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Abstract

Picornaviruses are a diverse family of small RNA viruses that cause a broad range of human
and veterinary diseases. Despite decades of research into the molecular biology of these
pathogens, no antivirals and few vaccines are commercially available for the treatment and
prevention of picornavirus infections. The capsids of these non-enveloped viruses are involved
in many important aspects of the picornavirus lifecycle, such as cell attachment and entry,
uncoating, and protection of the viral RNA. Although the structures of many picornavirus
capsids have been solved, a broader understanding of the molecular determinants that are
required for structural integrity and stability is imperative for an improved understanding of
the basic biology of these viruses, and for designing effective control strategies. Collectively,
this thesis aims to elucidate the molecular determinants of structural stability and integrity in

the Theiler’s murine encephalomyelitis virus capsid (TMEV).

To study the TMEV GDVII capsid using biochemical techniques, neutralising polyclonal
antibodies were generated against GDVII particles. The antibodies recognised linear epitopes
in the C-terminus of the VP1 protein, but not those present in VP2 or VP3. The VP1 C-terminal
residues were mapped to a loop above the putative receptor binding pit on the capsid surface,
which prompted an investigation into the potential binding site of the TMEV co-receptor,
heparan sulphate. Molecular docking revealed that heparan interacts with residues of the
receptor binding pocket, as well as residues of the adjoining VP1 C-terminal loop. These
findings suggest that the antibodies neutralise virus infection by preventing attachment of the

virus to the co-receptor and possibly the unknown primary receptor.

Few studies have identified the specific residues and interactions at subunit interfaces that
significantly contribute to picornavirus capsid stability, assembly, and function. A novel in-
silico screen was developed for the prediction of hotspot residues at protein-protein interfaces
of a virus capsid. This screen can be applied to elucidate the residues that contribute
significantly to the intraprotomer, interprotomer and interpentamer interfaces of any
picornavirus capsid, on condition that the structure of the virus is available. The screen was
applied to TMEV GDVII resulting in the identification of hotspots, several of which
correspond to residues that are known to be important for aspects of the virus lifecycle, such
as those that contribute to pH stability or form part of receptor binding sites. This observation
suggests that residues involved in specific capsid functions may also play a role in capsid



stability. Many of the residues identified as hotspots in TMEV corresponded to those required
for assembly, uncoating, and virus growth in representative picornaviruses from various
genera, suggesting that the residues that regulate capsid stability may be somewhat conserved
across the family. Hotspots identified at the interpentamer interfaces of TMEV were
individually substituted to alanine to further explore their importance to the TMEV lifecycle.
All the amino acid substitutions prevented completion of the virus lifecycle as no CPE was
observed following transfection of susceptible cells. Immunofluorescence experiments
demonstrated that virus protein synthesis and RNA replication were not inhibited by
substitution of the hotspot residues, but that infectivity was severely impeded. This confirmed
that the residues were required for some aspect of the virus lifecycle, such as capsid assembly,

or were critical for maintaining the conformational stability of the TMEV particles.

Virus capsids become unstable and are prone to dissociation under certain conditions such as
extreme pH and non-physiological temperatures. The thermostability of TMEV was explored
by selecting GDVII virions with improved thermal tolerance through serial passage and heat
exposure. Thermostable virions that could tolerate temperatures above 57 °C had reduced
infective titres compared to the wild type TMEV suggesting that the virus adapted to thermal
stress at the expense of viral fitness. Sequencing the capsid encoding regions of the mutant
virions revealed a pair of amino acid substitutions that were present in all mutants. Additional
substitutions that were unique to viruses selected at different temperatures were also identified.
Most of the substitutions were located within the intraprotomer interfaces of the virus, unlike
previous studies on enteroviruses where mutations were mostly localised to the receptor

binding pocket.

This thesis provides the first analysis of the structural determinants of TMEV capsid stability.
The generation of tools to further explore the capsid structures of TMEV and other
picornaviruses provides an opportunity for future studies which may contribute to the
development of novel control strategies against this important family of viruses.
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Chapter 1

1.1. Introduction to the Picornaviridae: classification and importance

The Picornaviridae comprises a heterogeneous family of small, icosahedral, positive-sense
RNA viruses with global distribution (Zell, 2018). These viruses infect a broad range of
vertebrates and are the causative agents of a wide variety of both mild and significant human
and animal diseases (Cathcart et al., 2014). At present, the family consists of 110 species
classified into 47 genera, but this number is ever increasing as new viruses are discovered (King
et al., 2018; Zell, 2018). Notable genera containing pathogens of importance are the
aphthoviruses, cardioviruses, enteroviruses, hepatoviruses, kobuviruses and parechoviruses

(Table 1.1).

Picornaviruses primarily infect the tissues of the respiratory tract and gastrointestinal system,
but viremia may disseminate these viruses to other tissues and organs including the central
nervous system, liver and skin, where secondary infection results in diseases of clinical
significance (Atmar et al., 2012; Baggen et al., 2018a; Muehlenbachs et al., 2015). The
enteroviruses comprise the largest genus within the picornavirus family and are the causative
agents of many disorders including the common cold, bronchitis, meningitis, pancreatitis,
hand-foot-and-mouth disease, acute flaccid paralysis and poliomyelitis, that most often affect
immunocompromised individuals and small children, (De Jesus, 2007; Hober and Sauter, 2010;
Pons-Salort et al., 2015; Richardson and Morgan, 2018; Thibaut et al., 2016). The kobuvirus,
Aichi virus 1 (AiV-1) causes gastroenteritis (Reuter et al., 2011), while infection with Hepatitis
A virus (HAV), a member of the hepatovirus genus, results in hepatitis (Lemon et al., 2018).
Foot-and-mouth-diseases virus (FMDV), the type species of the aphthovirus genus (King et
al., 2018), infects cloven hooved animals including economically important livestock. Infection
results in the blistering of oral and limb epithelia (Paton et al., 2018) as well as myocarditis in
young animals which is often fatal (Gulbahar et al., 2007; Stenfeldt et al., 2016). Moreover,

long term sequelae result in decreased milk and meat production leading to devastating



Table 1.1. Overview of picornavirus genera containing pathogens of importance.
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Genus Selected species Notable strains/ serotypes  Host Notable Diseases Citation
Aphthovirus Foot-and-Mouth Type A, C, O, SAT 1, SAT 2, Cloven Foot-and-Mouth Disease (Paton et al., 2018)
Disease Virus* SAT 3, Asia 1l hooved
animals
Bovine Rhinitis A Virus Respiratory disease (Hause et al., 2015)
Bovine Rhinitis B Virus Respiratory disease
Equine Rhinitis A Virus Respiratory disease (Bazandw et al., 2018)
Cardiovirus Cardiovirus A* Encephalomyocarditis virus Mammals Myocarditis, encephalomyelitis (Carocci and Bakkali-
kassimi, 2012)
Cardiovirus B Saffold virus Humans
Theiler's murine Rodents Neurodegenerative diseases (Gerhauser et al., 2019)
encephalomyelitis virus
Cardiovirus C Boone cardiovirus Rodents
Enterovirus Enterovirus A Coxsackievirus A6, Al0, Humans Hand-foot-and-mouth disease, acute flaccid (De Jesus, 2007;
Al6 paralysis, encephalitis and meningitis, neurogenic Muehlenbachs et al.,
Enterovirus A71 pulmonary oedema 2015; Pons-Salort et
Enterovirus B Coxsackievirus A9, B3, B4 Myocarditis, pancreatitis, type | diabetes mellitus, al., 2015; Richardson
Echovirus 3, 6, 9 pleurodynia, neonatal sepsis and Morgan, 2018)
Enterovirus C* Poliovirus 1, 2, 3 Poliomyelitis
Coxsackievirus A21, A24 Acute haemorrhagic conjunctivitis (AHC)
Enterovirus D Enterovirus D68, D70 Respiratory diseases, AHC
Rhinovirus A, B, C Common cold, exacerbations of COPD and asthma (Stobart et al., 2017)
Hepatovirus Hepatovirus A* Hepatitis A virus* Humans Hepatitis /Fulminant hepatitis (Lemon et al., 2018)
Kobuvirus Aichivirus A* Aichi virus 1 Humans Gastroenteritis (Reuter et al., 2011)
Parechovirus  Parechovirus A* Human Parechovirus 1,3 Humans Gastroenteritis, respiratory tract infections, (Olijve et al., 2018)
encephalitis
Kobuvirus Parechovirus B Ljungan virus Rodents Myocarditis (Zoonotic potential) (Salisbury et al., 2014)
Senecavirus  Senecavirus A* Seneca Valley virus 1 Porcine Porcine vesicular disease (Zhang et al., 2018)
species

* Type species of the genus
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economic losses in the agricultural industry (Tulloch et al., 2018).

The clinical and economic significance of picornaviruses has yielded decades of research into
the molecular biology of these pathogenic viruses, for the purpose of developing vaccines and
anti-viral therapeutics for their control. At present, effective vaccines have only been developed
against Poliovirus (PV) (Bandyopadhyay et al., 2015), Enterovirus A71 (EV-71) (Yi et al.,
2017) and HAV (Debing et al., 2014). Vaccines against FMDV have been developed but have
exhibited varying successes in the control of different serotypes (Tulloch et al., 2018). One
major hinderance to the development of potent vaccines is the instability of vaccine antigens,
usually inactivated or live attenuated virus particles, that must remain intact for successful
immunisation (Wang et al., 2013). Moreover, no antiviral therapies against picornaviruses are
commercially available, although promising candidates targeting enterovirus capsids have been
identified (Baggen et al., 2018a). These compounds work by stabilising or destabilising the
virus particle thereby preventing infection (Dove and Racaniello, 2000; Lewis et al., 1998; Li
et al., 2005). A comprehensive understanding of the molecular determinants involved in
maintaining virus particle structure is important for designing vaccines with improved stability
(Mateo et al., 2008, 2003; Mateu, 2011) and for designing antiviral compounds (De Colibus et
al., 2014). The research in this thesis is primarily focused on investigating the residues that are

critical to the structural integrity of picornavirus capsids.

1.2. Picornavirus genome organisation and polyprotein processing

Picornaviruses possess monopartite positive-sense single-stranded (ssRNA) genomes of
approximately 7.2 to 8.5 kb, which serve as templates for translation and initial rounds of RNA
replication following entry into the host cell (Figure 1.1) (Cathcart et al., 2014). The 5' end of
the genome is covalently attached, through a phosphodiester bond, to a small peptide known
as the viral linked protein (VPg) which is necessary for the initiation of viral RNA replication,

while the 3' end contains a poly A tail which is thought to stabilise the viral RNA (Bedard and
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Semler, 2004). Following the VPg is the 5' noncoding region or untranslated region (UTR)
which comprises 8-12 % of the picornavirus genome (Stanway, 1990). The 5" UTR is highly
ordered and contains a cloverleaf structure necessary for initiating the replication of viral
positive sense RNA (Andino et al., 1990) and the internal ribosome entry site (IRES) required
for CAP-independent translation initiation when host translation is shut off during infection

(Bedard and Semler, 2004).

Positive single stranded RNA genome

O I jlﬂﬂ Capsid proteins Non-structural proteins \ H Poly A
VPg5 UTR/ \3'UTR
; P1 : P2 P3 \
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Figure 1.1 Picornavirus genome organisation and translation. The genome is translated into a single
polyprotein that is separated by genus-specific events into the P1 and P2-P3 precursors. In enterovirus
infection, 2A is auto-proteolytic and cleaves its own N-terminus from the rest of P1 (Sommergruber et
al., 1989; Toyoda et al., 1986) (indicated in blue). In the aphtho- and cardioviruses the primary cleavage
event is proteolysis-independent. Instead, a motif at the junction of 2A/B promotes ribosomal slippage,
yielding P1-2A and 2B-P2-P3 (indicated in red) and 2A is subsequently removed from P1 by 3C the
protease (Batson and Rundell, 1991; Brown and Ryan, 2010; Donnelly et al., 2001; Palmenberg et al.,
1992). The P1 and P2-P3 precursors are then processed by the viral proteases 3CD and 3C, resulting in

a set of structural and non-structural proteins (Cathcart et al., 2014). P1 cleavage depends on interactions
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with the host cell chaperone Hsp90 (Geller et al., 2012). In the cardioviruses, a second short ORF
overlapping the 2B-encoding sequence is translated as a result of a ribosomal frameshift. This event
yields 2B*, a product comprising 11-15 N-terminal amino acids of 2B (Finch et al., 2015; Loughran et
al.,, 2013). The L proteins encoded by the aphtho- and cardioviruses are cleaved by separate
mechanisms. The aphthovirus L protein is a protease and cleaves itself from P1 (Piccone et al., 1995),
whereas the L protein of cardioviruses is cleaved by the 3C protease (Borghese and Michiels, 2011).
Genera specific features and events are colour-coded as green-aphthoviruses, red-cardioviruses and
blue-enteroviruses. Adapted from Jiang et al. (2014); Sun et al. (2016); Zell et al. (2017).

Downstream of the 5' UTR is a single open reading frame encoding a large polyprotein divided
into three domains: P1, P2 and P3. The P1 precursor encodes the virus structural proteins that
assemble into the capsid, while P2 and P3 are precursors to the non-structural proteins involved
in replication of the virus. Some picornaviruses such as the aphtho-, cardio-, erbo-, and
kobuviruses encode an additional protein upstream of the polyprotein known as the Leader or
L protein. In aphtho- and erboviruses the L protein exhibits proteolytic activity, in other genera
such as cardioviruses the protein has been implicated in several mechanisms that regulate host
cell antiviral responses (Borghese and Michiels, 2011; Freundt et al., 2018) and translation

(Dvorak et al., 2001).

The separation of the P1 precursor from the rest of the polyprotein is the primary processing
event and occurs via events that are genus-specific (Cathcart et al., 2014). The P1 and P2/P3
precursors are then further processed by 3C/3CD proteases. The requirement of host cell
chaperones, particularly Hsp90, in the cleavage of P1 by 3C/3CD has been widely documented
in PV, human rhinovirus (HRV), coxsackievirus (CV) and FMDV (Geller et al., 2012; Newman
et al., 2017). It is thought that Hsp90 maintains the P1 precursor in a conformation that is
required for successful cleavage by the protease. In PV Hsp90 has also been shown to protect
newly synthesised P1 translation products from proteasomal degradation prior to capsid

assembly (Geller et al., 2007).



