1 
Unit cell parameters (Å) a=64.31, b=64.31, 

c=98.63, α= β = γ =90q 
a=46.47, b=49.44, c=53.59, 
α= 82.29, β = 89.29, γ = 
83.85 

Resolution (Å) 33.43–1.32 (1.34 -1.32) 48.78 -2.02 (2.07-2.02) 
Total number of observations 98240 (9358) 83978 (6029) 
Total number of unique observations 49182 (4723) 30182 (2231) 

Redundancy 13.8 (6.0) 2.8 (2.7) 
Completeness (%) 99.8 (97.0) 97.8 (96.5) 
Mean I/σ(I) 26.7 (2.6) 49.0 (22.4) 
#Rmerge 0.06 (0.56) 0.06 (0.56) 

 
Refinement 

 

Resolution (Å) 33.43–1.32 (1.34 -1.32) 48.78 -2.02 (2.07-2.02) 
Total number of unique observations 49178 (4723) 30320 (3000) 

R-work (%) 14.7 (20.7) 14.6 (16.4) 
R-free (%) 16.8 (21.5) 18.9 (22.5) 
 
No. of atoms / average B factors (Å2) 

 

 No. atoms Average B 
factors 

No. atoms Average B 
factors 

Protein 1645 12.1 4071 16.9 
Water molecules 334 34.1 543 28.9 
Ligands 58 18.5 37 28.9 
 
RMS deviations 

 

Bond lengths (Å) 0.017 0.008 
Bond angles (˚) 1.43 1.11 
 
Ramachandran Plot Statistics 

 

Favoured (%) 97.20 96.70 
Allowed (%) 2.80 3.30 
Outliers (%) 0 0 
 

#R   = I (hkl)  − I(hkl) ∕ I (hkl) 

Statistics for the highest-resolution shell are shown in parentheses. 
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Figure 6.2. MolProbity Ramachandran analysis of RRV VP8*64-224 protein.  
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The protein expression was achieved using the GST-fused construct, and the resulting 

protein has one extra amino acid (Ser63) from the GST-linker peptide. A Na+ was 

unambiguously identified, giving a six-coordination sphere with an octahedral geometry 

(Fig. 6.3a). The Na+ was refined with full occupancy and a temperature factor of 7.49 Å2. 

The coordinating ligand comprises six water molecules, where three of them are from 

symmetry-related operation. These water molecules were also refined with full occupancy, 

and temperature factors of 9.8 Å2, 9.5 Å2, and 10.2 Å2. A phosphate (Fig. 6.3a) molecule 

proximal to the Na+, in between βJ and βK strands has been clearly defined in the difference 

electron density maps (coefficients mFo-DFc). A sulfate ion placed previously at the same 

electron density, gave a negative density and a temperature factor of 7.32 Å2 at the sulphur 

atom position, whereas the placement of the phosphate ion did not present any negative 

density, and the temperature factor obtained was 6.88 Å2 at the phosphorus atom location. 

The phosphate ion was likely expected to be trapped during the protein purification step. 

The O1 and O4 atoms of the phosphate form a hydrogen bond with the side chain of Thr185 

and Asn178 respectively, whereas the O2 atom interacts with a water molecule, which then 

coordinates with the Na+. Another piece of extra electron density near the loop connecting 

the βG and βH strands, best interpreted as a glycerol molecule, perhaps is originated from 

the cryoprotectant. An alternative conformation has been assigned to a glycerol molecule, 

each refined with half occupancy. The glycerol molecule (Fig. 6.3a) interacts directly by 

hydrogen bonding with the carbonyl side chain of Asn149, the hydroxyl side chain, and the 

amide main chain of Thr147. Difference electron density maps showed an explicit density 

analogous to FA between the two β-sheets. The elongated density is defined to accommodate 

C-18 long FA. The electron density is unambiguously interpreted to be cis-vaccenic acid 

(cis-VCA) (Fig. 6.3b), the most abundant C-18 FA present in E. Coli (Cronan and Thomas, 

2009). The high resolution reveals accurate details on the orientation of the cis-VCA and, 

considering the density, an alternate conformation has been assigned (Fig. 6.3b). The major 

conformation of cis-VCA (cis-VCAa, refined with 60% occupancy), has its carboxylate 

facing outward to Arg101, contrasting its alternate conformer (cis-VCAb) (refined with 40% 

occupancy) that face towards and interacts with Arg101(Fig. 6.3a, 6.4a).  
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Figure 6.3. Crystal structure of VCA-bound RRV VP8*64-224. (a) Cartoon representation of the 
VCA-bound RRV VP8*64-224. Representing the VCA binding site between two β-sheets, forming a 
cavity. β-sheets and β-hairpin coloured in blue; α-helix in red; loops in white. Labelling of secondary 
structure elements is according to the Sia-bound RRV VP8* core (Dormitzer et al., 2002b), except 
that ribbon βH, which split into βH and βHˡ in the Sia-bound RRV, is continuous in the VCA-bound 
RRV VP8*. In the VCA-bound RRV VP8* the βA is divided into βA and βAˡ. The 310-helix (αA) 
present in the Sia-bound RRV is absent in the VCA-bound RRV VP8*64-224. Oxygen atom coloured 
in red and nitrogen atoms in blue. VCA (in alternate conformation) is represented in the green stick; 
glycerol (in alternate conformation) is represented in the cyan stick; phosphate is depicted in stick 
(phosphorus atom coloured in orange); sodium ion (purple sphere) and water molecules (red sphere). 
All the side chain of the residues interacting with the ligands are shown in white stick. (b) Electron 
density map associated with cis-VCA (in alternate conformation). The fatty acid cis-VCA is shown 
in green stick and map (blue mesh), with calculated coefficients 2mFo-DFc (contoured at 1.0 σ). 
 

The hydrophobic residues lining the cis-VCA are structured into an L- shaped deep cavity, 

where the hydrocarbon chain is stabilized in a bent conformation. The hydrocarbon chain is 

bent at the C-9 position of the cis-VCA, which is consistent to that observed in the K9 

VP8*64-224 crystal structure (see Chapter 5). The volume of the hydrophobic cavity is 653.1 

Å3, calculated using CASTp server (Dundas et al., 2006), which is comparatively wider than 

that calculated in TFR-41 (590 Å3 for molecule A and 587.5 Å3 for molecule B; refer chapter 

4) and the K9 VP8* (613.3 Å3). The difference in the cavity volume is likely due to the 

distinct conformations of FA within the cavity, together with the minor differences between 

residues forming the cavity. The entrance of the cavity is highly conserved, except 
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hydrophobic Val144 in the RRV is replaced by Ser144 (present in K9/TFR-41) (Fig. 5.12). 

The residues forming the side wall of the cavity remain conserved with a conservative 

mutation from His155 (present in K9/TFR41) to Tyr155 in the RRV VP8* (Fig. 5.12). The 

carboxylate of cis-VCAb is in hydrogen bonding distance to the hydroxyl group of Tyr194 

and Thr191, and the guanidinium side chain of Arg101 (Fig. 6.3a; Table 6.2). Similarly, the 

carboxylate of cis-VCAa interacts by a direct hydrogen bond with the hydroxyl group of 

Tyr194 and Thr191, and the main chain amides of Ser190 and Thr191 (Fig. 6.2a; Table 6.2). 

The carboxylate of cis-VCAa forms a water bridge interaction with the hydroxyl group of 

Tyr155 and Thr191, and the main chain amide of Ser190 (Fig. 6.2a; Table 6.2). The van der 

Waals contacts are consistent in both the conformations of cis-VCA. A total of 10 residues 

(Tyr155, Tyr189, Asp142, Lys169, Leu103, Val93, Val197, Val167, Pro76, and Met168) 

participate in the formation of van der Waals contacts with the hydrocarbon chain of cis-

VCA (Fig. 6.2b; Table 6.2). 