Chapter 1

A growing body of research is demonstrating that some of the non-structural proteins may
function differently within members of the family. For example, the 2A protein of enteroviruses
is a protease (Muto et al., 2006; Sommergruber et al., 1989), while the 2A protein of human
parechovirus (HPeV)-1 lacks proteolytic activity and is involved in replication. HAV 2A forms
part of the P1 precursor and is a signal for pentamer assembly (Probst et al., 1999, 1998), while
the 2A of cardioviruses is required for localisation of the L protein to the nucleus and also
inhibits host cell translation (reviewed by Yang et al. (2017)). Unlike some of the non-structural
proteins, the function of the P1 structural proteins is highly conserved within the family. These

proteins function to form the protective capsid in all picornaviruses.

1.3. The picornavirus particle

1.3.1. Structure of the picornavirus capsid

The general structures of picornavirus capsids are highly conserved, although there are some
unique features between them. The picornavirus particle is a non-enveloped dodecahedron
comprised of 60 repeating protomer subunits, arranged into a pseudo T=3 shell that encases
the viral RNA genome (Figure 1.2 A and B). Each protomer consists of three main proteins,
VP1, VP2, and VP3, that form the outer surface of the capsid and are arranged into pentameric
intermediates such that five VP1 proteins meet at the five-fold axis and VP2 and VVP3 proteins
are placed at the two-fold and three-fold axes. The N-termini of these proteins are located on
the inside of the capsid, while the C-termini are exposed at the surface. In most picornaviruses
the protomer also contains a fourth smaller protein located on the inside of the capsid. This
VP4 protein has little secondary structure and forms an internal network with the N-termini of

VP1-VP3, which contributes to stability of the particle (Hogle, 2002).
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Figure 1.2 Structure of the picornavirus capsid and its subunits. A) Schematic representation of a
picornavirus particle, showing the symmetry axes and the pentamer and protomer subunits - Adapted
from Baggen et al. (2018a). The major capsid proteins are shown in navy blue (VP1), cyan (VP2) and
salmon (VP3). The internal VP4 protein is coloured light green. B) Biological assembly of the
cardiovirus Theiler’s murine encephalomyelitis virus (TMEV) (PDB: 1TMF). C) Simplified diagram
of the “wedge structure” conferred by the eight antiparallel B-strands, labelled alphabetically from B to
H - Adapted from Hogle et al. (1985).

In most picornaviruses the N-termini of VP4 reside near the five-fold axis and each is
covalently bound to a myristic acid group (Chow et al., 1987), which is thought to facilitate
interaction with the host membrane for delivery of the viral RNA genome into the cytoplasm

for replication (Panjwani et al., 2014; Smyth and Martin, 2002). The myristate molecules also
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provide structural support and stability to the pentamer subunits (Moscufo et al., 1991);
however, the specific residues involved in maintaining the interactions that provide structural

support between the interfaces of pentamers, protomers and capsid proteins are less clear.

Capsid proteins VVP1-3 are structurally similar, each has a wedge-shaped core that assumes an
eight-stranded antiparallel B-barrel fold (Figure 1.2 C). The B-strands are named alphabetically
starting from the N-terminus of the protein and are connected by loops whose names are
derived from the B-strands they connect. These loops protrude from the capsid surface and are
highly variable in length, composition and location, accounting for the differences in surface

topology observed between picornavirus species and serotypes.

The loops in enterovirus capsids form two dominant structural features, a prominent star-
shaped mesa, formed by the loops of converging VP1 proteins at the five-fold axis, and the
three-fold propeller formed by loops belonging to VP2 and VVP3 proteins at the three-fold axis.
The absence of loops between these structures creates a surface depression known as the
‘canyon’ that encircles the five-fold axis (Figure 1.3) (Hogle et al., 1985; Muckelbauer et al.,
1995; Rossmann et al., 1985). In most enteroviruses, including PV and HRV, the canyon floor
opens into a hydrophobic pocket that is occupied by a lipid moiety known as the ‘pocket factor’,
that maintains the stability and conformation of the particle. Dislodgement of this lipid upon
receptor binding results in a cascade of conformational rearrangements required to destabilise
the capsid for genome release (Plevka et al., 2013; Tuthill et al., 2007; Wang et al., 2012a).
The Enterovirus D68 (EV-D68) VP3 protein contains a unique short C-terminal a-helix that
forms part of the five-fold mesa resulting in a canyon that is much narrower and shallower than

those of other enteroviruses (Liu et al., 2015a).
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Figure 1.3 Comparison of the different capsid topologies exhibited by picornavirus genera.
Enterovirus: Human Rhinovirus (HRV, PDB: 1AYN), Enterovirus D68 (EV-D68, PDB: 4WMS8).
Cardiovirus: Theiler’s murine encephalomyelitis virus (TMEV, PDB: 1TMF). Hepatovirus: Hepatitis
A virus (HAV, PDB: 5WTE). Senecavirus: Seneca valley virus 1 (SVV-1, PDB: 3CJI). Aphthovirus:
FMDV Type C (FMDV-C, PDB: 1FMD). Surfaces are coloured according to their distance from the

centre of the virion as shown in the colour bar.

Loops at the five-fold axis of cardiovirus capsids are much longer and partially fill in the
canyon resulting in a series of small hydrophobic pits, that lack lipid factors (Grant et al., 1992;
Luo et al., 1992, 1987). In Seneca Valley Virus 1 (SSV-1), the canyon is almost completely
enclosed by VP1 residues and most loops belonging to proteins VP1-3 are longer than those of
other viruses of the family, giving rise to elevated structures surrounding the five-fold axis

(Venkataraman et al., 2008). Both HAV and FMDV capsids are devoid of canyon or pit

10
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structures; the HAV capsid has shallow five- and three-fold surface structures creating an
angular appearance, while the absence of protruding loops on the FMDV capsid results in a
smooth spherical surface (Acharya et al., 1989; Wang et al., 2015). Besides imparting unique
capsid topologies to different members of the picornavirus family, surface exposed loops are
functionally important as they contain receptor binding sites as well as major neutralisation
epitopes and thus directly influence virus host range, tropism and pathogenesis (Mateu, 1995;

Rossmann et al., 2000; Tuthill et al., 2010).

1.3.2. Structure and antigenicity

Investigations into the antigenicity of picornavirus capsids have mapped immunodominant
epitopes to the VP1 protein (Cameron et al., 2001; Collen et al., 1991; Edlmayr et al., 2011,
Lim et al., 2012; Luo et al., 1992; Mateu, 1995; Nitayaphan et al., 1985; Oberste et al., 1999;
Wu et al., 2002), although antigenic sites are found on the protruding loops of all surface
exposed capsid proteins (Chong et al., 2012; Kiener et al., 2014; Meloen et al., 1983; Ren et
al., 2015; Westerhuis et al., 2015). Neutralisation sites present on VP1 have been mapped to
the N- and C-termini as well as the EF and GH loops of equine rhinitis virus (ERAV) VP1
(Horsington et al., 2012; Varrasso et al., 2001), the C-terminus, EF and GH loops of CV-A16
(Ren et al., 2015; Shi et al., 2013), DE loop of EV-D68 and the GH loops of EV-71 (Ku et al.,
2015) and FMDV (Collen et al., 1991). In TMEV, neutralising epitopes have been mapped to
the CD | and Il loops and C-terminus of VP1 (Ohara et al., 1988; Zurbriggen and Fujinami,

1989), as well as puffs A and B of the EF loop in VP2 (Inoue et al., 1994; Sato et al., 1996).

PV exists as three serotypes, each expressing a unique set of major and minor neutralisation
sites (Jiang et al., 2014). Conversely, HRV and FMDV constantly evolve new neutralisation
sites and thus exist as a plethora of serotypes and subtypes, posing a difficult challenge for both
vaccine design and efficacy (Papi and Contoli, 2011; Stobart et al., 2017; Tulloch et al., 2018).
Furthermore, some picornavirus procapsids, empty virus particles, and disassembly products

11
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generated through uncoating and dissociation are antigenically distinct from the mature
particle, thus vaccines containing robust particles with some resistance to dissociation are
required to preserve their efficacy (Hogle, 2002; Malik et al., 2017; Porta et al., 2013; Shingler

et al., 2015; Zheng et al., 2019).

1.3.3. Capsid assembly and RNA encapsidation

The assembly of picornavirus capsids occurs through the stepwise oligomerisation of protein
subunits (Figure 1.4). Following the co-translational separation of P1 from P2, Hsp90
associates with P1 (Geller et al., 2007) and maintains the capsid precursor in a conformation
required for proteolysis by the viral encoded 3C/3CD protease to yield VPO, VP1 and VP3
(Palmenberg, 1990). These protein subunits remain associated as the 5S protomer, the smallest
unit of the capsid (Bruneau et al., 1983). Five protomers then associate to yield the pentamer
complex which has a sedimentation coefficient of 14S. This is followed by the assembly of 12
pentamers into the RNA containing, non-infectious 150S provirion (Guttman and Baltimore,

1977).

The exact mechanism of RNA encapsidation remains contentious. The currently accepted
model proposes that the replicating viral RNA acts as a scaffold around which the pentameric
units condense to form the provirion (Jiang et al., 2014). However, some picornaviruses
including aphthoviruses (Grubman et al., 1985; Rowlands et al., 1975), enteroviruses (Cifuente
et al., 2013; Korant et al., 1975; Marongiu et al., 1981; Su and Taylor, 1976), hepatoviruses
(Zhu and Zhang, 2015), but not cardioviruses (Jiang et al., 2014), have been shown to also form
empty 75S procapsids (Koch and Koch, 1985). Thus, an alternative encapsidation model was
proposed where the procapsid is an assembly intermediate into which the viral RNA is
subsequently inserted through an unknown viral mechanism (Jacobson and Baltimore, 1968;

Jiang et al., 2014; Li et al., 2012; Verlinden et al., 2000). Moreover, purified pentamers can

12
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self-assemble into empty procapsids in a cell-free test tube environment, suggesting that the

assembly of pentamers into procapsids is based on protein-protein interactions and has no
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Figure 1.4 The stepwise assembly of picornavirus particles. Following separation from the rest of
the polyprotein, Hsp90 maintains P1 in the correct conformation for cleavage by the 3CD and 3C
proteases. The resulting VPO, VP1 and VP3 capsid proteins immediately form the protomer, of which
five combine to yield the pentamer. The accepted encapsidation model suggests that 12 pentamers then
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condense around the viral RNA to form the 150S procapsid (highlighted in yellow). Alternatively,
twelve pentamers assemble without inclusion of the genome to yield empty 80S procapsids, into which
the RNA genome is inserted (highlighted in grey). In a final maturation step, VPO is cleaved yielding
the outer facing VP2 capsid protein and the internally oriented VP4 protein. Adapted from Jiang et al.
(2014) and Ross et al. (2016).

requirement for host cell factors (Li et al., 2012). However, the exact residues involved in

forming these interactions between the assembling pentamers remain unknown.

Several alternative explanations for the purpose of empty procapsids have been proposed
(Ansardi et al., 1996; Basavappa et al., 1994; Fernandez-Tomas and Baltimore, 1973; Li et al.,
2012; Marongiu et al., 1981; Verlinden et al., 2000). One suggestion is that they are by-
products of the assembly process (Koch and Koch, 1985; Li et al., 2012), or a mechanism for
deterring viral recognition by neutralising antibodies, as they are antigenically distinct
(Shingler et al., 2015). Most lines of evidence such as the RNA binding activity of pentamers
but not procapsids (Nugent and Kirkegaard, 1995; Pfister et al., 1995; Verlinden et al., 2000)
and the fact that empty procapsids, unlike pentamers, are not always observed during
picornavirus infection (Putnak and Phillips, 1981), support the first model of simultaneous
assembly and encapsidation. Furthermore, Shakeel et al. (2016) recently identified 60 identical
contacts in HPeV-3 between packaging signal motifs in the ordered viral RNA and residues of
the internal residues of VP1 and VP3, suggesting that binding of the folding RNA to these
residues could mediate assembly of the capsid. Further experimentation revealed that
disruption of the residues involved in these contacts negatively affected HPeV-3 capsid
assembly (Shakeel et al., 2017). Signals essential for genome encapsidation have also been
identified in the RNA genomes of AiV-1 (Sasaki and Taniguchi, 2003) and more recently
FMDV (Logan et al., 2018). No such signal has been identified for PV, however, the non-
structural 2C protein has been shown to mediate interactions between the genome and capsid

that are required for encapsidation (Adeyemi et al., 2019; Liu et al., 2010; Wang et al., 2012b).
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The role of RNA folding in encapsidation and assembly of other picornaviruses remains
unknown. The viral RNA genome is not only required for virion infectivity; the N and C termini
of VP1 and VP4 in RNA containing capsids are more ordered than in empty capsids. The
ordered termini strengthen interactions within and between protomers, imparting increased

stability to the capsid (Curry et al., 1997).

The final step in the assembly cascade is the cleavage of VPO to VP2 and VP4 in a process
known as maturation, which is requisite for infectivity (Ansardi and Morrow, 1995; Jiang et
al., 2014). Evidence suggests that for most picornaviruses, excluding FMDV (Curry et al.,
1997), maturation cleavage is autocatalytic and dependent on RNA encapsidation (Jiang et al.,
2014). Provirions are highly unstable, but cleavage of VPO triggers conformational
rearrangement of the particle into a dynamically metastable virion with increased stability for
survival in the harsh extracellular environment (Hindiyeh et al., 1999). Specifically, the
separation of the VP2 and VP4 termini following cleavage allows for strong contacts to form
between these ends, that reinforce the interactions between pentamer subunits (Curry et al.,
1997). The stability of mature capsids can be diminished by conformational changes that occur
at the protein structural level. Receptor binding or other chemical mechanisms induce these
changes allowing for controlled destabilisation and genome release. Premature destabilisation
of the capsid or prevention of the conformational changes that lead to uncoating directly
jeopardise viral infectivity; however, the identities of the residues between neighbouring capsid
subunits that are critical for modulating the conformational stability of these capsids remain

unknown.

1.4. Receptor binding and uncoating

1.4.1. Receptor binding
Host cell receptor recognition is essential for virus binding and entry and is one significant

determinant of viral tropism and pathogenesis (Baggen et al., 2018b; Tuthill et al., 2010). The
15
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vast repertoire of receptors exploited by picornaviruses includes members of the
immunoglobulin-like superfamily (Baggen et al., 2018b; Greve et al., 1989; Martino et al.,
2000; Mendelsohn et al., 1989; Wei et al., 2016), integrin receptor family (Jackson et al., 2004,
2002, 2000; Merilahti et al., 2016; Monaghan et al., 2005; Triantafilou et al., 2000), low density
lipoprotein receptor (LDLR) family (Hofer et al., 1994; Vlasak et al., 2005) and complement
control proteins (Bergelson et al., 1994). The large variation in different receptors explains the
differences in cell tropism, pathogenesis and the broad range of diseases caused by these
viruses (Schneider-Schaulies, 2000). Studies have provided evidence that differences in
pathogenesis and cell tropism between TMEV strains are associated with variation in receptor
usage (Lipton et al., 2006). Neurovirulent strains such as GDVII make use of the proteoglycan
heparan sulphate as a co-receptor, whereas persistent strains use 02,3-linked N-acetylneuramic

acid (sialic acid) (Lipton et al., 2006; Shah and Lipton, 2002).

Based on their functional role, receptors can be classified as “attachment” or “uncoating”
receptors. Attachment receptors are soley involved in binding and attachment of the virus to
the host cell and may be involved in virus entry. In addition to virus attachment and entry,
uncoating receptors induce conformational changes upon binding that lead to destabilising
rearrangements of the capsid proteins associated with uncoating and genome release. Several
picornaviruses (Tuthill et al., 2007), exploit additional receptors (co-receptors) for the purpose
of improved host cell attachment, but they play no role in uncoating (Baggen et al., 2018b;
Shafren et al., 1997). For example, DAF binding merely facilitates the attachment of group B
coxsackieviruses to host cells and triggers events that expose the CAR receptor, which is the

primary receptor that induces capsid instability (Coyne and Bergelson, 2006).

The solving of the structures of several picornaviruses complexed with their receptors (Belnap
et al., 2000; Fry et al., 1999; He et al., 2001; Kolatkar et al., 1999; Olson et al., 1993) has
greatly improved the understanding of virus-receptor interactions. The receptor binding site in
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many enteroviruses is the canyon and the lipid containing pocket at its base. The receptor and
pocket factor cannot be simultaneously bound to the capsid as they share a common binding
site (Rossmann, 1989; Smith et al., 1986). Thus, competitive binding of the receptor to the
hydrophobic pocket dislodges the lipid moiety allowing interaction of the receptor and the
capsid (Rossmann et al., 2002). For example, a recent study by Zhao et al. (2019) identified
the uncoating receptor of major enterovirus B as human neonatal Fc receptor (FcRn), and found
that binding of FcRn to the FCGRT subunit in the canyon, under acidic conditions, dislodges
the pocket factor which induces the conformational rearrangements required for uncoating. The
canyon binding site is conserved in most enteroviruses, the manner in which the various
enterovirus receptors bind it is not. For example the PV CD155 receptor and SCARB2 receptor
of EV-71 bind to different residues in the walls of the canyon (Belnap et al., 2000; Zhou et al.,
2019). Moreover, several receptors of minor HRV serotypes, echoviruses and some coxsackie
B viruses do not bind the canyon at all. Decay-accelerating factor (DAF) used by echoviruses
and CV-B3, binds near to the two-fold axis at the pentameric interface (Pettigrew et al., 2006;
Plevka et al., 2010), while very-low-density-lipoprotein (vVLDLR) binds to VP1 residues at the

five-fold axes of HRV2 (Hewat et al., 2000).

Little is known about cardiovirus receptor binding. Cardiovirus capsids have a series of smaller
surface depressions analogous to the central region of the canyon in the enteroviruses (Luo et
al., 1996, 1987). These pits are the putative receptor binding sites, although the identities of
almost all cardiovirus receptors remain unknown (Mullapudi et al., 2016).
Encephalomyocarditis Virus (EMCV)-D is the only cardiovirus for which a primary host cell
receptor (Vascular cell adhesion molecule 1 (VCAM-1)) has been identified (Huber, 1994),
although the co-receptors used by TMEV strains have been recognised (Lipton et al., 2006;
Reddi et al., 2004; Shah and Lipton, 2002). The receptor binding pits are formed between the

protomeric interfaces and the quasi-three-fold axes and involve residues from the VP1 and VVP3
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proteins belonging to separate protomers. The GH loop belonging to VP3 is located within the
centre of the pit, and the C-terminus of VP1 forms a large loop that extends over the pit (Luo

etal., 1992).

The receptors of other picornaviruses bind to various regions and features of the capsid. For
example, the SVV-1 anthrax toxin receptor 1 (ANTXR1) was recently found to interact with
various sites on the capsid surface including the surface-exposed BC loop of VP1, the puff of
VP2 at the quazi three-fold axis, and the knob of VP3 located near the three-fold axis
(Jayawardena et al., 2018). Surface exposed loops are also important binding sites in other
viruses for example, the integrin receptors of field strains of FMDV (Monaghan et al., 2005)
bind to the GH loops of VP1 via an arginine-glycine-aspartate (RGD) sequence (Acharya et

al., 1989; Logan et al., 1993).

1.4.2. Uncoating cues

Virus capsids must be stable enough to protect the fragile RNA genome during cell-to-cell
transmission but must also be capable of structural destabilisation to allow the release of the
genome for the next round of infection (Mateo et al., 2003). To prevent the untimely release of
the viral genome, viruses have evolved to rely on host cell signals to destabilise the capsid
(Tuthill et al., 2010, 2007). In picornaviruses, receptor binding and/or endosomal acidification
are the initiation cues for this uncoating process. For most enteroviruses, receptor binding to
residues in the canyon displaces the pocket factor triggering the collapse of the hydrophobic
pocket and the cascade of conformational changes that lead to capsid expansion and genome
release (Dang et al., 2014; Hogle, 2002; Liu et al., 2015b; Ren et al., 2013). In some
enteroviruses, receptor binding occurs away from the canyon leaving the lipid moiety intact
(e.g. LDLR and DAF binding species) (Hewat et al., 2000; Plevka et al., 2010; Shakeel et al.,
2013). Consequently, in many of these viruses uncoating rearrangements are triggered instead
by exposure to low endosomal pH (Liu et al., 2018; Prchla et al., 1994). In the capsids of
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aphtho- and cardioviruses, the canyon is absent (Acharya et al., 1989; Luo et al., 1992, 1987;
Mullapudi et al., 2016; Tuthill et al., 2009) and uncoating is also dependent upon acidification
within early or late endosomes (Berryman et al.,, 2005; Tuthill et al., 2009). Other
picornaviruses require receptor binding in conjunction with low pH for successful capsid
uncoating. For example, in EV-71 the conformational capsid rearrangements that lead to capsid
expansion and RNA release depend on both SCARB2 binding and the acidic environment

within endosomes (Dang et al., 2014; Yamayoshi et al., 2013).

1.4.3. Uncoating intermediates and end products

The pathways of picornavirus uncoating remain poorly understood and many details regarding
the site of RNA release from the capsid remain unclear. The uncoating of picornavirus capsids
appears to occur by one of two main mechanisms, either via a cascade of conformational
changes that gradually destabilise the particle through a series of uncoating intermediates, such
as in the enteroviruses, or through the rapid disassembly of virus particles into pentamers and

naked genomic RNA, as in members of the aphthovirus genus (Tuthill et al., 2007).

PV capsids are dynamic molecular structures that undergo recurrent expansion and contraction
coupled with the transient exposure and concealment of VP4 and the N-terminus of VP1, in a
process known as “breathing” (Li et al., 1994). Binding of PV to its CD155 receptor induces
internalisation of the particle by endocytosis (Brandenburg et al., 2007) and simultaneously
triggers conformational changes within the capsid, that lead to the irreversible formation of the
expanded early-RNA release intermediate, termed the “A” particle (Hogle, 2002). In these
particles VP4 and the N-terminus of VP1 have been permanently externalised, but the viral
RNA genome remains intact. The A particle has a different sedimentation coefficient to the
native particle (135S compared to 160S of the native capsid), is more sensitive to protease
degradation, and is antigenically distinct from the native capsid (Tuthill et al., 2007).
Furthermore, the A particle is more hydrophobic due to the externalisation of myristic-VP4
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and the N-terminus of VP1, which interact with the late endosomal membrane forming a pore
for the release of the viral genome into the cytosol (Fricks and Hogle, 1990). The remaining
80S empty viral capsid is no-longer infectious and is the end product of the uncoating process

(Hogle, 2002).

For efficient genome release the RNA must exit through a single site on the A particle surface.
Originally, this site was proposed to be located at the five-fold axis of the particle (Hadfield et
al., 1997; Hendry et al., 1999; Rossmann et al., 2000), but the recent accumulation of the cryo-
EM structures of several enterovirus uncoating intermediates, including those for CV-A9
(Shakeel et al., 2013), CV-A16 (Renetal., 2013), EV-71 (Lyu et al., 2014; Wang et al., 2012a),
HRV-A2 (Pickl-Herk et al., 2013), HRV-B14 (Dong et al., 2017), PV (Butan et al., 2014) and
EV-D68 (Liu et al., 2018) has revealed the formation of distinct pores at the two-fold axis and
smaller holes at the quazi three-fold axis, suggesting that the site of RNA release may actually
be between pentamer subunits. Bostina et al. (2011) produced asymmetric cryo-EM
reconstructions of the various stages of RNA release from PV capsids, and were able to confirm
that RNA is released near the two-fold axis and not channels at the five-fold. However, Lee et
al. (2016) captured the asymmetrical uncoating of CV-B3 bound to membranes, using lipid
bilayer nanodiscs and the virus receptor. This study identified an opening at the three-fold axis,
between three pentamers, and not at the two-fold. This finding may be more biologically
relevant as uncoating stimuli are likely to induce asymmetrical uncoating of the capsid during

in vivo infection.

It has long been hypothesised that the uncoating of aphtho- and cardioviruses capsids occurs
differently, where acidification within endosomes results in the rapid and direct dissociation of
the native particle into pentameric subunits and naked genomic RNA without the formation of
intermediate particles. The recent identification of transient uncoating intermediates following
the acid exposure of ERAV (Bakker et al., 2014; Tuthill et al., 2009) and heat exposure of the
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human cardiovirus Saffold virus 3 (SAFV-3) (Mullapudi et al., 2016), suggests otherwise.
Tuthill et al. (2009) identified intact empty particles with a sedimentation coefficient of 80S
that preceded dissociation of the virion into pentamers. Unlike enterovirus A particles, the 80S
intermediate did not contain two-, three- or five-fold pores, was not expanded, and had an
overall structure that was very similar to the native particle. There were, however,
rearrangements to the elements crucial for stabilisation of the pentamer interfaces (Tuthill et
al., 2009). Mullapudi et al. (2016) induced the formation of SAFV-3 expanded particles by
heating native capsids to 42 °C. These particles were very unstable and readily disassembled
into pentamer subunits. Like the A particles of enteroviruses, the altered SAFV-3 particles had
an increased radius of ~4 %, but pores were formed at the interfaces between protomers running
from the five-fold to the three-fold axes, rather than at the two-fold axes. Formation of these
pores involved rearrangements between a VVP1 protein from one protomer and the VP1 and 3
proteins from the neighbouring subunit. Interestingly the pores overlap the five-fold pits that
are thought to be putative receptor binding sites in cardioviruses (Luo et al., 1992). The
identification of these structures in another two genera suggests that formation of uncoating

intermediates may be a conserved feature during the uncoating of all picornaviruses.

The sizes of the pores formed in the A particles of enteroviruses and the expanded SAFV-3
capsids would not allow passage of the viral RNA from the virus without the assistance of
mechanisms that relax the double-stranded segments, formed through secondary structure
folding of the genome. Recently, Buchta et al. (2019) revealed that RNA release in echoviruses
18 and 30 involves the loss of at least one pentamer subunit from the particle, forming an
opening that enables the release of the genome without the modification of double-stranded
elements. Structures of these open particles were not dissimilar to the viruses’ A particles, as
both were expanded, had lost VP4, contained two-fold pores and had reduced inter-pentamer

contacts (Buchta et al., 2019). Intermediate particles lacking pentamers but still containing
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genomic RNA were also detected when HRV-2 was exposed to acidic conditions (Harutyunyan
et al., 2013). Thus, a new scheme for enterovirus release was proposed. Firstly, receptor
binding or exposure to low pH within endosomes triggers formation of the A particle, with
reduced pentamer-pentamer contacts. Secondly, changes in the structure of the internal RNA,
through exposure to acidic pH, put pressure on the remaining pentamer contacts. Together this
triggers the expulsion of pentamers, resulting in the formation of open particles that allow rapid
RNA release (Buchta et al., 2019). If confirmed, the loss of at least one, more (enteroviruses)
or all (aphtho- and cardioviruses) pentamers would be a conserved feature during the uncoating

of picornaviruses.