 

 
Figure 6.4. cis-VCA interaction with the RRV VP8*64-224 residues. Interactions are depicted as 
dashed line. Oxygen and nitrogen atoms coloured in red and blue respectively. Water molecules 
depicted in red sphere. cis-VCA shown in green sticks, and all the residues are represented in yellow 
sticks. (a) and (b) Hydrogen bond and hydrophobic interaction between cis-VCA and RRV VP8* 
residues.  
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Table 6.2. cis-VCA interaction with the RRV VP8*64-224 residues. 

Table 6.2.1. Hydrophobic interaction network 

Residues Atom Ligand Atom Distance (Å) 

β-carbon of Pro76# C-18 of hydrocarbon tail 3.7 

γ-carbon of Pro76# C-17 of hydrocarbon tail 3.9 

γ-carbon of Val93 C-13 of hydrocarbon tail 3.9 

δ2-carbon of Leu103 C-5 of hydrocarbon tail 3.8 

β-carbon of Leu103 C-12 of hydrocarbon tail 3.9 

β-carbon of Asp142 C-7 of hydrocarbon tail 3.8 

ε1-carbon of Tyr155 C-3 of hydrocarbon tail 3.7 

γ-carbon of Val167# C-17 of hydrocarbon tail 3.6 

α-carbon of Met168 C-18 of hydrocarbon tail 3.8 

δ-carbon of Lys169# C-17 of hydrocarbon tail 3.5 

ε1-carbon of Tyr189 C-5 of hydrocarbon tail 3.7 

δ2-carbon of Tyr189 C-6 of hydrocarbon tail 3.7 

ε2-carbon of Tyr189 C-7 of hydrocarbon tail 3.8 

γ1-carbon of Val197# C-15 of hydrocarbon tail 3.9 
#Residue with alternate conformations 

Table 6.2.2. Direct hydrogen-bonding network 

Donor Atom Acceptor Atom Distance H-A (Å) 

OH side chain of Tyr194# O2 of cis-VCAb 1.9 

OH of Thr191# O2 of cis-VCAb 2.9 

NHε of Arg101 O2 of cis-VCAb 2.5 

OH side chain of Tyr194# O1 of cis-VCAa 2.0 

OH of Thr191# O1 of cis-VCAa 1.9 

Main chain amide of Thr191# O1 of cis-VCAa 2.0 

Main chain amide of Ser190# O1 of cis-VCAa 2.6 

H-A: distance between hydrogen and acceptor atoms 
#Residue with alternate conformations 
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Table 6.2.3. Water-mediated hydrogen-bonding network 

Protein Atom Ligand Atom Water molecule involved 

Main chain amide of Ser190# O2 of cis-VCAa 1 

OH side chain of Tyr194# O2 of cis-VCAa 1 

OH of Thr191# O2 of cis-VCAa 1 

 

#Residue with alternate conformations 

 

A pocket formed by the residues (His170, Tyr175, Thr186, Arg210, Glu213, Trp81, and 

Met168) is highly conserved in both NA-sensitive and -insensitive RV strains, and 

consistently accommodates small molecules such as glycerol and benzamidine (see Chapter 

2). In our crystal structure of the RRV VP8*64-224, an unidentified electron density has been 

observed and is located within this conserved pocket. The positive density appeared to have 

an arm, a body, and a foot (Fig. 6.5). The symmetry element is also defined, giving an 

appearance to have two “arms”, a “body”, and “feet”. The body region has ∼15 σ peaks, the 

arm has ∼10 σ peaks, and the foot region has ∼5 σ peaks in the difference electron density 

maps (coefficients mFo-DFc). The density did not show resemblance to any of the chemicals 

used throughout the expression, purification, and crystallization of the RRV VP8*64-224 

protein, and is expected to be trapped from the E. coli cells. The positive density of the ligand 

showed significant contact with the residues forming this conserved cavity (Fig. 6.5b). 
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Figure 6.5. Unidentified electron density in RRV VP8*64-224 crystal structure. (a) Unidentified 
electron density. Difference electron density maps (coefficients mFo-DFc) at 3 σ coloured in green. 
Regions (labelled) are denoted as arms, body, and foot that represent different sigma peaks. (b) 
Conserved small molecule binding pocket (formed by His170, Tyr175, Thr186, Arg210, Glu213, 
Trp81, and Met168) occupied by unidentified ligand. Residues are represented in yellow lines along 
with their electron density (coefficients 2mFo-DFc contoured at 1 σ). Oxygen and nitrogen atom in 
red and blue respectively. 
 

6.3.1.3 X-ray crystal structure of human WI61 VP8*64-223 

The X-ray crystallographic structure of the human WI61 VP8*64-223 (NA-insensitive) was 

solved in the space group P1 and refined to 2.02 Å resolution, giving an R-factor and free 

R-factor value of 14.6% and 18.9 % respectively (Table 6.1). The overall geometry was 

validated using MolProbity (Chen et al., 2010). A Ramachandran plot contains 96.7% of the 

residues within the most favoured regions and the remaining 3.3% within additionally 

allowed regions (Fig. 6.6). Each asymmetric unit contains three molecules of the WI61 VP8* 

core (monomers A, B, and C), a sodium ion, and six glycerol molecules. Alternative 

conformations have been assigned to 14 residues based on the electron density. The density 

pertaining to any FA has not been observed in all three monomers of the WI61 VP8*64-223 

crystal structure. Each monomer of the WI61 VP8*64-223, similar to that previously reported 

for the VP8* core, is a compactly folded globular domain comprising a 12-stranded 

antiparallel β-sandwich formed by two sheets. It has a C-terminal α-helix (αB), which packs 

against one β-sheet, and a β-hairpin (EF) packed against the other (Fig. 6.7a). 

Superimposition of monomers A, B and C (average RMSD of 0.46 Å on Cα atoms) displayed 

a relative shift of the GH-loop (connecting βG and βH strands), β-hairpin (formed by βE and 

βF strands), and α-helix (αB) regions, whilst the same relative positioning of the secondary 
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structure is comparable (Fig. 6.7b). The residues from Ser145-Glu150 (GH-loop region), 

Arg209-Ser213 (αB region), and in the βE and βF strands showed a shift in all three 

monomers. These difference is relatively higher in monomer C, whereas monomers A and 

B are more identical. 
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Figure 6.6. MolProbity Ramachandran analysis of WI61 VP8*64-223. The Pro68 and Pro181 are 
found in cis-conformations in all three monomers. 
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Figure 6.7. Structure of human WI61 VP8*64-223. (a) Cartoon representation of WI61 VP8*64-223. 
Representing the broad groove between two β-sheets. Secondary structure elements are labelled 
according to the Sia-bound RRV VP8* core (Dormitzer et al., 2002b), except that ribbon βH, which 
split into βH and βHˡ in the Sia-bound RRV, is continuous in the WI61 VP8*64-223. In the WI61 
VP8*64-223 the βA is split into βA and βAˡ. The 310-helix (αA) present in the Sia-bound RRV, is absent 
in the WI61 VP8*64-223. β-Sheet (formed by βJ, βK, βI, βB, βM, and βA) coloured in blue; β-sheet 
(formed by βH, βG, βD, βC, βL, and βAˈ) coloured in green; α-helix (αB) and β-hairpin (EF) are 
coloured in red; loops coloured in yellow. (b) Superimposed Cα traces of the protein monomers A, 
B, and C present in an asymmetric unit of the WI61 VP8*64-223 crystal structure. Monomer A (yellow), 
B (cyan), and C (green) are depicted as a ribbon diagram. Red arrow denotes the structural differences. 
Secondary structures are labelled. 

 

Each monomer contains two glycerol molecules originating from the cryoprotectant, where 

one occupies the site equivalent to the Sia-binding site as in the animal VP8*. The another 

glycerol molecule fills up the highly conserved small molecules pocket (in both NA-

sensitive and -insensitive RV strains) formed by residues Glu212 (equivalent to Glu213 in 

RRV), Arg209 (equivalent to Arg210 in RRV), Thr185 (equivalent to Thr186 in RRV), 

Tyr169 (equivalent to His170 in RRV), Trp81, and Trp174 (equivalent to Tyr175 in RRV). 

The interaction and orientation of glycerol ligands are not conserved amongst the three 

monomers of the WI61 VP8*. At the equivalent Sia-binding site of the WI61 monomer A, 

the glycerol molecule interacts with the guanidinium side chain of Arg154 and the carboxylic 

side chain of Asp186 by direct hydrogen bonds, and it also makes a water-mediated 

interaction with Asp186 (Fig. 6.8a). 
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Figure 6.8. Glycerol interaction with WI61 VP8* residues. Glycerol molecules (green stick); 
Water molecules (red sphere). Oxygen and nitrogen atom coloured in red and blue respectively. 
Interactions are depicted as black dashed lines. Electron density map is drawn as a grey mesh for 
residues and red mesh for glycerol molecules, with calculated coefficients 2mFo-DFc (contoured at 
1.0 σ). (a), (c), and (e) Glycerol interactions at the site equivalent to the Sia-binding site exhibited in 
animal RV strains. (a), (c), and (e) depicts glycerol interactions with the residues of monomer A 
(yellow sticks), monomer B (cyan sticks), and monomer C (white sticks) respectively. This region 
of the WI61 VP8* equivalent to the FA-binding cleft in RRV (and K9) formed in between the edge 
of the β-sheets. Arg154 and Arg155 at the positions equivalent to Tyr155 and Gly156 in RRV, stretch 
across the cavity, enclosing the entrance of hydrophobic cavity as in the RRV. (b), (d), and (f) 
Interactions of the second glycerol molecule (at its conserved site) with the residues of monomer A 
(yellow sticks), monomer B (cyan sticks), and monomer C (white sticks) respectively. This small 
molecule-binding pocket is conserved in both NA-sensitive and -insensitive RV strains. 
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The monomer B packs against the Sia-binding site of monomer A, and consequently the 

glycerol molecule of monomer A shows a direct and water-mediated hydrogen bonding to 

that of Asp66 and Pro68 residues respectively belonging to monomer B (Fig. 6.8a). The 

glycerol at the same location of monomers B and C forms a direct hydrogen bond with the 

side chains of Arg154 and Asp186. However, the glycerol molecule, in monomer C, also 

engages by direct and water-mediated hydrogen bonds with the main chain carbonyl of 

Arg154 and side chain of His177 respectively, thus presenting a better contact with the 

protein (Fig. 6.8c and e). By contrast, towards the conserved glycerol pocket of monomers 

A and B, the glycerol molecule forms direct hydrogen bonds with the carboxylic, hydroxyl, 

and guanidinium side chain of Glu212, Thr185, and Arg209 respectively, whilst the 

orientation of the glycerol molecule is not conserved between both the monomers (Fig. 6.8b, 

and d). The glycerol molecule present at the conserved pocket of monomer C forms the 

hydrogen bonds to that of the carboxylic and guanidinium side chain of Glu212 and Arg209 

respectively. The glycerol molecule also forms a hydrogen bond with a water molecule, 

which then bridges with the side chain of Trp81 and carbonyl main chain of Arg209 (Fig. 

6.8f). 

The human WI61 encodes a Wa-like protein, and its VP8* shares 90.7 % sequence identity 

to that of the human Wa VP8* protein, whereas the human DS-1 VP8* only shares 79.9 % 

sequence identity. Superimposing the WI61 VP8* to that of the Wa and DS-1 VP8*, gave 

an RMSD (between Cα atoms) of 0.49 Å and 0.66 Å respectively. The WI61 VP8* did not 

present any significant difference to the Wa and DS-1 VP8* structure (Fig. 6.9a). Comparing 

the β-sheet cleft region (site equivalent to Sia-binding in animal RV strains) that is equivalent 

to the FA-binding site in the RRV and K9, all the residues forming this cleft are highly 

conserved in the human Wa and DS-1 and WI61, and their orientation within the VP8* 

structure is exactly similar in all these three RV strains (Fig. 6.9b). Superimposing the 

residues forming the β-sheet cleft region of the RRV (45.7% sequence identity to WI61 

VP8*) and WI61, reflected substantial structural differences. The β-sheet cleft region in the 

WI61 VP8*64-223 has a serine at the site equivalent to Tyr189/RRV, which forms a 

hydrophobic interaction with the FA; however, Arg101/RRV that hydrogen bonds to the 

carboxylic group of FA is instead phenylalanine in WI61, and thus of a distinct nature (Fig. 

6.9c). The two adjacent arginine residues (Arg154 and Arg155) that are equivalent to Tyr155 
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and Gly156 in the RRV stretch across, and literally shield, the FA cavity in the WI61 (Fig. 

6.9c). This cleft appears non-optimal for binding of FA based on our crystal structure. 

Interestingly, if the side chain of two adjacent arginines (Arg154 and Arg155) were to flip 

up and extend outward from the protein surface, the resulting cavity is substantially deeper 

and lined by hydrophobic residues. The volume of this hidden hydrophobic cavity is 524.2 

Å3, calculated using CASTp server (Dundas et al., 2006). The volume is comparable to that 

observed in the TFR-41 VP8* crystal structure that potentially contains FA in the cavity 

(refer Chapter 4). The residues lining this hidden cavity in WI61 are hydrophobic, and are 

similar to those previously described in the RRV/TFR-41 and K9 VP8*, with some 

conservative mutations. Considering the inherent flexibility and the conserved hidden 

hydrophobic cavity, we anticipate that the WI61 utilizes this hidden cavity for FA binding. 

Similarly, the hidden cavity within the human Wa VP8* is calculated to be 403 Å3, that is 

comparatively smaller, yet the FA binding to this cavity cannot be completely eliminated. 
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Figure 6.9. Structural comparison of WI61 VP8*64-223 with the VP8* from different RV strains. 
(a) Cartoon representation of superimposed WI61 VP8* (sheets and loops in yellow), Wa VP8* 
(sheets and loops in cyan; (PDB ID: 2DWR)), and DS-1 VP8* (sheets and loops in green; (PDB ID: 
2AEN)). The β-sheet cleft region is indicated by grey box. (b) Superimposition of residues (forming 
the region equivalent to the Sia-binding cleft in CRW-8) from WI61 (yellow sticks), Wa (cyan sticks), 
and DS-1 (green sticks). Residues are highly conserved among human RV strains in this site 
(equivalent to the Sia-binding cleft in CRW-8). (c) Superimposition of residues (forming the region 
equivalent to the entrance of the VCA-binding cavity in RRV) from WI61 (yellow stick, labels in 
black) and RRV (white stick, labels in red). Arg154 and Arg155 at the positions equivalent to Tyr155 
and Gly156 in RRV, stretch across the cavity, enclosing the entrance of hydrophobic cavity in WI61.  
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6.3.2 Investigating the presence of FA within VP8* protein using mass spectrometry 

Our crystal structures of the VP8* belonging to NA-sensitive strains, demonstrate the first 

evidence of the existence of a deep hydrophobic cavity within the protein. We next assessed 

the identity of the endogenous FA that is loaded in the VP8* protein by exploiting MS. The 

endogenous FA was extracted in ethanol from the VP8* protein belonging to NA-sensitive 

RV strains (rhesus RRV) and NA-insensitive RV strains (human WI61 and human Wa). The 

extract was analyzed by negative ion accurate mass electrospray ionization mass 

spectrometry (ESI-MS). The spectra of the extracts from all the tested NA-sensitive RV 

strains (TFR-41, K9, and RRV) showed the presence of ions predicted for C16:1, C16:0, 

C18:1, and C18:0 fatty acid carboxylates. Interestingly, C18:1 (VCA) is the predominant 

species (giving an intense molecular ion peak at m/z 281) in these RV strains, and their 

spectra are comparable. The spectrum pertaining to the NA-sensitive strains (RRV) is 

presented in figure 6.10a. 