1.5. Capsid stability

1.5.1. The molecular determinants of picornavirus capsid stability

Virus capsids, such as those belonging to picornaviruses, are large multimeric assemblies,
generated through the consecutive oligomerisation of protein subunits. The extensive network
of non-covalent interactions between the viral structural subunits is imperative for the self-
assembly, structural integrity and stability of the capsid (Li et al., 2012; Mateo et al., 2008,
2003; Mateu, 2013; Reguera et al., 2004). These inter-subunit interactions must impart enough
strength to the capsid so that it may withstand denaturing conditions in the extracellular
environment, yet not so much as to impair the conformational changes triggered by receptor
binding and/or low pH that permit capsid dissociation and genome release (Bostina, 2019;
Ellard et al., 1999; Mateo et al., 2003; Rincén et al., 2014; Veesler and Johnson, 2012). In
response to these conflicting requirements, capsid subunit recognition has evolved as a fine-
tuned balance, influenced by the forces imposed by a virus’s lifecycle (Mateu, 2013; Rincon et
al., 2014). As such, the inherent biophysical stability of viruses within one family, such as the
picornaviruses, can be markedly different. For example, most enteroviruses are stable between

pH 2.5 and 12 (Fry et al., 2003; Tuthill et al., 2010). These viruses rely on receptor binding to
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induce conformational changes that lead to genome release (Baggen et al., 2018a). FMDV on
the other hand, relies on acidification within early endosomes to induce capsid dissociation and
RNA release (Yuan et al., 2017). As such these viruses, particularly O and SAT serotypes, are
remarkably labile and readily dissociate in mildly acidic conditions close to neutrality (Scott et

al., 2019; Yuan et al., 2017).

Importantly, residues involved in the interactions between proteins are not equally relevant for
the conformational stability of the interface. Rather, a small fraction of moderately conserved
residues termed “hotspots” contribute significantly to the binding energy, specificity and
stability of the protein association (Bogan and Thorn, 1998; Clackson and Wells, 1995; Keskin
et al., 2005; Moreira et al., 2007). Given the importance of hotspot residues in subunit
interactions and their contribution to capsid assembly and stability (Bahadur and Janin, 2008;
Boyd et al., 2015; Cheng and Brooks, 2015; Mateu, 2009), their identification would likely
broaden the knowledge surrounding aspects of the virus lifecycle including morphogenesis,
uncoating and genome release. Moreover, this knowledge could be applicable to the rational
design of novel antivirals and the production of stable virus particles for use in biotechnology

and medicine (Mateu, 2011; Wen et al., 2013).

1.5.2. Mutational studies of hotspot prediction

Several studies have attempted to identify these residues and their contribution to capsid
assembly, stability, uncoating and virion infectivity in the picornaviruses (Airaksinen et al.,
2001; Biswal et al., 2016; Caridi et al., 2015; Ellard et al., 1999; Maree et al., 2013; Rincon et
al., 2015, 2014; Wang and Smith, 2005; Warwicker, 1992). In two separate studies, Rincén et
al. (2003) and Mateo et al. (2015) systematically analysed the importance of 48 and 42 residues
whose sidechains contribute to interprotomer and interpentamer interactions respectively,
using charged-to-alanine scanning of infectious FMDV cDNA clones (Mateo et al., 2003;
Rincon et al., 2015). The results revealed that while most of the amino acid residues involved
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in interactions between protomers are not essential for FMDV infectivity, most of those
involved in pentamer-pentamer interactions are. The authors suggested that given the large
number of protein-protein interactions between protomers, the loss of one important interaction
might not be sufficient to weaken the entire interface. Conversely, the removal of even one
sidechain contributing to an interaction between pentamers may be more deleterious as there

are far fewer interactions across these interfaces (Mateo et al., 2003; Rincon et al., 2015).

Recently, charged-to-alanine scanning was applied to identify residues important for capsid
assembly and cell entry in EV-71 (Yuan et al., 2016). Following the mutational analysis of 27
positively charged residues belonging to VP1, Yuan et al. identified 16 substitutions that were
non-viable, and seven amino acid substitutions that were replication defective. Upon serial
passage, ten revertants or mutants with second site mutations in VP1 were isolated, supporting
the importance of these residues within the virus lifecycle. One residue that proved essential
for virus viability, K182, is conserved within EV A and D species. K182 was previously shown
to form an elaborate network of hydrogen bonds with VP1 D185 from the neighbouring
protomer which stabilises the five-fold axes during uncoating (Lyu et al., 2014). Another amino
acid substitution, K215A, was replication defective, but drastically increased the
thermostability of the capsid. This residue resides on the GH loop which is involved in major
conformational changes following receptor binding, thus Yuan et al. (2016) speculated that the
amino acid substitutions impaired movement of the loop and formation of uncoating

intermediates.

The stability and dynamics of the HRV-B14 capsid were investigated by Wang and Smith
(2005). Using hydrogen exchange and mass spectrometry, the authors found that the interfaces
between two protomers, specifically interactions between VP1 and VP3, were very stable, but
that VP4 and the N-terminus of VP1 as well as the interfaces surrounding the five-fold axes
were not (Wang and Smith, 2005). The externalised VP1 N-terminus of EV is known to play a
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functional role in the uncoating and entry of these viruses and contains an 11 residue motif that
is highly conserved (Airaksinen et al., 2001). Residues within this motif form interprotomer
contacts with residues of the surrounding VP2-4 capsid proteins, which are also highly
conserved (Hendry et al., 1999; Hogle et al., 1985; Lentz et al., 1997; Muckelbauer et al., 1995).
Airaksinen et al. (2001) dissected the effects of amino acid substitutions within this motif on
the capsid stability of CV-A9 and found that two substitutions, A30S and V3L1I, partly
increased particle lability, while substitutions A30G and V34A led to highly unstable capsids
that readily formed 135S intermediate particles. This study suggests that the residues within
the motif participate in maintaining the ideal balance of stability, preventing the premature or
delayed externalisation of the VP1 N-terminus, and the uncoating rearrangments that follow
(Airaksinen et al., 2001). In another study, Couderc et al. (1996) found that substitutions T22I
in VP1 and S31T VP2 altered PV-1 capsid stability. T221 belongs to the N-terminus of VP1
that is expelled during entry, while T31 forms part of the pentameric interface that is important
for capsid stability. These viruses could more readily undergo conformational changes required
for uncoating, and capsid assembly was less efficient, but resultant virions were more

thermolabile (Couderc et al., 1996)

1.5.3. Evolutionary selection of mutants with improved stability

Additional studies have selected virions with increased resistance to various destabilising
factors using an evolutionary approach. Glutathione (GSH) is an essential stabilising cofactor
during the assembly of EV protomers into pentameric subunits (Thibaut et al., 2014). Using
the inhibitor TP219, Thibaut et al. (2014) serially passaged CV-B3 at reduced GSH levels and
isolated GSH-resistant mutants that had a single amino acid substitution, T77M, in VP1. This
residue belongs to the interprotomer interface and is surface exposed. Using another GSH
inhibitor, BSO, Ma et al. (2014) assessed the capsid stabilities of PV-1 and CV-A20 under

decreased GSH levels. Resistant PV mutants contained residue substitutions D219N, 1239V
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(VP1) and Q178L and T175A (VP3), while only one residue, Y97H (VP3), conferred
resistance to CV-A20 mutants. These stabilising amino acid substitutions were also located at
interfaces between protomers (Ma et al., 2014). Numerous studies have attempted to map the
molecular determinants of the pH stability of FMDV by sequentially passaging FMDV at
various pH values (reviewed by Yuan et al. (2017)). Collectively these studies identified
residues at interprotomer and interpentamer (two- and three-fold axes) interfaces (Yuan et al.,

2017).

1.5.4. Computational assessment of stabilising residues

Very few studies have computationally assessed the molecular determinants of capsid stability.
Van Vlijmen et al. (1998) calculated the electrostatic energies as a function pH for FMDV
O1BFS, A1061 and A22 Irag. The study found that residues within 15 A of the pentamer-
pentamer interfaces are involved in the acid stability of these viruses. Furthermore, the study
revealed that VP3 residues H142 and H145 are important for acid stability because of their
many interactions with polar residues across the pentameric interface (van Vlijmen et al.,
1998). Warwicker assessed the HRV-B14 capsid using the same approach and found that upon
acidification, arginine, histidine and lysine residues surrounding the canyon and the pentamer
interfaces had the strongest destabilising energies, and therefore contribute significantly to
stability of the capsid (Warwicker, 1989). In a recent study, Ross et al. used normal mode
analysis and perturbation response scanning to investigate the motions of EV-71 uncoating.
One interesting finding is that during expansion to the A particle pentamers move in an anti-
clockwise screw-like motion around the three-fold axis (Ross et al., 2018), which likely assists
the separation of interacting VP2 residues across the two-fold axis so that pore formation can
occur. Furthermore, the study identified highly flexible regions containing the residues
VP1 131-155, 163-193, 233-257, VP3 1-31 and VP4 12-42. These residues are located near to

the five-fold axes and expand towards the hydrophobic pocket, which is known to change its
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conformation during uncoating. Additional residues showing various degrees of flexibility
were noted at the five-fold interface between VP1 and VP3, which is known to be important
for capsid assembly, and in the VP4 protein, which is proposed to interact with the viral RNA

(Ross et al., 2018).

1.5.5. Modulating capsid stability for improved vaccines

The development of vaccines has been imperative for the control of several devastating viruses,
including PV (Wang et al., 2013). A major hinderance to the development of vaccine antigens
is the conformational instability of virus particles (Mateu, 2011). The preservation of
antigenicity depends on the inherent stability of the viral capsid, as destabilised particles have
different antigenic properties to infectious virions (Wang et al., 2013). To preserve antigenicity,
vaccines require refrigeration during delivery and storage, which is not always possible and
accounts for 80 % of the total cost of vaccination programs (Chen et al., 2011a; Tulloch et al.,
2018). FMDV readily dissociates into pentamers above physiological temperatures and at
mildly acidic conditions (Yuan et al., 2017), resulting in subunits that do not stimulate
sufficient levels of protective neutralising antibodies (Doel and Baccarini, 1981). An
understanding of the molecular determinants of the lability of virus particles, such as FMDV,
is pertinent to the design of vaccine antigens with improved resistance to dissociation (Mateu,
2011). To this purpose, several investigations have probed the importance of specific residues
to the stability, assembly and growth of FMDV. Identification of these indispensable residues
in capsid subunit interfaces using in vitro alanine scanning (Mateo et al., 2003), provided a
guide for the rational design of FMDV capsids with improved thermostability without negative

implications for biological fitness (Mateo et al., 2008).

In a separate study, Rincon et al. (2014) found that electrostatic repulsions between the
negatively charged residues at pentameric interfaces are responsible for the sensitivity of
FMDV to thermal dissociation. With this in mind, the authors engineered a series of infectious,
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genetically stable and antigenically identical virions with increased thermostability, by altering
the residues involved in the electrostatic repulsions. Other studies have also rationally
improved the stability of FMDV capsids by strengthening the interactions across pentamer-
pentamer interfaces (Porta et al., 2013). Through molecular dynamics simulations, Kotecha et
al. (2015) and Scott et al. (2017) identified amino acid substitutions that form stronger
interactions across the two-fold interfaces thereby increasing the stability of pentamer-
pentamer complexes in FMDV Type O and SAT2 capsids. Using these findings, the authors
engineered a number of recombinant capsids with improved pH and heat stability that could
elicit equivalent or higher virus neutralising antibody titres than the parental viruses, as
potential vaccine candidates (Kotecha et al., 2015; Scott et al., 2017). The substitution S93Y
in VP2 conferred the greatest increase in thermostability to the SAT2 capsid but had a reduced
growth rate and slightly altered antibody footprint. Mutants containing the substitution S93H
also showed increased stability against thermal dissociation, thus the authors selected these

mutants as vaccine antigens for future investigation (Scott et al., 2017).

Virus-like particles (VLPs) offer an alternative approach to live-attenuated and inactivated
vaccines for which biosafety concerns remain (Bhasin, 2008; Marsian et al., 2017). Enterovirus
VLPs have moderately different antigenic properties and overall stabilities compared to the
native particles, which are stabilised by both the genome and maturation events (Baggen et al.,
2018a). Recently, Fox et al. (2017) engineered stable empty capsids for all three serotypes of
PV, by introducing residue substitutions that were previously shown to stabilise the capsids of
each PV serotype. The resultant particles were thermostable and induced efficient antibody
responses. (Fox et al., 2017). In a similar approach Adeyemi et al. (2017) identified several
mutations that conferred increased thermostability to PV-1 virions using thermal selection.
These amino acid replacements also improved the antigenicity and thermostability of empty

capsids (Adeyemi et al., 2017). Together these studies demonstrate that by probing the
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molecular determinants of stability, particles can be successfully engineered as improved

alternatives to existing vaccine antigens.

1.5.6. Stabilising hotspots as potential drug targets

No anti-picornaviral therapies are currently available, although promising antiviral compounds
have been shown to disrupt aspects of the picornavirus lifecycle, such as cell entry, polyprotein
processing and replication (Baggen et al., 2018a; Banerjee et al., 2019; Barnard, 2006; Tan et
al., 2014). An array of capsid binding compounds has been identified for the enteroviruses and
have been the focus of numerous studies. These compounds integrate into the hydrophobic
pocket at the base of the canyon (Tan et al., 2014) inhibiting uncoating and RNA release, or
viral attachment by stabilising the receptor binding site (Abzug et al., 2015; Benschop et al.,
2015). Pleconaril has been shown to inhibit certain EV species (Liu et al., 2015a; Pevear et al.,
1999), including CV-B3 (Martikainen et al., 2015) and HRV (Hayden et al., 2003) in this way,
while WIN compounds are demonstrated to prevent the uncoating and breathing of CV-A9
(Hendry et al., 1999), EV-71 (Plevka et al., 2013), PV (Dove and Racaniello, 2000), and some
HRV serotypes (Lewis et al., 1998; Mello et al., 2014). A comprehensive understanding of
capsid structure is important for designing antiviral compounds with improved efficacy (Perilla
et al., 2016). For example, De Colibus et al. (2014) were able to design pocket binding
inhibitors against EV-71 with improved efficacy and solubility using a structural based analysis

to rationally inform their design (De Colibus et al., 2014).