Similarly, the FA were also extracted from the VP8* of NA-insensitive human RV strains 

(WI61 and Wa). The WI61 VP8* extract showed the presence of ions predicted for C16:1, 

C16:0, C18:1, and C18:0 FA carboxylates. However, the C16:0 represents the predominant 

species within the mixture, contrasting NA-sensitive RV strains (that showed C18:1 

predominant species) (Fig. 6.10b). The most intense peak at m/z 255 corresponds to the 

molecular C16H31O2 (PLM, palmitic acid, [M-H]- peak). The relative intensities of the ions 

were in the order C16:0>C16:1>C18:1> C18:0. Conversely, the Wa VP8* ethanol extract 

showed an intense peak at m/z 299, that corresponds to the molecular ion peak for 

sphingosine (C18H37NO2; Molecule weight- 299.5 gmol-1) (Fig. 6.10c). Sphingosine has 

been consistently observed in the hydrophobic cavity of enteroviruses (Hendry et al., 1999, 

Muckelbauer et al., 1995, Wang et al., 2012). The peaks corresponding to PLM (C16H31O2; 

molar mass- 256.4 gmol-1) and VCA (C18H33O2; molar mass- 282.4 gmol-1) have also been 

observed, indicating their potential presence within the human Wa VP8* core (Fig. 6.10c). 
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Figure 6.10. Mass spectroscopy of ethanol extract of VP8* protein. Peak representing the 
molecular formula are labelled in black. (a) Spectrum for an extract from the RRV VP8* protein (b) 
Spectrum for an extract from the WI61 VP8* protein. (c) Spectrum for an extract from the Wa VP8* 
protein. Accurate mass negative ion ESI-MS analysis of the free FA. The molecular formulae are 
indicated in parts per million (ppm). 
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6.3.3 Investigating the possible inhibitors targeting the novel hydrophobic cavity 

within VP8* protein 

Virus-host receptor interaction forms the crucial event during a viral infection. The ability 

to recognize and bind to specific receptors determines the host range and tissue tropism 

(Rossmann, 1994). Inhibitors that can block the initial host-receptor interactions could act 

as potential therapeutics. Cell surface glycans, either sialylated or non-sialylated, have been 

identified as a functionally relevant entry receptor for RVs (Coulson, 2015). However, none 

of the designed synthetic inhibitors so far pioneered have treated RV infection effectively. 

This could be influenced by the flexibility within the Sia-binding precinct of the VP8*, 

identified by us previously (Yu et al., 2015). 

 

6.3.3.1 STD NMR analysis 

Our recent discovery of the novel hydrophobic cavity within the VP8* protein could be 

exploited for the drug design. Comparing the FA-bound and Sia-bound RRV VP8* precisely 

demonstrates the significance of the FA-binding that interacts and imparts a shift in Arg101 

and Ser190 residues (Fig. 6.11). These are the key residues that interact directly with the Sia 

as well. Thus the Sia interaction with these residues is likely to be inhibited due to the steric 

hindrance from the carboxylate of bound FA (Fig. 6.11). 

 
 

These observations prompted us to evaluate the ability of the FA to block the initial RV 

interactions to Sia. STD NMR studies on the RRV VP8* with Neu5Acα2Me have previously 

characterized its binding epitopes. The largest STD effect was observed for the methyl group 

of the N-acetamide (NHAc) moiety, at approximately 1.95 ppm (Haselhorst et al., 2007), 

Figure 6.11. Superimposition of VCA-bound 
RRV VP8* (green cartoon) and Sia-bound 
RRV VP8* (PDB ID: 1KQR, cyan cartoon). 
VCA and Sia are shown in green and cyan sticks 
respectively. The side chain (sticks) of Ser190 
and Arg101 shifted significantly. The FA 
binding may block the Sia interaction to the 
VP8*. 
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and may serve as a reference. The ligand proton that has the strongest contact with the protein 

shows the most intense STD-NMR signal, enabling the mapping of the ligand’s binding 

epitope. At first, we evaluated the PLM interaction to that of the RRV VP8*, and 

consequently, competition experiments were conducted between PLM and Neu5Acα2Me. 

STD 1H NMR spectra were undertaken with on-resonance frequency at -1 ppm and off-

resonance frequency at 33 ppm, at 298 K. The amount of STD was quantified by calculating 

the difference between the intensity of one signal in the off resonance NMR spectrum, and 

the intensity of a signal in the on-resonance NMR spectrum. We observed the greatest STD 

effect at ~2.75 ppm for the methylene groups located close to the carboxyl end of PLM. The 

strong STD signals at ~1.25 ppm and ~0.8 ppm corresponding to -(CH2)12- and CH3 groups 

of PLM, clearly demonstrate the PLM binding to the RRV VP8* by utilizing the 

hydrocarbon chain (Fig. 6.12a and b). Increasing the PLM concentration resulted in a steady 

increment of STD signals (Fig. 6.12b). The acidic -COOH proton signals were not observed 

as in the D2O based buffer; it is more likely to get deuterated. Our STD NMR results are in 

agreement with the crystal structure of the FA-bound RRV VP8*. Competition STD NMR 

experiments to determine the better binder was performed. The RRV VP8* was treated with 

PLM initially, followed by incorporating the Neu5Acα2Me (Fig. 6.12a). PLM did not 

abolish the STD signal for the NHAc group (~1.95 ppm) of Neu5Acα2Me when a similar 

concentration was maintained (Fig. 6.12b). Doubling the PLM concentration did not reduce 

the STD signal for NHAc, whilst an unexpected increase in signals for NHAc was observed 

(Fig. 6.12c). Our collaborator (Associate Professor Coulson, University of Melbourne) 

performed RRV VP8* binding to MA104 cells, and, interestingly, the PLM increased the 

binding to the cells in a dose-dependent manner. This may imply that the PLM promotes a 

VP8* conformation that is preferred for Sia-binding by the RRV. 
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Figure 6.12. STD NMR analysis of RRV VP8*64-224 with PLM and Neu5Acα2Me. (a) Chemical 
structures of PLM and Neu5Acα2Me. Hydrogens with the different environment are labelled in red 
for PLM. NHAc and Hax are highlighted by the red circle in Neu5Acα2Me. (b) STD NMR analysis 
of the RRV VP8*64-224 with PLM. (i) 1H NMR spectrum of PLM; (ii) STD NMR spectrum of PLM 
in the presence of the VP8* at a protein-ligand molar ratio of 1:100; (iii) STD NMR spectrum of 
PLM in the presence of the VP8* at a protein-ligand molar ratio of 1:200. (c) Competition STD NMR 
of the RRV VP8*64-224 with PLM and Neu5Acα2Me. (i) STD NMR spectrum of PLM in the presence 
of the VP8* at a protein-ligand molar ratio of 1:100; (ii) STD NMR spectrum of PLM and 
Neu5Acα2Me together in the presence of the RRV VP8* at a protein-ligand molar ratio of 1:100; 
(iii) STD NMR spectrum of PLM and Neu5Acα2Me together in the presence of the RRV VP8*. The 
protein-ligand molar ratio used for PLM and Neu5Acα2Me are 1:200 and 1:100 respectively, 
prepared in a single solution mixture. Peaks corresponding to PLM are labelled in red, and for 
Neu5Acα2Me are labelled in black. 
 
 

6.3.3.2 Molecular docking studies 

To probe the hydrophobic pocket binder, we compared the hydrophobic cavities of 

enteroviruses to the cavity discovered by us in the RVs VP8* protein (Fig. 6.13). Overall, 

the cavities in both the viruses are comparable and can accommodate C-18 long-chain FA. 

The FA-binding cavity reported in enteroviruses is more linear and its volume is relatively 

larger than VP8* cavity (Fig. 6.13). 
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Figure 6.13. Superimposition of the cavity corresponds to VCA in RRV VP8* and sphingosine 
in coxsackievirus-A16 VP1 protein (PDB ID: 5C4W). VP8* (green) and VP1 (blue) are displayed 
in ribbon representation. VCA (green) and sphingosine (blue) are depicted in the sticks. Sphingosine-
binding cavity in the VP1 protein is more linear than the VCA-binding cavity in the VP8*. The 
anterior, posterior, and side view of the cavities are depicted. 