The protein-protein interfaces in viral capsids are complex and involve many interactions
across large surface areas, unlike those of simpler generic protein complexes within a cell,
making these unique interfaces attractive targets for antivirals (Cheng and Brooks, 2015).
Recent studies have developed small molecule and peptide inhibitors targeting the subunit
interfaces of human immunodeficiency virus (HIV) and hepatitis B virus (HBV) capsids (Blair
etal., 2010; Bourne et al., 2008; Ternois et al., 2005). These molecules affect capsid assembly

29



Chapter 1

by either altering capsid subunit interfaces upon binding (Tang et al., 2003; Ternois et al.,
2005), or act as assembly agonists (Blair et al., 2010; Katen et al., 2010). Others can affect the
inter-subunit geometry of the assembling particles (Bourne et al., 2008). Bocanegra et al.
(2012, 2011) developed the first rational approach for the design of capsid interfacial inhibitors
in HIV-1. More specifically, the authors engineered peptides that could act as competitive
assembly inhibitors by mimicking capsid structural elements present in intersubunit interfaces
(Bocanegra et al., 2012, 2011). Such inhibitors targeting the picornaviruses are yet to be
developed, but knowledge regarding the capsid subunit interfaces and the residues involved in

maintaining interface stability would be an important first step required for their design.

1.6. Theiler’s murine encephalomyelitis as an available replication system

Theiler’s murine encephalomyelitis virus (TMEV) causes enteric and neurological diseases in
rodents and strains are classified into subgroups on the basis of their neurovirulence and
antigenicity (Gerhauser et al., 2019; Lipton, 1975; Lipton and Friedmann, 1980). Theiler’s
original (TO) group includes the BeAn and DA strains which cause persistent inflammatory
demyelination, while strains of the highly neurovirulent GDVII group induce an acute and
often fatal encephalitis (Oleszak et al., 2004; Roos, 2010). Strains from both subgroups have
been characterised (Lipton et al., 1991; Sato et al., 1996), and full-length cDNA clones have
been generated for both DA and GDVII (Fu et al., 1990; Roos et al., 1989). Furthermore, the
capsid structures of TMEV DA and BeAn have been determined using X-ray crystallography
providing available templates on which other strains can be modelled (Grant et al., 1992; Luo

etal., 1992).

TMEV permissively infects BHK-21 cell lines (Delhaye et al., 2004; Nedellec et al., 1998) and
poses no risk to human health enabling its use in conventional tissue culture facilities. The
cardiovirus genus to which TMEV belongs is related to the enteroviruses and clusters in the

same supergroup as the aphthoviruses and senecaviruses, based on sequences encoding the
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capsid and 3CD proteins (Zell, 2018). Despite minor differences in the capsid structure and
replication of picornaviruses, TMEV provides a biosafe model for investigating aspects of
picornavirus biology. Using this system, previous colleagues have investigated the non-
structural proteins of TMEV and found that GDVII 2C localises to the Golgi apparatus and
endoplasmic reticulum (ER) during infection (Jauka et al., 2010; Murray et al., 2009). Using
site-directed mutagenesis of the GDVII cDNA clone, Murray et al. (2009) also identified
conserved residues in the N-terminal domain of 2C that were essential for the function of the
protein and those that were required for its localisation to the replication complex. Furthermore,
Mutsvunguma et al. (2011) found that Hsp90 colocalises with 2C and is required for TMEV
replication. Recently, Ross et al. (2016) developed antibodies to the N-terminus of TMEV VP1
and revealed that this capsid protein localises to the perinuclear region of infected cells, in a
similar pattern to FMDV VP1. Furthermore, the same study demonstrated that Hsp90 is likely
involved in TMEV assembly, as the VP1 protein colocalised with this chaperone during
infection. Considering the biosafety of TMEV and the robustness of the available replication
system, this cardiovirus was used in the studies presented in this thesis to examine the

molecular determinants of structural stability and integrity in a picornavirus capsid.

1.7. Problem statement

Picornavirus infections cause a broad range of important human and animal diseases with
severe clinical and economic implications. Aside from PV, EV-71, HAV and FMDV, there are
few vaccines for their prevention and control. Live vaccines elicit the strongest antibody
response, but their efficacy is dependent on the structural integrity of virus particles, which
must be maintained using cold-chain methods that are both costly and not always feasible,
particularly in countries lacking the appropriate infrastructure. At present, no antivirals are
commercially available for the treatment of picornavirus infections and many potential

compounds have associated issues such as toxicity or viral resistance. Picornavirus capsids are
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essential for aspects of the virus lifecycle including receptor binding, uncoating, and protection
of the viral genome from degradation. Each of these processes is regulated by the structure of
the capsid and its individual subunits. Therefore, a comprehensive understanding of the
molecular determinants that regulate capsid structure and stability would not only contribute
to an improved understanding of the basic biology of these pathogens but would guide the

development of novel antiviral agents and stable vaccine antigens.

1.8. Aims and objectives

The overall aim of this thesis was to improve the knowledge regarding the structural stability
of picornavirus capsids by examining the molecular determinants of structural stability and
integrity in the TMEV GDVII capsid. The first objective of the thesis was to generate and
characterise a set of polyclonal antibodies targeting the TMEV GDVII capsid proteins in order
to study the capsid using biochemical techniques. The second objective was to develop a simple
computational screen to investigate the residues that contribute significantly to the stability and
assembly of picornavirus capsids and identify these residues within the subunit interfaces of
the TMEV GDVII capsid. The third objective was to determine whether hotspot residues
predicted to contribute to the stability of the interpentamer interfaces in TMEV were critical
for virus viability and infectivity, using in vitro alanine scanning mutagenesis. The final
objective was to determine whether the thermostability of TMEV could be improved using heat
selection, and to investigate the determinants that likely contributed to this improved stability

at the molecular level.

1.9. Overview of chapters

Chapter 2 describes the generation of neutralising polyclonal antibodies targeting the TMEV
GDVII capsid. The capsid proteins and regions containing linear epitopes within that were
recognised by the antibodies were identified using Western blot experiments combined with a

deletion analysis of the VP1 protein. The in vitro neutralising ability of the antibodies was
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examined using a plague reduction neutralisation assay. Characterisation of the antibodies
prompted an investigation into the potential binding site of the TMEV GDVII secondary
receptor, heparan sulphate, using molecular docking experiments, and a potential neutralising
mechanism for these antibodies is discussed. The antibodies were optimised for Western
analysis and immunofluorescence experiments, providing a useful tool for biochemical

experiments later in the thesis.

A novel screen for the prediction of stabilising hotspot residues at the subunit interfaces of a
picornavirus capsid is presented in Chapter 3. By implementing five readily accessible tools
for the prediction of hotspot residues at protein-protein interfaces, the screen was developed to
identify the residues that critically contribute to the stability and integrity of the intraprotomer,
interprotomer and interpentamer interfaces of the TMEV GDVII capsid. Additional in-silico
applications were used to examine the interactions formed between each hotspot residue and
partner residue(s) across the interface. Finally, structural alignments were included as part of
the screen to examine whether the residues identified as hotspots in TMEV were conserved in

representative members across the family.

The importance of a subset of hotspot residues identified within the TMEV interpentamer
interfaces was further assessed in Chapter 4, using a reverse genetics system and site directed
mutagenesis. The significance of each selected hotspot to the lifecycle of TMEV was examined
by substituting individual hotspot residues to alanine, and the potential effects of these
substitutions on virus growth and infectivity was assessed following transfection of mutant
RNAs into susceptible cells. Furthermore, the potential effects of the substitutions on RNA

replication and protein synthesis were examined using immunofluorescence experiments.

Chapter 5 described the selection of TMEV GDVII virions with improved thermal stability

through serial passage of heat exposed virus particles. The thermal tolerance of the wild type
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and thermostable TME viruses was assessed using a thermal inactivation assay. The mutations
that potentially contributed to improved thermal tolerance were elucidated by sequencing the
reverse transcribed P1 capsid encoding regions of the thermostable virions. The potential
effects of the mutations on the alteration of protein interactions and changes to subunit interface

stability were assessed through in-silico analyses.

Chapter 6 provides a summary and discussion of the findings in this thesis. Emphasis is placed
on the limitations and implications of each study and how the tools developed in the thesis may
be applied to further investigate the structures of TMEV capsids and those belonging to other

picornaviruses.
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Chapter 2

The generation and characterisation of
anti-TMEV capsid antibodies

The work presented in this chapter was published in Virus Research:

Upfold, N., Ross, C., Tastan Bishop, O., Luke, G.A., Knox, C. 2018. The generation and

characterisation of neutralising antibodies against the Theiler’s murine encephalomyelitis
virus (TMEV) GDVII capsid reveals the potential binding site of the host cell co-receptor,
heparan sulfate. Virus Research, 244, 153-163. 10.1016/j.virusres.2017.11.017.
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2.1. Introduction
Picornavirus capsids are highly antigenic (Mateu, 1995; Minor, 1990), often triggering the

production of high levels of responding antibodies in the host animal within a matter of days
or weeks (Alexandersen et al., 2003; Tsao et al., 2002; Westerhuis et al., 2015; Yang et al.,
2011). A subset of these antibodies protect the host by blocking further virus infection through
a variety of mechanisms, and are termed neutralising antibodies (nAbs) (Anastasina et al.,
2017; Klasse, 2014; Mateu, 1995). Antibodies targeting the picornavirus capsid, its subunits,
and end products are not only useful for serological studies (McCray and Werner, 1987; van
Dreumel et al., 2015; Veerasami et al., 2008; Yang et al., 2013) but are also valuable reagents
for investigating capsid structure, its assembly and uncoating, and the virus-host interactions
that mediate these processes. For example, antibodies have been used to map the antigenic sites
on the surface of capsids through the generation of nAb escape mutants (Barnett et al., 1989;
Bolwell et al., 1989; Huang et al., 2017; Kiener et al., 2014; Mateu, 1995; Sherry et al., 1986),
or through the assessment of antibody-capsid complexes (Bannwarth et al., 2015; Hewat and
Blaas, 1996; Kiener et al., 2014; Ye et al., 2016; Zheng et al., 2019). Similarly, antibodies have
been used for structural and immunogenic comparisons between native and expanded capsids
for the purpose of improved vaccine development (Malik et al., 2017; Ren et al., 2015; Wang
et al., 2012a). NADbs that trigger structural rearrangements upon binding were recently used in
experiments to inspect the specific conformational changes associated with capsid expansion
and uncoating of EV-71 and HRV-B14 (Dong et al., 2017; Plevka et al., 2014), providing
insights into the uncoating mechanisms of these viruses. A monoclonal antibody recognising
the HRV-2 expanded capsid has been extensively used to examine the capsid structural changes
associated with uncoating during virus entry (Hewat and Blaas, 2006; Neubauer et al., 1987),
and was also used in experiments to confirm that HRV-2 capsids require low pH for the

initiation of uncoating (Bayer et al., 1998; Prchla et al., 1994).

36



Chapter 2

Antibodies are also indispensable tools for exploring the molecular determinants of capsid
assembly, one of the least understood aspects of the picornavirus lifecycle. Recently, capsid
protein specific antibodies were used in studies that examined the residues required for 3C
cleavage of the VP1/2A junction in FMDV (Kristensen et al., 2017), and VPO cleavage during
the maturation of EV-71 (Zhang et al., 2017), processes that are vital for capsid assembly. In
two separate studies, Mateo et al. (2003) and Rincon et al. (2015) used antibodies against
epitopes in the folded protomer to examine whether amino acid substitutions at FMDYV capsid
subunit interfaces inhibit capsid formation. Similarly, Yuan et al. (2016) used an antibody
targeting VPO/VVP2 to examine the effects of alanine substitutions in EV-71 VP1 on capsid

protein production.

Antibodies targeting the capsid proteins of picornaviruses, such as those belonging to FMDV,
CV-B3, EV-71 and PV, have allowed the examination of the subcellular localisation of these
proteins within the host cell (Knox et al., 2005; Liu et al., 2013; Wang et al., 2012c; Wychowski
et al., 1985), and have been useful in exploring the host-cell factors required for assembly.
Pfister et al. (1992) employed antibodies specific to PV pentamers and empty capsids to show
that vesicular membranes maintain pentamer concentrations for encapsidation, preventing the
formation of empty capsids during assembly. Capsid-specific antibodies were also useful in
demonstrating that Hsp90 is required for early stages of capsid assembly in the enteroviruses
(Geller et al., 2007; Macejak and Sarnow, 1992). Recently we generated polyclonal antibodies
against the N-terminus of VP1 by immunising rabbits with a truncated VVP1 peptide (Ross et
al., 2016). Using these antibodies in immunofluorescence experiments, it was shown that VP1
localises to the perinuclear region of infected cells where the protein colocalises with Hsp90
during the early stages of capsid assembly, implying a potential role for this chaperone in

cardiovirus assembly.
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Antibodies targeting the whole picornavirus capsid as opposed to VVP1 alone would be useful
to extend these studies and investigate the underlying molecular determinants of capsid
structure, assembly and uncoating. The overall aim of this study was to generate and
characterise antibodies against the TMEV capsid that could be used in biochemical
experiments in the chapters that follow. The specific objectives were first to prepare purified
TMEV particles for immunisation in rabbits; secondly, to test the serum for antibodies
detecting capsid proteins by Western analysis and indirect immunofluorescence; thirdly, to
identify linear epitopes recognised by the antibodies; and finally, to characterise the

neutralising ability of the resultant antibodies.

2.2. Materials and Methods

2.2.1. Cells and virus

Baby hamster kidney cells, strain 21 (BHK-21) (kindly provided by M. Ryan, University of St
Andrews, UK) were maintained in buffered Dulbecco’s modified Eagle Medium (DMEM)
(Lonza, Switzerland) supplemented with 10 % [v/v] heat-inactivated foetal bovine serum
(FBS), 100 U penicillin mI™%, 10 mg streptomycin ml™* and 25 pg fungizone ml™?, at 37 °C

with 5 % CO:a.

TMEV strain GDVII was used to infect cells in all experiments. Virus stocks were prepared by
infecting confluent BHK-21 monolayers at a multiplicity of infection (MOI) of 1. Following
24 hours (h) of infection the infected cell lysate was aspirated and stored at -80 °C. Virus titres

were determined by plaque assay.