 

The viral uncoating inhibitors (pocket binder) are the most intensely studied antiviral 

category in many picornaviruses, including rhinovirus, echovirus and coxsackievirus (Smith 

et al., 1986, Fox et al., 1986, See and Tilles, 1992). WIN51711 (Disoxaril) (Fig.6.14), the 

first WIN compound that was initially developed, holds a potent activity against a spectrum 

of rhinoviruses and enteroviruses, with minimal inhibitory concentrations (MICs), ranging 

between 0.004 and 6.2 µgml-1 (Diana et al., 1985a, Diana et al., 1985b, Otto et al., 1985). 

Myriads of WIN compounds have been synthesized since then, and the key success factor 

for these WIN compounds as an uncoating inhibitor is due to their ability to fit into a VP1 

hydrophobic pocket, and stabilize the enteroviruses/picornaviruses capsids (Plevka et al., 

2013). Pleconaril (Fig.6.14), a small-molecule inhibitor representing the WIN series, 

presented a successful clinical candidate against enteroviruses and rhinovirus. A series of 

pyridazine analogs, for example pirodavir (Fig.6.14), was synthesized as a capsid-binding 

agent with potent activity against 16 enterovirus serotypes and rhinovirus groups A and B 

(Andries et al., 1992). Vapendavir (Fig.6.14), an oxime ether analog of pirodavir, was 

synthesized to treat human rhinovirus infections. The inhibitors pleconaril and vapendavir 
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have passed phase II clinical trials, and represent an example of low molecular weight 

hydrophobic compounds that inhibit viral uncoating by capsid stabilization (Tsang et al., 

2000, De Palma et al., 2008, Feil et al., 2012). The ligands NLD and ALD (Fig.6.14) were 

synthesized recently as a novel class of imidazolidinones, using the skeleton of pleconaril 

and related compounds (De Colibus et al., 2014). In connection with our efforts in searching 

for novel inhibitors against RVs, we performed molecular docking to analyze the uncoating 

inhibitors’ potential to bind the hydrophobic cavity of the RRV VP8*. For our study the 

inhibitors were selected based on their broad spectrum inhibition profile for 

enteroviruses/picornaviruses (Fig. 6.14). 

 

 
Figure 6.14. Chemical structure of uncoating inhibitors. Molecules were used for docking studies 
with the RRV VP8*. The inhibitors binding to the hydrophobic cavity stabilize the viral core, and 
the uncoating event is prevented in picornaviruses/enteroviruses. 
 

The docking protocol was validated by re-docking VCA into the RRV VP8* cavity, giving 

an RMSD (all the atoms of the ligands) of 0.8 Å between the experimental results with the 

predicted docking poses. The docking products were clustered to specify the binding free 

energy and the optimal docking energy conformation. The grid box was generated such that 

it covers the entire hydrophobic cavity of the RRV VP8*. The Lamarckian genetic algorithm 

was chosen to search for the best conformers, and 20 independent docking runs were 
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conducted. Strikingly, all the tested uncoating inhibitors demonstrated significantly higher 

binding affinity than VCA (Fig. 6.15). Pyridazine analogs, vapendavir, and pirodavir bind 

to the VP8* cavity more efficiently than rest imidazole (disoxaril and pleconaril) 

imidazolidinones derivatives (NLD and ALD) (Fig. 6.15). Both these ligands (vapendavir 

and pirodavir) engage with the protein mainly via van der Waals and π-stacking interactions. 

The interactions of disoxaril, ALD, and vapendavir are presented in Apendix A of this 

chapter. 

 

 
Figure 6.15. Bar graph depicting the Autodock calculated free binding energies for uncoating 
inhibitors against the RRV VP8* protein. 
 

Blind docking was also performed for the above inhibitors (Fig. 6.14). The top 60% of the 

lower energy conformers of all the inhibitors were found to occupy the hydrophobic cavity 

of the RRV VP8*. The trifluoromethyl end of the pleconaril is buried deep within the cavity, 

and the methyl imidazole end is facing the entrance of the cavity (Fig. 6.16a). The nitrogen 

atom of methyl-imidazole hydrogen bonds with the Ser190 amide backbone, whereas its 

oxygen atom forms a hydrogen bond with the amide backbone and hydroxyl side chain of 

Thr191 and Tyr194 respectively (Fig. 6.16b). Tyr189 showed π-stacking interaction to the 

methyl-imidazole ring and phenyl ring of pleconaril. The other residues, for example Tyr155, 

Ile174, Asp142, and Leu103 form van der Waals interaction with the ligand (Fig. 6.16b). 

The contribution of van der Waals interactions is more prominent than electrostatic 

interactions in all the tested molecules, and is represented in Appendix A, indicating that all 

the inhibitors are anchored within the deep cavity. Our docking studies clearly revealed that 
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the uncoating inhibitors bind effectively into the RRV hydrophobic cavity, and these 

inhibitors may be further tested for their clinical use in RV infection. 

 

 
 

Figure 6.16. Docking of pleconaril with RRV VP8*. (a) Lowest energy conformer of pleconaril 
within the RRV VP8* hydrophobic cavity. VP8* is depicted in surface representation. Pleconaril is 
shown in the cyan stick. (b) Predicted molecular interaction of pleconaril with the RRV VP8* 
hydrophobic cavity residues. Pleconaril (cyan carbon) and residues (yellow carbon) are represented 
in the sticks. Hydrophobic interactions in black dashed line; hydrogen bonds in blue line; ring centre 
is shown in a grey sphere; π-stacking interactions shown in green dash. Residues are labelled in black. 
 

 

6.3.3.3 Pleconaril interaction to RRV VP8* 

Our docking results demonstrated that the uncoating inhibitors prefer to bind the 

hydrophobic cavity in the RRV VP8* with higher affinity to that of VCA. Considering the 

broad spectrum profile and availability, pleconaril was purchased for further evaluation. 

Pleconaril is a novel, orally bioavailable, systemically acting, and broad spectrum antiviral 

agent, with mean inhibitory concentrations of 0.21µg ml-1 for 50% inhibition and 0.78 µg 

ml-1 for 80% inhibition, well within the range of levels attainable in a patient (Romero, 2001). 

The presence of the CF3 (trifluoro-methyl) group in pleconaril prompted us to exploit its 

interaction with that of the RRV VP8* for easy detection. The unavailability of the fluorine 

atom in the proteins provides a simple 19F NMR spectrum when studying the interaction 
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between the fluorinated ligand and its target protein. The 19F heteronuclear NMR is highly 

sensitive and very useful in assessing ligand-binding, mainly through measuring the T1 

(longitudinal relaxation time) and heteronuclear NOE Pleconaril showed a single broad 19F 

NMR resonance at -64.48 ppm that corresponds to the CF3 group (Fig. 6.17). When the RRV 

VP8* was added, the spectrum remained unchanged, suggesting that the environment of the 

CF3 group did not alter, and the pleconaril may not be interacting with the protein. The 

cavity in enteroviruses/picornaviruses is more prominent, and exist in most of the crystal 

structures reported to date (Bergelson and Coyne, 2013, Muckelbauer et al., 1995, Plevka et 

al., 2013, Smyth et al., 1995, Smyth and Martin, 2002, Zhao et al., 1996). However, in the 

VP8* the cavity only appears when it interacts with FA (discussed in Chapter 5). Also, our 

docking studies showed that pleconaril binds to the cavity more efficiently than to FA, and 

we anticipate that FA presence could open the cavity. We employed another 19F NMR 

experiment, where the RRV VP8* was mixed with PLM (1:150 ratio), and then treated with 

pleconaril. Interestingly, a decrease in intensity accompanied by broadening of the peak was 

observed, indicating that pleconaril interacts with the PLM-treated RRV VP8*, with a slow 

exchange rate (Fig. 6.17). To confirm, the RRV VP8* + PLM (maintaining ratio 1:50) 

concentrations were doubled, while keeping the constant pleconaril concentration. A 

significant peak reduction and line broadening were observed, suggesting pleconaril binding 

to the protein (Fig. 6.17). A control experiments with only PLM addition did not alter the 

peak of pleconaril, indicating pleconaril is not interacting with PLM. Thus, it is clear from 

our NMR experiment that pleconaril did not interact with the VP8* alone; however, it binds 

with the PLM-treated VP8*. We anticipate that the RRV VP8* interact initially with the 

PLM, thereby forming the open-conformation state. The pleconaril interacts with the RRV 

VP8* by replacing the PLM from the pocket in a competitive manner. 
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Figure 6.17. 19F NMR spectra of pleconaril acquired alone and in the presence of RRV VP8* 

only and PLM-treated RRV VP8*. (i) pleconaril gave a 19F NMR resonance peak at -64.48 ppm 

and coloured in blue. (ii) 19F NMR resonance peak of pleconaril in the presence of the RRV VP8* 

(protein-to-ligand ratio of 1:100). (iii) 19F NMR resonance peak of pleconaril in the presence of the 

RRV VP8* and PLM (VP8*-to-pleconaril ratio in 1:100; VP8*-to-PLM ratio is 1:50). (iv) 19F NMR 

resonance peak of pleconaril in the presence of the RRV VP8* and PLM (VP8*-to-pleconaril ratio 

in 1:50; VP8*-to-PLM ratio is 1:50). The concentration of pleconaril was maintained constant, and 

the VP8* concentration was doubled. The decrease in intensity and peak broadening are indicated 

by black arrows. 

 

Our collaborator Associate Professor Barbara Coulson (University of Melbourne) tested the 

efficacy of pleconaril against RRV infections by cell-based assays (specific details not 

included in this thesis, as the collaborator undertook these experiments). In the initial test, 

pleconaril did not display any inhibition when the ligand was treated directly with the RRV 

virus. The experiments were redesigned based on our findings that pleconaril may be 

effective against FA-treated virus. The data clearly suggest that pleconaril is active against 

PLM-treated RRV rotavirus to the relatively low concentration of 3 µM, which is in the 
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ballpark for the pleconaril levels active against picornaviruses (upper end of the range). 

Additionally, our collaborator also found that the pleconaril must be added to cells within 60 

seconds after the addition of the PLM-treated RRV virus to have any inhibitory effect on 

infection. This indicates that pleconaril acts at the early stage of RV cell interaction, and 

inhibit virus attachment to cell surface receptors. Multiple attempts were made to crystallize 

pleconaril with the VP8* to understand this interaction at the atomic level; however, no 

success has been achieved so far. We conclude from our observations that FA interaction 

with the RRV VP8* promotes Sia-binding. Perhaps the open conformation of the VP8* (with 

an open hydrophobic cavity) is preferred for Sia-binding, while ejecting the FA at this stage, 

similarly as reported for picornaviruses (Muckelbauer et al., 1995, Zhao et al., 1996). 

pleconaril tends to bind with the hydrophobic cavity by displacing the FA and stabilizing the 

VP8* core, as reported for picornaviruses (Tsang et al., 2000). It is not clear how the 

pleconaril inhibits Sia-binding. However, we anticipate that it stabilizes the VP8* core in 

open conformation, and that it could interfere with the conformation required for Sia-binding 

and thereby block the virus entry into the host cells. 
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6.4 Summary and conclusion 

RV infection is instigated by its recognition to the host cell surface receptors, and 

subsequent delivery of transcriptionally active double-layered particles into the cytoplasm 

to enable viral replication. The success of RV cell entry merely involves binding to specific 

host cell receptors. Multiple cellular receptors have been identified, including glycans, 

integrins, and heat shock cognate protein 70 (Hsc 70) for RV infection, and it has been 

reported to be a complicated multi-step process (Guerrero et al., 2000a, Ciarlet et al., 2002a, 

Guerrero et al., 2002, Graham et al., 2003, Jayaram et al., 2004, Lopez and Arias, 2004, 

Sanchez-San Martin et al., 2004, Haselhorst et al., 2011, Yu and Blanchard, 2014). Despite 

these advances in the determination of RV receptors, none of the therapeutic molecules 

have been used clinically so far, besides vaccines (Velazquez et al., 2017). We provide the 

first report on the VP8* that interacts initially with the host cell surface receptor, contain 

a hydrophobic cavity within its Sia-binding site, and is conserved in both NA-sensitive RV 

strains. The crystal structure of the RRV VP8* clearly defines the hydrophobic cavity that 

is loaded with VCA. Also, the crystal structure of the human WI61 VP8* did not 

crystallized in open conformation. However, a deep cavity has been identified, which is 

primarily enclosed by Arg154 and Arg155. The ethanol extraction from all the tested RV 

strains VP8*, predicted the presence of FA within the VP8* core. Using STD NMR, we 

explicitly demonstrated that in solution the VP8* interacts with the FA, and for the RRV 

the presence of FA potentiates its binding to Sia. Our docking studies illustrate that the 

viral uncoating inhibitors may act as potential candidates to block RV infections by 

binding to the hydrophobic pocket. We also provide the first report that FA-treated VP8* 

shows interaction with pleconaril in solution using the 19F NMR technique. The 

experiments carried out by us are in agreement with the biological studies being conducted 

by our collaborator. Thus we conclude that pleconaril (already passed phase II clinical trials 

against picornaviruses infection) might be a suitable clinical candidate for RV infection. 

We propose that pleconaril inhibits the RV initial attachment to the cell surface receptor 

by stabilizing the VP8* core in an open conformation that may not be preferred for Sia-

interaction. 
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6.5 Appendix A 

 

 

 

 

Figure 6.S1. Docking of disoxaril with RRV VP8*. (a) Lowest energy conformer of disoxaril 
within RRV VP8* hydrophobic cavity. VP8* is depicted in surface representation. Disoxaril is 
shown in yellow stick. (b) Molecular interaction of disoxaril with RRV VP8* hydrophobic cavity 
residues predicted by LigPlot (disoxaril in blue lines). Half-red circle-residues involved in 
hydrophobic contacts; black dots correspond to the atom involved in the hydrophobic contact. 
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Figure 6.S2. Docking of ALD with RRV VP8*. (a) Lowest energy conformer of ALD within RRV 
VP8* hydrophobic cavity. VP8* is depicted in surface representation. ALD is shown in olive stick. 
(b) Molecular interaction of ALD with RRV VP8* hydrophobic cavity residues predicted by LigPlot 
(ALD in blue lines). Half-red circle-residues involved in hydrophobic contacts; black dots 
correspond to the atom involved in the hydrophobic contact. Hydrogen bonds are shown in green 
dashed line. 
 

 
Figure 6.S3. Docking of vapendavir with RRV VP8*. (a) Lowest energy conformer of vapendavir 
within RRV VP8* hydrophobic cavity. VP8* is depicted in surface representation. vapendavir is 
shown in limon stick. (b) Molecular interaction of vapendavir with RRV VP8* hydrophobic cavity 
residues predicted by LigPlot (vapendavir in blue lines). Half-red circle-residues involved in 
hydrophobic contacts; black dots correspond to the atom involved in the hydrophobic contact. 
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Chapter 7 

Conclusion of the thesis and future directions 

 

7.1 Research perspectives 

An ever-increasing interest to characterize the complexity of RV cell entry has uncovered 

substantial information, however the exact entry mechanism is not known to date. The RV 

infections predominantly rely on its successful cell entry. The RV attachment to the cell-

surface receptor is one of the crucial events and understanding of these interactions will 

provide insight into the mechanism underpinning RV cell entry. The carbohydrate-binding 

domain VP8* is the essential protein that recognizes and interacts with the cell surface 

receptors at the early stage of RV cell entry, followed by a series of post-attachment 

interactions. The Sia usage by RVs remain controversial, however, some animal and human 

strain have been shown to recruit Sia-containing glycans for productive infection. RVs are 

regarded as zoonotic pathogens, considering the growing number of reports describing the 

interspecies transmission amongst animals and from animals to human (Cunliffe et al., 

2002b, Doro et al., 2015). The interspecies transmission and genetic reassortment result in 

the formation of atypical human RV strains possessing specific animal RV-like 

characteristics (Santos et al., 1998, Gauchan et al., 2015, Doro et al., 2015). Current 

vaccination schemes mainly target RVs with prevalent genotypes, although limited attention 

has been given to atypical strains (atypical genetic makeup), such as the AU-1-like RVs, 

despite their emerging epidemiologic impact (Kollaritsch et al., 2015).  It remains unclear, 

how these atypical RV strains adapt in the intestine of the alternative host that expresses 

different cellular glycans. Therefore, the research project presented in this thesis has focused 

on the structural and biophysical characterization of carbohydrate-recognizing VP8* derived 

from the RV strains that has been reported to possess zoonotic potential (porcine TFR-41 

and canine K9) along with some predominant animals (porcine CRW-8, rhesus RRV, and 

bovine NCDV) and human (Wa and WI61) strains. The significant outcome of my research 

and future scope has been described in the followings. 
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7.1.1 Interaction of glycans and its derivative with the VP8* at the atomic level.   