2.2.2. Purification of TMEV GDVII particles for immunisation in rabbits

2.2.2.1. Infection of monolayers
Confluent BHK-21 monolayers grown in T75 cm? flasks were infected with TMEV GDVII in

serum free DMEM in a total volume of 2 ml. The virus was left to adsorb for 1 h at room
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temperature (RT) with gentle agitation, before the addition of 5 ml serum-free DMEM. The
cells were incubated at 37 °C for 24 h to allow the development of cytopathic effect (CPE),

before they were frozen at -20 °C.

2.2.2.2. Sucrose cushion purification

TMEV infected cells were freeze-thawed three times to facilitate cell lysis, after which 10 %
Nonidet P40 (NP-40) (Roche, Germany) was added to a final concentration of 1 % and allowed
to incubate for 2 h at RT, with gentle agitation. Infected cell lysates were clarified by
centrifugation at 6 000 x g for 20 min using a JA20 rotor (Beckman centrifuge, USA) after
which 7 % polyethylene glycol (PEG, MW 6000) (Merck, RSA) and NaCl to a final
concentration of 0.38 M were added to the supernatant to concentrate the virus particles.
Following overnight incubation at 4 °C, virus particles were pelleted by centrifugation at 11
000 x g at 4 °C for 20 min using a JA20 rotor (Beckman centrifuge, USA). The pellet was
resuspended in phosphate buffered saline (PBS) [137 mM NaCl, 2.7 mM KCI, 10 mM
Na:HPO4, 2 mM KH2POg4; pH 7.4] and centrifuged on a 30 % sucrose cushion, prepared in 5
ml Beckman polycarbonate thick walled tubes (Beckman, USA), at 171 000 x g using a
Beckman 70.1Ti rotor (Beckman centrifuge, USA) for 4 h at 4 °C. The pellet was resuspended

in 200 pl PBS and stored at -20 °C until sucrose gradient purification.

2.2.2.3. Sucrose density gradient purification

10-40 % sucrose gradients were prepared in 5 ml SW41 tubes (Beckman, USA) using the
Biocomp gradient master system (BioComp, Canada). The viral pellet was placed on top of the
tubes and centrifuged at 96 808 x g using the SWA41 rotor (Beckman, USA) at 4 °C for 2 h. The
resultant virus band was carefully extracted using a 7-gauge syringe needle, washed using PBS
and centrifuged at 151 263 x g in a SWA41 rotor (Beckman, USA) for 1 h, at 4 °C. The pellet
was resuspended in 250 pl PBS and stored at -20 °C. The virus concentration was determined

using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, USA), and approximately
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1 mg of the purified virus sample was used by D. Bellstedt (University of Stellenbosch, South
Africa) for the immunisation of rabbits, to generate anti-TMEV capsid antibodies (Bellstedt et

al., 1987).

2.2.3. Transmission electron microscopy (TEM)

Sucrose purified virus was prepared for TEM using a method previously described by Lipton
and Friedmann (1980) except that sodium phosphotungstate was substituted with a solution of
3 % uranyl acetate. In brief, 5 pl of purified virus sample was placed onto a carbon forvar grid
for 1 min. Filter paper was then used to wick away excess liquid and the grid was stained with
3 % uranyl acetate for 1 min. Excess uranyl acetate was removed using filter paper and the
grids were left to dry overnight. The grids were viewed using a Libra 120 PLUS transmission
electron microscope (Carl Zeiss, Germany) and ITEM software was used to capture and

analyse the images (Carl Zeiss, Germany).

2.2.4. Preparation of TMEYV infected cell lysate for Western analysis

To produce infected cell lysates for Western blot experiments, 75 cm? flasks containing BHK-
21 cells were infected with TMEV in serum-free DMEM. Following a virus adsorption period
of 1 h at RT with gentle agitation, virus inoculum was aspirated, and the cells were rinsed twice
with PBS before 5 ml DMEM was added. The cells were incubated at 37 °C, harvested at
various hours post infection (hpi), pelleted at 1 000 x g and were resuspended in PBS. Control
cells were mock-infected with serum free DMEM. Cells that did not exhibit typical signs CPE
such as mock infected cells and those harvested early on in the infection cycle were collected
following treatment with trypsin before they were pelleted at 1 000 x g and resuspended in

PBS.
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2.2.5. SDS-PAGE and Western analysis

Samples for analysis by SDS-PAGE were denatured and reduced by heating in 4 x SDS-PAGE
loading buffer [62.5 mM Tris HCI (pH 6.8), 10 % glycerol, 1.25 % bromophenol blue, 0.5 %
B-mercaptoethanol and 2 % SDS] for 5 min at 95 °C. Acrylamide/bisacrylamide (30:1) gels
were prepared using a Mini-Protean 3 gel casting system (Biorad, USA). The 12 % acrylamide
resolving gel [1.5M Tris-HCI (pH 8.8)] and 4 % stacking gel [0.5 M Tris-HCI (pH 6.8)] were
polymerised by the addition of 10 % [w/v] ammonium persulphate (APS) and TEMED. The
gels were electrophoresed for 40 min at 150 V in 1 x SDS running buffer [1.44 % glycine, 25
mM Tris (pH 8.3), 0.1 % SDS] using a Bio-Rad Mini-Protean Tetra cell system (Bio-Rad,
USA). Migration and molecular weight estimation of the sample proteins was possible using
the PageRuler™ Prestained Protein Ladder (10-170 kDa) (Thermo Scientific, USA). To
visualise protein bands gels were stained with Coomassie brilliant blue [6.25 % Coomassie R-
250, 50 % methanol, 10 % acetic acid], and then incubated in a destain solution [40 %

methanol, 7 % acetic acid, 53 % ddH.O].

For the detection of specific proteins, samples separated by SDS-PAGE were transferred onto
nitrocellulose membranes (Bio-Rad, USA) at 100 volts for 90 min in transfer buffer [25 mM
Tris-HCI (pH 8), 192 mM glycine, 20 % [w/v] methanol]. Successful protein transfer was
confirmed by staining the nitrocellulose membrane with Ponceau stain [0.5 % [w/v] Ponceau
S, 1 % glacial acetic acid] for 1 min. Protein detection was performed using the BM Western
blotting kit (chemiluminescence mouse/rabbit kit) (Roche, Germany). Membranes were
incubated in blocking buffer [1 % block reagent in Tris-buffered saline (TBS; 50 mM Tris (pH
7.4), 150 mM NaCl)] for 1 h at room temperature. The membranes were transferred into
blocking buffer containing primary antibody for 1 h at room temperature with gentle agitation
and were subsequently washed three times in TBS-T [50 mM Tris (pH 7.4), 150 mM NacCl, 1

% Tween-20] for 15 min, replacing the TBS-T each time. Secondary POD-labelled
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mouse/rabbit antibodies (BM Western blotting kit) (Roche, Germany) diluted 1:20 000 in 0.5
% blocking solution were then applied to the membrane for 30 min at room temperature with
gentle agitation, before the membranes were washed three times in TBS-T. Protein detection
was performed following incubation of the membrane in premixed detection reagent for 1 min
using the ChemiDoc Molecular Imager XRS + (Bio-Rad, USA), and images were analysed

using the Image Lab TM software, version 5.1 (Bio-Rad, USA).

2.2.6. Construction of plasmids

Plasmids expressing the TMEV VPL1 full-length protein and various VP1 truncations were
constructed. The TMEV VP1 sequence was PCR amplified from pGDVIIFL2, a plasmid that
carries the full-length cDNA of TMEV GDVII (Fu et al., 1990), using the KAPA Taq
ReadyMix kit (KAPA Biosystems, South Africa). The forward oligonucleotide primer
NUVP1F and reverse oligonucleotide primers NUVP1R, NU1-112R, NU1-195R and NU1-
221R were used to generate the full length VVP1 plasmid pCRVP1 (Full length) and plasmids
expressing a series of C-terminal VP1 truncates pVP1A!13:276  p\yp1A196276 - n\/p1A222-276
respectively. Primers NU159-276F and NU159-276R were used to generate a plasmid
expressing N-terminally truncated VP1 pVP12!-1%8 (Table 2.1). PCR cycles included an initial
denaturation step at 95 °C for 1 min, followed by 30 cycles of: denaturation at 95 °C for 1 min,
annealing at 60 °C for 1 min and elongation at 72 °C for 1 min, and a final elongation step at
72 °C for 7 min. Thermocycling was performed using a SimpliAmp Thermal Cycler (Thermo
Scientific, USA). Resultant products were purified using the GeneJet PCR Purification Kit
(Thermo Scientific, USA) according to the manufacturer’s instructions, except that the DNA

was eluted in 30 pl nuclease free ddH-O.

Resultant PCR products were ligated into the commercially available plasmid vector pQE-80L
(Qiagen, Germany) by restriction with BamHI and Sall (Thermo Scientific, USA), according

to the manufacturer’s instructions. The restricted inserts were purified using the GeneJet PCR
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Purification Kit (Thermo Scientific, USA) as above, prior to ligation reactions. Ligations were
performed at 22 °C for 10 min and then overnight at 4 °C in a total volume of 10 pl, containing
1 pl 10X T4 DNA ligase buffer [400 mM Tris-HCI, 100 mM MgCl,, 100 mM DTT, 5 mM
ATP; pH 7.8], 1 U T4 DNA Ligase (5 U/ul) (Thermo Scientific, USA) and plasmid (50-100

ng) and insert DNA at a ratio of 1:3.

Table 2.1 Oligonucleotide primers used to generate plasmids expressing VP1 truncates. Adapted
from Upfold et al. (2018)

Primer Primer sequence 5 —3’ Binding site in  Product
genome size (bp)

N-terminal truncations

NUVP1F AAA GGA TCC GGA ATT GAC AAT GCT G 3510-3525

NUVP1R AAA GTC GAC TCA CTC AAG CTC AAG AAT G 4323-4338 828
NU1-112R AAA GTC GACTCACTG TTT GGT CAT GAG TGG 3829-3846 336
NU1-195R AAA GTC GAC TCA CAG AGG GGA ATT GTA AGG 4078-4095 585
NU1-221R AAA GTC GAC TCA ATC CGA CGT AGG AGC AAC 4156-4173 663

C-terminal truncations

NU159-276F AAA GGA TCC GTC ACT GAC CAG CTG ATC 3974-3992

NU159-276R AAA GTC GAC TCA CTC AAG CTC AAG AAT G 4321-4337 363

Table 2.1 Footnotes: BamHI and Sall sites are italicised. Stop codons are underlined.

Ligations were transformed by heat-shock into JM109 E.coli cells that had been made
chemically competent using the CaCl, method as described by Chang et al. (2017). Single
colonies were inoculated into 5 ml LB supplemented with ampicillin (100 pug/ml) and incubated
overnight at 37 °C. Plasmid DNA was subsequently extracted using the GeneJet Plasmid
Miniprep kit (Thermo Scientific, USA) according to manufacturer’s instructions, except that
plasmids were eluted in 50 pl nuclease-free ddH-O, before analysis by 1 % [w/v] agarose gel
electrophoresis. To confirm the presence of inserts and correct open reading frames, the
plasmids were sequenced by Ingaba Biotechnical Industries (Pty) Ltd., Pretoria South Africa.

Chromatograms were analysed using SnapGene® software (GSL Biotech).
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2.2.7. Expression of VP1 and truncated VP1 peptides

To express the TMEV VP1 protein and VP1 truncated peptides, JM109 E. coli cultures
containing the VP1 expression plasmids were grown overnight in LB supplemented with
ampicillin (100 pg/ml) at 37 °C with shaking (150 rpm). The cultures were subsequently
diluted 1/100 in LB broth and incubated at 37 °C until the OD600 measured between 0.6 and
0.8 AU. To induce expression, 1mM Isopropyl-B-D-thiogalactopyranoside (IPTG; Sigma,
USA) was added to the remaining culture and induction was allowed to proceed for 4 h at 37
°C. Cells were pelleted at 11,800 x g for 10 min at 4 °C using a JA20 rotor (Beckman
centrifuge, USA) and resuspended to equivalent density in PBS. For induction studies,
resuspended pellets were analysed by Western blotting using Anti-His6(2) antibodies (Roche,

Germany), that recognised the 6 x histidine tag in pQE-80L, at a dilution of 1:3000.

2.2.8. Indirect immunofluorescence and confocal microscopy

BHK-21 cells grown to 60 % confluency on sterile 13 mm glass coverslips were washed twice
with serum-free DMEM before cells were infected with TMEV at a MOI of 1. Following
adsorption for 1 h at RT with gentle agitation, the virus inoculum was removed and replaced
with DMEM after the cells were rinsed twice using PBS. The cells were incubated at 37 °C
and fixed at various time points using 4 % paraformaldehyde for 20 min at RT. Control cells
were mock-infected with serum-free DMEM. Following fixation, cells were rinsed twice in
PBS and permeabilised using permeabilisation buffer (PB) [10 % sucrose, 0.1 % Triton X- 100
in PBS] for 20 min. Cells were blocked in PB containing 2 % BSA (Block) for 40 min at RT
and incubated with polyclonal rabbit antibodies against TMEV GDVII 2C (1:1000) (Jauka et
al., 2010), anti-TMEV VP1 antibodies (1:20 000) (Ross et al., 2016) or anti-TMEV capsid
antibodies (1:20 000), diluted in block buffer for 1 h with shaking. Cells were washed twice in
PBS containing 0.1 % Tween-20 and incubated with species-specific Alexa Fluor 546 or 488-

conjugated secondary antibodies (Invitrogen, USA) (1:500) for 30 min. Cells were washed

44



Chapter 2

three times, and 4’,6-diamino-2 phenylindole dihydrochloride (DAPI) (Sigma, USA) was
added at a final concentration of 0.8 ug/ml in the second wash step to stain cell nuclei. The
slides were mounted using Dako fluorescence mounting medium (Dako Inc., USA) and stored
at RT. Images were captured using the Zeiss LSM 510- Meta laser scanning confocal
microscope and analysed using Zen software (blue edition, Zeiss, Germany). The helium/neon
and argon lasers at wavelengths 405, 488 and 543 nm were used to excite DAPI, Alexa-fluor
488 and Alexa-fluor 546 respectively. In order to acquire a representative image for each
experiment, between 50 cells were viewed at 63 x magnification. Colocalisation analysis was
performed on five randomly selected cells. Immunofluorescence experiments were performed

in triplicate.