The RV VP8* mediates initial interaction with cellular glycans, which determines the host 

selection and may be critical for zoonotic transmission. Human RV strains Ro1845, and 

HCR3A were shown to share characteristically high nucleotide identities to that of feline 

(Cat97) and canine (K9) RV strains and has been speculated to be derived from the inter-

species transmission. Interestingly, canine K9 VP8* shares 98% and 96% sequence identity 

to that of human RV HCR-3A and Ro1845, respectively (chapter 1: publication Fig. 2). Our 

STD-NMR and ITC studies indicated that the VP8* from canine K9 bind to N-glycolyl- 

(Neu5Gcα2Me) and N-acetyl- (Neu5Acα2Me) derivatives of Sia, with a preference for the 

N-glycolyl form. We have shown that animal RV containing P5A genotype (canine K9) 

could bind efficiently with N-acetyl form of Sia, which is widely expressed in the human 

intestine. These findings of RV strains with zoonotic potential may facilitate the broader RV 

surveillance in companion animals and livestock. 

An important outcome of my research is the determination of the crystallographic structure 

of K9 VP8* in complex with 1 (Neu5Acα2Me-4-(2-ethylhexamide)). Our structure provided 

an insight into the interaction of O4 modified derivative of Neu5Acα2Me (1) and showed 

that the introduction of 2-ethyl-hexamide group at O4 position of Neu5Acα2Me (Fig. 2.1b), 

significantly enhanced its direct hydrogen bond network with the VP8*. Also, the 

hydrophobic interactions facilitated by 2-ethyl group indicated that 1 could be a better 

ligand than Neu5Acα2Me. A cryo-protectant glycerol molecule has been identified that 

occupy the highly conserved pocket between NA-sensitive and -insensitive RV strains. The 

interaction pattern and the orientation of glycerol molecule at this conserved pocket is similar 

to that reported previously and should be explored using mutagenesis approach (Blanchard 

et al., 2007, Yu and Blanchard, 2014, Yu et al., 2011). The crystal structure of K9 VP8* in 

complex with 1 will provide a starting template for designing better Sia-derived inhibitors.   

Another important outcome of my research towards the glycan recognition of RV VP8* is 

the first crystal structure of porcine CRW-8 VP8* in complex with GM1bGc (N-glycolyl 

form of GM1b). GM1b (that contains terminal Sia) glycan is the isomer of GM1a (carrying 

sub-terminal Sia) and these co-exist on the intestinal enterocytes.  This structure provided 

the atomic details on the conformation of mono-sialylated GM1bGc when interacting with 
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VP8*. Evidently, the Neu5Gc subunit of a-GM1bGc constitute the major interacting unit of 

the glycan, and its site of interaction represents the higher affinity Sia-binding site. Although, 

GM1b are relatively expressed in lower proportion than GM1a, but it is widely expressed at 

the tissue developmental stage. Thus we propose that animal RVs not only interact with 

major gangliosides but could also recruit minor ganglioside like GM1b for infection. 

Therefore RV ganglioside-binding specificity should be re-looked, and further studies are 

required to determine the secondary Sia-binding site in VP8*.   

 

7.1.2 Exposing the plasticity of RV VP8* 

One of the most significant achievements of my research is the determination of the first 

crystallographic structure of Sia-free VP8* from porcine TFR-41 (Chapter 4). This is the 

first crystal structure from NA-sensitive RV strains. We have discovered a substantial 

rearrangement in our Sia-free TFR-41 VP8* when compared to the Sia-bound CRW-8 VP8* 

(PDB: 2I2S, share ~94% sequence identity) and this has not been observed in any other 

VP8* structure before (Yu et al., 2015). Although there are differences throughout the 

structure, however, a significant shift in the Cα trajectories was observed in the Sia-binding 

groove. There is a complete absence of helical structure (310-helix) in the Thr192–Ser196 

region of Sia-free TFR-41 VP8*, this is in contrast to the presence of a short helix at the 

equivalent location in Sia-bound CRW-8 VP8* (chapter 4: publication Fig. 3). In addition, 

a significant displacement was also observed in the region proximal to the Sia-binding site, 

particularly the loop connecting the CD strands and GH strands (Fig. 4.2). Similarly, I have 

also solved the crystal structure of Sia-free VP8* from canine K9 and rhesus RRV. The Sia-

free VP8* of RRV and K9 (molecule B of the asymmetric unit) displayed a similar pattern 

of structural rearrangement (as observed in TFR-41) when compared to their respective Sia-

bound form. Thus, these structural rearrangements of RV VP8* occurring upon Sia-binding 

implies an intrinsic flexibility within the VP8* Sia-binding groove. This could prove crucial 

for receptor recognition during initial RV–cell engagement and may assist in RV adaptation 

to intestinal replication in alternative hosts that express differing cellular glycans. Structural 

studies of atypical RV strains are expected to continue to provide critical information on 

emerging human RVs, highlighting the importance of active animal RV surveillance and 

providing valuable information to guide future vaccine development. 
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7.1.3 Discovery of novel hydrophobic cavity in RV VP8* 

The most important outcome of my research is an intriguing discovery of the hydrophobic 

cavity at the site equivalent to Sia-binding site, which emerges as a consequence of the 

structural rearrangement observed in our Sia-free crystal structure of TFR-41, K9, and RRV 

VP8*. The volume of the hydrophobic cavity in RRV VP8* is 653.1 Å3, which is 

comparatively wider than TFR-41 (590 Å3 for molecule A and 587.5 Å3 for molecule B; 

refer chapter 4) and K9 VP8* (613.3 Å3). The hydrophobic cavity is not empty, instead it is 

loaded with an endogenous fatty acid. The cavity can accommodate fatty acid to C-18 carbon 

chain length or lesser.  The TFR-41 VP8* crystal structure contains two monomers in the 

asymmetric unit, where monomer A is loaded with PLM, and the monomer B contain cis-

VCA. Whereas, RRV VP8* contain one monomer loaded with cis-VCA in its asymmetric 

unit. Interestingly, our crystal structure of canine K9 VP8* packed with two monomers in 

the asymmetric unit, where one monomer (monomer A) is ligand-free and the other 

(monomer B) contain VCA in both cis- and trans- conformations. The novel hydrophobic 

cavity lies underneath the key Sia-binding residue Arg101 and flipping up of its guanidinium 

group results in the exposure of the deep cavity. In the Sia-bound VP8* structure, the Arg101 

forms the floor of the Sia-binding groove and locked the cavity from the top. Thus, VP8* 

could exist either in the closed-conformation state (cavity is locked by Arg101) or open-

conformation state (cavity is exposed by flipping up of Arg101), depending on the 

orientation of Arg101. Our structural comparison study as detailed in Chapter 5 revealed that 

the Sia-bound VP8* and the ligand-free VP8* (monomer A of K9 VP8* structure) exist in 

closed conformation state, whereas only FA-bound VP8* exist in open-conformation. It is 

thus evident that the apo and the Sia- bound VP8* structures are comparable, whereas, VP8* 

undergoes a substantial structure rearrangement when it interacts with an FA.  