2.2.9. In-silico virus structure assembly and epitope mapping

TMEV virus structure assembly and epitope mapping were performed by C. Ross and were
described in detail in Upfold et al. (2018). Briefly, a homology model of TMEV GDVII was
obtained from a previous study (Ross et al., 2016) and was solvated and minimised using
GROMACS 5.1.2 (Abraham et al., 2015). The complete TMEV capsid was assembled by
overlaying 60 copies of the minimised protomer on the biological assembly of TMEV DA
(PDB: 1TME) (Grant et al., 1992). To examine the structural locations of the previously
identified C- and N-terminal epitope regions (Ross et al., 2016) as well as the suggested
heparan sulphate binding domain 240-YKKMKYV-245 in VP1 (Reddi and Lipton, 2002), these

amino acids were mapped to the full structure of TMEV in PyMOL (Schrodinger, 2010)

2.2.10.Molecular docking

Molecular docking experiments were performed by C. Ross and are described in detail in
Upfold et al. (2018). In brief, a complex of two adjacent TMEV protomers was prepared as
above (2.2.9). The five-fold interface between the two protomers is the site of the pit involved
in receptor binding and was selected for docking of heparan sulphate. Sialic acid and heparan
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sulphate compounds were retrieved from the ZINC database (Irwin and Shoichet, 2005), and
were individually docked to the protomer-protomer complex using AutoDock4.2 (Morris et al.,
2009) and the Lamarckian Genetic Algorithm (LGA). AutoDock Tools (ADT) was used to
prepare the protomer complex and the ligands. The sialic acid binding site is known (Tsunoda
et al., 2009) and was used as a docking control. As the binding site for heparan sulphate is
unknown, four docking simulations were performed using a 35 A grid box centred at different
positions. Finally, the individual amino acid interactions between the TMEV protomer

complex and the ligands were determined using LigPlot+ (Laskowski and Swindells, 2011).

2.2.11.Antibody neutralisation assay

A plague reduction assay was used to examine whether the anti-VP1 (Ross et al., 2016) and
anti-capsid antibodies could neutralise virus infection in vitro. Antibodies were diluted to 1:50,
1:100, 1:500 and 1:1000 in serum-free DMEM and TMEYV stocks were diluted in serum-free
DMEM to 1 x 10* PFU/mI. Equal volumes of diluted virus and sera were combined, yielding
a final virus dilution of 5 x 10 PFU/ml and serum concentrations of 1:100, 1:200, 1:1000 and
1:2000 (in a total volume of 300 ul). The antibody-sera mixtures were left to co-incubate with
gentle agitation for 1.5 h at 37 °C, after which they were added to confluent BHK-21
monolayers in 6-well plates. The plates were incubated for 1 h at RT to allow virus adsorption,
before the cells were washed with PBS and overlain with 3 ml of overlay solution [50 %
DMEM, 1.25 % methocel, 60 mM NaCl] and incubated at 37 °C for 48 h. Cells were washed
and fixed in 4 % paraformaldehyde for 15 min at RT then stained with Coomassie staining
solution [45 % methanol, 45 % ddH-O, 10 % glacial acetic acid and 0.002 % [w/v] Coomassie
Brilliant Blue]. Pre-immune serum (final dilution of 1:100) and mock-infected controls were
used. The total number of plaques for each well were counted. All experiments were performed

in triplicate.
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2.3. Results

2.3.1. Sucrose gradient purification of TMEV GDVII virus particles

To purify TMEYV virions for immunisation in rabbits, whole virus particles were isolated from
GDVII infected BHK-21 cells using a 30 % sucrose cushion followed by a 10-40 % sucrose
gradient. Following purification, virus particles were examined by transmission electron
microscopy (TEM) and SDS-PAGE (Figure 2.1). The micrographs revealed that the sample
was relatively pure and that most of virions appeared to be intact with only a few damaged
particles (denoted by yellow arrowheads) (Figure 2.1 A and B). SDS-PAGE analysis of the
purified TMEV sample resolved three protein bands of 37 kDa, 34 kDa and 27 kDa consistent
with the known sizes of VP1, VP2 and VP3 respectively (Figure 2.1 C), the smallest capsid

protein VP4 was not visible due to the small size of this protein.
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Figure 2.1 TMEV GDVII virus particles following sucrose purification. TEM of GDVII virus
particles following sucrose cushion A) and 10-40 % sucrose gradient B) purification. Yellow arrows
indicate intact empty capsids. C) GDVII capsid proteins VP1-3 as confirmed by 12 % SDS-PAGE
analysis following sucrose gradient purification. MW (molecular weight marker in kDa). Figure adapted
from Upfold et al. (2018).
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2.3.2. Anti-TMEV capsid antibodies recognise linear epitopes in the VP1 capsid

protein
The resultant polyclonal serum was analysed for the presence of antibodies targeting the TMEV
capsid proteins (Figure 2.2). Sucrose purified TMEV virions and infected BHK-21 cell lysates
harvested at 5 hpi were analysed by Western blot in parallel experiments, using decreasing

dilutions of serum (Figure 2.2 A).
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Figure 2.2 Detection of TMEV GDVII VPL1 in purified TMEV particles and infected cell lysates.
A) Western analysis of purified virus particles and 5-h infected TMEV lysate using decreasing
concentrations of anti-capsid serum. B) Western analysis of TMEV infected BHK-21 lysates at various
times post infection, using anti-TMEV capsid antibodies. MW (molecular weight marker in kDa).
Figure adapted from Upfold et al. (2018).

A single protein band of approximately 37 kDa corresponding to TMEV VP1 was detected in

both the sucrose purified virus sample and the 5-h infected cell lysates, while bands
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corresponding to the VP2 and VP3 capsid proteins were not detected in any of the samples.
Protein bands were absent in mock infected cells or infected cells probed with pre-immune
serum, confirming that the 37 kDa band was viral. The antibodies were able to detect the virus
and cell lysate samples when diluted at 1:50 000, demonstrating their potency, but the optimal
dilution was 1:20 000 as was found previously for the anti-VP1 antibodies (Ross et al., 2016).
To investigate the time point at which VP1 could be detected, infected cell lysates were
harvested from 1 to 8 h following infection with TMEV stocks and were analysed by Western
blot using the capsid antibodies (Figure 2.2 B). The VP1 protein appeared from 5 h and
increased to 8 hpi, similar to previous findings observed using the anti-VVP1 specific antibodies

(Ross et al., 2016). Again, no bands were detected in the mock infected cell lysates.

2.3.3. Anti-capsid antibodies detect capsid proteins throughout TMEYV infection

by immunofluorescence
To examine whether the resultant capsid-antibodies could be used to detect capsid precursors
through the course of infection by indirect-immunofluorescence, infected cells were
paraformaldehyde fixed at hourly intervals from 4-8 hpi and probed with serum at a dilution of
1:20 000 (Figure 2.3). Signal was absent in mock infected cells and TMEV-infected cells
probed with secondary antibodies alone as expected (Figure 2.3 panels a and b). To confirm
that cells were infected, cells were stained using anti-VP1 antibodies and those against 2C
(Figure 2.3 panels ¢ and d). No signal for TMEV capsid precursors was observed at 4 hpi
(Figure 2.3 panel €). However, the capsid antibodies recognised proteins in the cytoplasm of
5-h infected cells (Figure 2.3 panel f) and the distribution was identical to the signal observed
for VP1 (Figure 2.3 panel c above), with a cytoplasmic distribution and increased
concentration in the juxtanuclear region. From 6-8 hpi the capsid precursors appeared to
accumulate in large punctate structures within the cell cytoplasm, and at no time point did the

proteins or subunits localise to the nucleus of infected cells (Figure 2.3 panels g-i).
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Anti-capsid
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Figure 2.3 Subcellular distribution of capsid proteins during TMEYV infection. Cells were mock
infected (panel a), or infected with TMEV (panels b-i), fixed with 4 % paraformaldehyde at 4-8 hpi
and stained with anti-TMEV VP1 (5 hpi) (panel ¢), anti-TMEV 2C (4 hpi) (panel d) or anti-TMEV
capsid antibodies (4-8 hpi) (panels e-i). Primary antibodies were detected using species specific Alexa
Fluor 488-conjugated or 546-conjugated secondary antibodies. Cells in panel b were probed with
secondary 488-conjugated antibodies only. Scale bars = 20 um. Figure adapted from Upfold et al.
(2018).

2.3.4. Anti-TMEYV capsid antibodies recognise VP1 C-terminal epitopes
To define the regions containing linear VP1 epitopes recognised by the anti-capsid antibodies
during Western analysis, a deletion analysis was performed using a series of truncated VP1

peptides (Figure 2.4). The TMEV full-length coding sequence and a series of N- and C-
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terminally truncated coding sequences were PCR amplified and cloned into the pQE-80L
expression vector. Following transformation, IPTG was used to induce expression for a period
of 4 h and whole bacterial lysates were analysed using anti-His6(2) antibodies to confirm
protein expression. Western analysis using the anti-capsid antibodies demonstrated that aside
from the full-length protein, the antibodies could only recognise the VVP14i-158 peptide and none

of the VP1 C-terminal VP1a113-276, VP1a196-276 OF VP1a222-276 truncates.
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Figure 2.4 Mapping of linear antigenic regions in VP1. A) The strategy used to generate truncated
VP1 his-fusion proteins. The red boxes represent the his-coding sequence. The blue boxes represent the
truncated regions of VP1. The numbers above the boxes represent the nucleotide locations. Numbers
following A denote the deleted amino acids. Dashed box highlights the region recognised by anti-capsid
antibodies. B) Western blot of bacterially expressed lysates. Cells transformed with VP1 plasmid
constructs were induced for 4 h using IPTG. Whole cell lysates were analysed by Western blot using
anti-TMEV capsid antibodies to determine the regions of VP1 detected by the antibodies. MW
(molecular weight marker in kDa). Figure adapted from Upfold et al. (2018)
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These findings indicate that the antibodies recognise linear epitopes within 54 amino acids
between residues 222-276 in the C-terminus of VP1. The anti-capsid antibodies did not
recognise proteins from cell lysates transformed with the empty pQE-80L vector as anticipated,

indicating that no contaminating proteins were present.

2.3.5. C-terminal residues 254-274 reside on a surface exposed loop over the
putative receptor binding site

It is likely that the capsid antibodies bind to epitopes exposed on the virion surface, therefore
the C-terminal VP1 (222-276) regions were mapped to the TMEV GDVII capsid for further
investigation of potential antibody binding sites (Figure 2.5). Although the deletion analysis
revealed that the anti-capsid antibodies bind to linear epitopes within the last C-terminal
residues 222-276 of VP1, it must be noted that antibodies recognising conformational epitopes
may also be present as the whole virus particle was used for immunisation (these potential
epitopes were not investigated further in this study). Because the N-terminal 1-112 residues
recognised by VP1 antibodies in the (Ross et al., 2016) study were only previously modelled
on the individual protomer, this region was also mapped to the full TMEV capsid. Mapping
these 112 N-terminal residues revealed that three regions 47-57, 79-87 and 95-112 are exposed
at the capsid surface. Collectively these residues form a large continuous surface area that
extends from the interface between the neighbouring VVP1 protein in the adjacent protomer to
the interfaces between the VP2 and VP3 proteins of the same protomer (Figure 2.5 A). VP1
loop 11 (98-105) lies within this region and borders puff B in VP2. Within the VP1 C-terminal
residues 222-276 recognised by the anti-capsid antibodies, residues 254-272 are surface
exposed (Figure 2.5 B and C). These residues form part of the protruding C-terminal loop that

extends over the putative receptor binding pit.
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=4

Figure 2.5 Structure of the TMEV capsid showing antigenic regions. A) Homology model of a
mature TMEV GDVII capsid. The capsid proteins are coloured green (VP1), pink (VP2) and orange
(VP3). Surface exposed residues within the first 112 VP1 N-terminal amino acids are shown in blue
(47-57, 79-87 and 95-112). Surface exposed residues within the VP1 C-terminal amino acids 222-276
are shown in black (254-274). A single pentameric subunit is highlighted by white solid lines. B) Local
region showing surface of the virus. Dashed white lines indicated the interface between two
neighbouring protomers. C) Cartoon depiction of the local capsid region that contains the predicted
surface exposed linear epitopes. Adapted from Upfold et al. (2018).