Our sequence comparison studies revealed that the residues forming the lower wall and 

sidewall of the hydrophobic cavity are conserved among some NA-sensitive (porcine CRW-

8, rhesus RRV, porcine TFR-41, and canine K9) and NA-insensitive (human Wa, DS-1, and 

WI61) RV strains with few conservative mutations. While the residues forming the entrance 

of the hydrophobic cavity displayed substantial structural differences between NA-sensitive 

and -insensitive RV strains (detailed in Chapter 4). We have also assessed the identity of the 
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endogenous FA that is loaded in the VP8* protein by exploiting MS. The endogenous FA 

was extracted in ethanol from the VP8* protein belonging to NA-sensitive RV strains 

(porcine TFR-41, canine K9, rhesus RRV, and bovine NCDV), and NA-insensitive RV 

strains (human WI61 and human Wa). The MS results showed the most intense peak of VCA 

in all the tested animal RV strains, which supports our crystal structures. We have discovered 

using MS that VP8* from human Wa and WI61as well are loaded with FA. This indicates 

that the FA interaction to RV VP8* may play a significant role.  

The exact role of FA binding remains a mystery at this stage. This FA-binding maybe be 

related to the ‘pocket factor’ concept proposed for enteroviruses and picornaviruses, where 

endogenous FA (called pocket factor) stabilizes the viral core, and the uncoating occurs 

when this loaded FA is ejected out. Thus, one possibility could be the FA within the VP8* 

may act as a ‘pocket factor’, and rigidify the VP8* core for bypassing the acidic environment 

of the stomach. This FA may be ejected out when the VP8* recruit cell surface receptor 

which is accompanied by the structural rearrangement within the VP4 spike for further cell 

entry event. On the other hand, we also anticipate that VP8* may have an additional role 

other than recognition and attachment to the cell surface carbohydrate receptors. Previous 

studies have shown that the VP8* is capable of modulating the tight junction sealing in 

epithelia (Nava et al., 2004). It was reported that when VP8* peptide was added to the 

confluent epithelial monolayers (Madin-Darby canine kidney cells), it diminishes the 

transepithelial electrical resistance in a dose-dependent and reversible manner. VP8* 

treatment enlarges the paracellular passage of non-ionic tracers and thus allowing the 

diffusion of a fluorescent lipid probe and the apical surface protein GP135, from the luminal 

to the lateral membrane. VP8* addition further triggered the movement of basolateral 

proteins like integrin to the apical surface (Nava et al., 2004). In the phospholipid bilayer, 

the unsaturated hydrocarbon tail creates a small kink, which allows more space for the 

movement of the phospholipids. The phospholipid movements within the membrane such as 

lateral diffusion, rotation, swinging from side to side, and flexion (contraction movement) 

are more frequent, whereas flip-flops are less frequent (Fig. 7.1). Interestingly, the shape of 

the hydrophobic cavity is L-shaped that resembles with the unsaturated hydrocarbon tail 

found in the phospholipid bilayer. Thus, we anticipate that VP8* generates a fracture by 
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interacting with the FA hydrocarbon chain and thereby increasing the membrane 

permeability.  

 

 

 
Figure 7.1. The mobility of phospholipids within the bilayer. The type of movement possible for 
phospholipid molecules in a lipid bilayer membrane.  
 

The myriads of RV strains have rapidly evolved over the decades. The glycan usage, 

whether sialylated or non-sialylated, by the RV for attachment to the cell surface remain 

controversial. The FA-binding to VP8* has provided a new area for RV research and it 

should be tested for multiple RV strains, to facilitate the design and development of the 

broad spectrum inhibitors.      

 

7.1.4 Sequence analysis of RVs VP8* 

The VP8* sequence comparison studies from multiple RV strains, as presented in Chapter 4 

(section 4.3.3) and in Chapter 5 (section 5.3.2), identified the residues that architect the novel 

hydrophobic cavity. The evolutionary conservation of the residues within the VP8* structure 

determine its structural and functional importance. Thus based on the sequence of VP8* 

from 32 RV strains (both humans and animals origin), the conservation analysis of amino 

acid positions were performed using ConSurf (Ashkenazy et al., 2016). The conservation 

scores are presented into a nine-color grade scale (from 1 to 9) with most conserved positions 

are marked in maroon and variable positions in turquoise, and is mapped into 3D structure 

of VP8* (Fig. 7.2a). As discussed in previous chapters, all the residues forming the floor or 

lower end of the cavity are highly conserved, giving a high conservation grade (Fig. 7.2b). 
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Similarly, the residues that line the side wall of the cavity are conserved to a great extent in 

number of RV strains VP8*.  However, most of the residues forming the upper edge or 

mouth of the cavity falls under variable to average region (from grade 1 to 5) except position 

189 that have either tyrosine or serine and displayed the highest conservation grade (grade 

8) (Fig. 7.2b). Thus, the mapping of the conserved residues indicates that the newly 

discovered hydrophobic pocket could be a common feature in most RVs strains and may 

have a functional role in RV infections.  

 

 
Figure 7.2. Mapping of evolutionary conservation of residue positions in the VP8* protein 
(porcine TFR-41 VP8* (PDB ID: 5CA6) representative). (a) Structure of porcine TFR-41 VP8* 
was analysed by ConSurf; computations were based on sequence alignment from 32 different RV 
strains; most variable positions are highlighted in turquoise and numbered (grade 1); most conserved 
sites are in maroon (grade 9); sites colored in yellow designates insufficient data; white areas show 
average conservation grade; conservation grades are depicted in scale. (b) Table illustrating the 
amino acids (that forms the hydrophobic cavity) conservation scores and its variant at 
phylogenetically variable positions. Residues colored in green forms the floor or lower end of the 
cavity and those colored in blue forms the side wall. Residues colored in red belong to the upper end 
of the cavity. 
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Reverse genetic systems has been widely employed to ascertain the important insights into 

viral replication and pathogenesis and facilitate the development of novel vaccines. The 

investigation on the impact of induced variation within a specific gene and to infer gene 

function is the primary goal of reverse genetics (Desselberger, 2017). The hydrophobic 

cavity forming residues at the positions (189, 94, 104, 80, 169, and 68) that displayed the 

highest conservation score in our ConSurf analysis may be critical for FA binding and in 

maintaining the integrity of the cavity. Further, mutation on these conserved sites and 

simultaneous FA binding characterization could be essential to determine a signature to 

identify the multiple FA binding RV strains. Reverse genetic approach should be utilized to 

determine the functional role of the FA binding pocket in VP8* protein.   

 

7.1.5 Inhibitors potential to bind to the hydrophobic cavity in RV VP8* 

The hydrophobic cavity reported for enteroviruses are comparable, however, is more linear 

and its volume is relatively larger than VP8* cavity. The viral uncoating inhibitors (pocket 

binder) are the most intensely studied antiviral category in many picornaviruses, including 

rhinovirus, echovirus and coxsackievirus (Smith et al., 1986, Fox et al., 1986, See and Tilles, 

1992). Our in silico docking simulations has led to the conclusion that all the tested viral 

uncoating inhibitors (pleconaril, vapendavir, pirodavir, disoxaril, ALD, and NLD) prefer to 

bind within the hydrophobic cavity of the RRV VP8* with higher affinity to that of VCA. 

Pleconaril is a novel, orally bioavailable, systemically acting, and broad-spectrum antiviral 

agent was selected for further testing. 19F NMR experiment demonstrated that pleconaril did 

not interact with the VP8* alone; however, it binds with the FA-treated VP8* in a 

competitive manner. We anticipate that the presence of FA induces a conformational change 

to form the open-conformation state of VP8*. The pleconaril interacts with the RRV VP8* 

by replacing the PLM from the pocket. The cell-based assay, performed by our collaborator, 

presented the similar results that pleconaril is inactive against RRV virus. However, 

pleconaril is active against PLM-treated RRV strain to the relatively low concentration of 3 

µM, which is in the ballpark for the pleconaril levels active against picornaviruses (upper end 

of the range). Additionally, our collaborator also found that the pleconaril acts at the early 

stage of RV cell interaction, possibly by affecting the virus attachment to the cells. The 

crystallographic structure of VP8* in complex with pleconaril will provide an invaluable 
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insight into its interaction with the cavity. The FA-binding cavity should be exploited further 

to design and develop an effective therapeutics against RV infections. 
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