2.3.6. Heparan sulphate, the TMEV co-receptor, docks to the pit below the C-

terminal loop
The heparan sulphate co-receptor used by GDVII and sialic acid were docked to a complex of
two adjacent protomers, joined at the five-fold interface (Figure 2.6). Although the GDVII
strain is known to utilise heparan sulphate as a coreceptor, it was previously reported that
GDVIl is also capable of binding sialic acid (Lipton et al., 2006; Tsunoda et al., 2009). Previous
reports have identified the sialic acid binding site between VP1 loop 1l and VP2 Puff B and so

targeted docking of sialic acid to the complex was used as a control for docking experiments.
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A grid box spanning a 15 A was centred over the VP1 loop Il and VP2 Puff B and the docking
results for sialic acid were consistent with previous findings, confirming the molecule’s affinity
to this region on the capsid (Figure 2.6 A). The capsid binding site for heparan sulphate was
previously thought to be a five amino acid motif in the VP1 protein (240-YKKMKYV-245)
(Reddi and Lipton, 2002). However, this motif appears to be buried deep within the viral capsid
and is unlikely the binding site of heparan sulphate (Figure 2.6 B). To identify all potential
heparan sulphate binding sites, four separate docking simulations were performed across the
TMEYV protomer, centring the grid boxes in different locations. Each simulation involved two
grid boxes, each spanning 15 and 35 A that were together centred at the same region.
Significant results were obtained in one simulation where the grid box was centred on residue
L252 of VP1. L252 is located in the pit beneath the C-terminal loop and contains a hydrophobic
pocket at the VP1-VP3 interface between two protomers that is thought to form part of receptor
binding site. Heparan sulphate docked directly into this pit and interacted with VVP1 residues
F254 and P257 belonging to the C-terminal loop that is recognised by the capsid antibodies.
Moreover, heparan sulphate also interacted with residues that form the hydrophobic pit,
specifically VP1 residues P153, A154 and D155 belonging to the neighbouring protomer and

VP3 residues VP3 T174, S175 and Y176 of the local protomer (Figure 2.6 C and D).
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Figure 2.6 The predicted binding of heparan sulphate to the TMEV GDVII capsid. A) Residue
interactions between the capsid proteins VP1 and VP2 with sialic acid (left panel), and the capsid
proteins VP1 and VP3 with heparan sulphate (right panel). Residues from an adjacent protomer are

indicated with italic blue labels. The figures were generated in LigPlot, subsequent to AutoDock
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docking simulations. B) Cross-section through the capsid surface. The motif VP1 240-YKKMKYV-245
(predicted by Reddi and Lipton, 2002) is mapped in purple (circled in black) and lies deep beneath the
surface of the capsid. C) Local region showing docked co-receptors on the surface of the virus. Sialic
acid is coloured yellow and heparan sulphate is coloured red. The hydrophobic pocket is indicated by a
half white circle. The N- and C-terminal regions recognised by the VP1 and capsid antibodies are
coloured blue and black respectively. D) Local region showing the residues that are directly involved

in heparan sulphate binding. This figure was adapted from Upfold et al. (2018).

2.3.7. Polyclonal sera containing antibodies that recognise the C-terminus of

VP1 neutralise virus infection in vitro
The neutralising ability of anti-capsid antibodies was examined alongside that of anti-VP1
antibodies (Figure 2.7). Increasing concentrations of sera were incubated with TMEV and the
reduction in virus titre was determined by plaque assay. Antibodies recognising the N-terminus
of VVP1 were not able to inhibit viral infection, even at high concentrations. The anti-TMEV
capsid antibodies, however, induced a dramatic neutralising response as a significant decrease

in the number of plaques mirrored increasing serum concentrations.
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Figure 2.7 The in vitro neutralising abilities of polyclonal anti-TMEYV capsid and anti-TMEV VP1
antibodies. A) A representative result of three independent experiments for each treatment. B)
Quantitative comparison of the neutralising activities of anti-TMEV capsid and anti-TMEV VP1
antibodies at increasing concentrations. Confluent BHK-21 cells were infected with TMEV stocks
preincubated with increasing concentrations of anti-capsid and anti-VP1 sera. After removal of virus-
serum inoculum, neutralising ability was analysed using a plaque reduction assay. Neutralising ability
is expressed as the decrease in plague number with increasing serum concentration. Pre-immune sera
were used as controls for each treatment, at a dilution of 1:100. All experiments were repeated in
triplicate. Error bars show standard deviation of the mean. This figure was adapted from Upfold et al.
(2018).

57



Chapter 2

2.4. Discussion

The primary aim of this chapter was to generate antibodies recognising the capsid of TMEV,
that could be used in conjunction with the existing GDVII replication system to investigate
capsid structure and assembly. TMEV particles were used as an antigen for immunisation, and
resultant serum contained antibodies that could recognise the 37 kDa VVP1 protein in purified
virus and infected cell lysates by Western analysis. VP1 is the most surface exposed and
immunodominant of the picornavirus capsid proteins (EdImayr et al., 2011; Meloen et al.,
1983; Rossmann et al., 1985), thus it was anticipated that antibodies recognising this protein
would be present in the serum. Previous studies isolated antibodies against linear epitopes
within VP1 but also the VP2 and VP3 proteins (Crane et al., 1990; Inoue et al., 1994; Kim et
al., 1992). It was therefore surprising that antibodies against these proteins were not present in
the polyclonal serum, considering that whole TMEV particles were used as an immunogen.
Interestingly, another study found that antibodies isolated following the inoculation of mice
with DA or GDVII particles could only detect the VP1 protein and capsid particles but not the
VP2 or VP3 capsid proteins (Nitayaphan et al., 1985). Previously, Kim et al. (1992) reported
that distinct sets of linear epitopes were recognised by antibodies from different mouse strains
inoculated with the same antigen, while Inoue et al. (1994) observed that differences in epitope
recognition were associated with the route of immunisation and whether intact or inactivated
particles were used. Thus, the variation in linear epitopes detected in these studies and in the
work presented here is likely a result of differences in the strain of virus used, immunisation
scheme, antibody isolation and screening assays, and the animal species used. Moreover, it
must be noted that conformational epitopes formed by VP1-3 would not have been detected
due to the denaturing of proteins during Western analysis, but the presence of antibodies
targeting these epitopes on the virus capsid was not investigated. Their presence is, however,

likely considering that whole capsid particles were used as an antigen. The absence of
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antibodies targeting the VP4 protein was expected given the internal orientation of the protein,

lack of secondary structure, and small size (Jiang et al., 2014; Stanway, 1990).

The next experiments used the anti-capsid antibodies to examine the localisation of capsid
proteins during the course of infection. The TMEV lifecycle is complete within 8 h, and
previous immunofluorescence experiments using VP1 antibodies detected the protein at 5 hpi
(Ross et al., 2016). Thus, TMEV infected BHK-21 cells were analysed from 4 to 8 hpi using
the anti-capsid antibodies. Infected cells were paraformaldehyde fixed hourly between these
time points and probed with the anti-capsid antibodies. Capsid proteins were detected at 5 hpi
and had the same cytoplasmic distribution with increased signal in the juxtanuclear region as
previous experiments (Ross et al., 2016). From 6 hpi, the capsid proteins began localising to
distinct punctate structures which became more pronounced towards 8 hpi. These punctate
structures are similar to those observed by Nedellec et al. (1998) at an earlier time point, and
are likely intracytoplasmic crystalline arrays formed by the accumulation of viral capsids prior

to host cell death, first observed by Friedmann and Lipton (1980).

Considering that five surface exposed epitopes were previously found within the N-terminus
(Ross et al., 2016), it was anticipated that the anti-capsid antibodies would also recognise this
highly antigenic region. To test this hypothesis, a deletion analysis was performed on the VP1
protein by generating peptides with N- and C-terminal truncations. Interestingly, the anti-
TMEV capsid antibodies could not recognise any linear epitopes within the N-terminal half of

VP1 but recognised those within the C-terminal amino acids 159-276 instead.

To better understand the locations of the antigenic region within the C-terminus and the N-
terminal epitopes recognised by the anti-VP1 antibodies (Ross et al., 2016), these regions were
mapped to the full TMEV capsid surface. The N-terminal residues 47-57, 79-87, and 95-112

were found to form a large region that extended from the VP1-VP1 interface between two
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protomers to the VP1-VP3 interface within a single protomer, while residues 98-105 form part
of loop Il that is located near to VP2 puff B. The C-terminal residues 254-274 reside on a
flexible loop that lies at the VP1-VP3 interface within a single protomer. More importantly,
this loop extends over the pit believed to be the putative receptor binding site in TMEV (Grant
et al., 1992; Luo et al., 1992). Numerous studies investigating picornavirus structure have
reported the capsid protein loops as the most surface exposed sites of the capsid but also as
major antigenic determinants. The positions of the N-terminal 98-105 and C-terminal 254-274
residues on surface exposed loops were therefore unsurprising. Furthermore, several studies
have shown nAbs to recognise epitopes within these loops (Cameron et al., 2001; Inoue et al.,
1994; Kim et al., 1992; Luo et al., 1992; Mateu, 1995; Rossmann et al., 1985), thus the next
experiments examined the in vitro neutralising abilities of the TMEV VP1 and capsid
antibodies. Plaque reduction assays demonstrated that while the anti-VP1 antibodies (Ross et
al., 2016) could not neutralise virus infection, the anti-TMEV capsid antibodies could. At a
dilution of 1:100, the anti-capsid antibodies almost abolished plaque formation entirely. This
finding supports previous investigations into the antigenicity of TMEV that found neutralising
epitopes exclusively in the C-terminus and not the N-terminus of VP1 (Inoue et al., 1994).
Previously, Inoue et al. identified neutralising epitopes within VP1 262-276 in the BeAn strain
and it is likely that the anti-capsid antibodies in this study recognise the same epitope in GDVII,

given the high sequence similarity between the VP1 proteins of these two strains.

Neutralising antibodies can prevent virus infection through several mechanisms. Antibodies
may cross-link virus particles resulting in virus aggregation, thereby preventing virus entry.
Antibody binding can also trigger conformational changes that induce premature uncoating
(Zheng et al., 2019; Zhu et al., 2018) or conversely, trap the virus in a rigid conformation
preventing the conformational rearrangements that lead to uncoating (Ye et al.,, 2016).

Antibody binding may also occlude the receptor binding site thus preventing cell attachment,
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and is evidenced by numerous studies (Strauss et al., 2016; Wang et al., 2017; Zheng et al.,
2018). The capsid antibodies recognised epitopes within the flexible C-terminal loop that
extends over the putative receptor binding site, and thus, disruption of receptor binding may be
the mechanism of neutralisation for these nAbs. Host cell receptors have been identified for
numerous picornaviruses (as reviewed in chapter one, 1.4.1), yet the identity of the 37 kDa
glycoprotein used by both persistent and neurovirulent strains of TMEV remains unknown
(Kilpatrick and Lipton, 1991). It is recognised, however, that heparan sulphate and sialic acid
mediate receptor binding of neurovirulent and persistent TMEYV strains respectively (Fotiadis
et al., 1991; Shah and Lipton, 2002). Heparan binding is typically mediated through a motif of
hydrophobic residues surrounded by basic amino acids known as a heparan-binding domain
(HBD) (Cardin and Weintraub, 1989). Previously, a potential HBD was identified in the C-
terminus of VP1 (residues 240-245), although its location in the folded capsid was never
investigated (Reddi and Lipton, 2002). This HBD is unlikely to be the heparan binding site in
GDVII, as mapping experiments revealed it to be buried deep within the viral capsid. The
potential binding site of heparan sulphate was therefore investigated using in-silico docking
experiments. These simulations suggest that binding likely occurs in the five-fold pit, already
known to be associated with receptor binding. Specifically, heparan sulphate interacts with
residues within the pocket but also with two residues belonging to the VP1 C-terminus, that is
recognised by the capsid nAbs. These results provide further evidence that binding of the capsid
antibodies to the C-terminal loop may inhibit or reduce heparan binding and therefore receptor

binding, preventing cell attachment and entry.

In conclusion this chapter describes the generation of neutralising polyclonal antibodies
targeting the TMEV capsid. Using these antibodies this study is the first to report the
distribution of TMEV capsid proteins throughout the progression of infection and demonstrates

that these structural proteins behave in a similar manner to those of FMDV and EV-71. The
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study also revealed the potential binding site for the TMEV co-receptor heparan sulphate and
suggests that the antibodies may neutralise virus infection through prevention of heparan
sulphate and/or receptor binding. The generation of neutralising capsid specific polyclonal
antibodies and their optimisation by Western blot and indirect immunofluorescence provides
valuable reagents with which to further explore the molecular determinants of picornavirus
capsid structure, including those involved in capsid assembly, stability, and uncoating. These
antibodies are used in the chapters that follow (chapters 4 and 5) to investigate the capsid

subunit interface residues required for picornavirus capsid assembly and stability.
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Chapter 3

An in-silico screen for the prediction of
hotspot residues that contribute to the
structural stability of subunit interfaces of
a picornavirus capsid
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3.1. Introduction

The assembly of virus capsids is dependent upon the formation of many non-covalent
interactions between capsid protein subunits during the oligomerisation cascade (Mateo et al.,
2003; Mateu, 2013; Reguera et al., 2004). Following assembly, the careful modulation of these
interactions provides a fine balance between capsid stability and the conformational changes
that lead to uncoating. The accumulation of picornavirus capsid structures by X-ray
crystallography and high-resolution cryo-electron microscopy has allowed for the theoretical
inspection of the specific molecular determinants of capsid assembly and stability (Buchta et
al., 2019; Hogle et al., 1985; Kalynych et al., 2016; Lin et al., 2012). To further dissect the
contribution of individual residues to assembly, stability or other aspects of the picornavirus
lifecycle most studies have relied on in vitro mutagenesis analyses of specific amino acids
within the capsid (Mateo et al., 2003; Rincon et al., 2015; Yuan et al., 2016). Although limited,
these studies have broadened the knowledge surrounding important aspects of picornavirus
structure and provide important strategies for the rational design of novel antivirals and the
production of stable virus particles for use in biotechnology and medicine (Mateo et al., 2003
Mateo et al., 2008 Mateu, 2011; Wen et al., 2013). The systematic analysis by experimental
mutagenesis of large protein interfaces such as those found in virus capsids is, however, not
always appropriate. This is because individual mutants must be generated, purified and
analysed separately, which is both a costly and prolonged process when many residues are to
be analysed (Delano, 2002). Thus, the theoretical prediction of hotspots using computational
methods has provided an attractive alternative and is a useful tool to generate a map of specific
residues for further experimental analysis (Morrow and Zhang, 2012; Xue et al., 2015). These

computational tools employ a variety of methods and models for hotspot prediction.

Energy-based models (Dehouck et al., 2013; Guharoy and Chakrabarti, 2009; Kortemme and

Baker, 2002), such as computational alanine scanning (Gao et al., 2004; Guerois et al., 2002;
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Huo et al., 2002; Kortemme et al., 2004) use a free energy function to estimate the change in
binding energy (AAG binding) between the WT and mutant protein complex upon mutation of
individual amino acid residues. Recently, this approach was used to identify residues within
conserved motifs across the enterovirus family that are functionally important for uncoating
(Ross et al., 2017). A problem facing these models is that they only assess sidechain
interactions, thus in cases where the backbone of the residue is mostly involved in the
interaction, the residue is ignored. Additionally, alanine scanning can give rise to a small
percentage of false positives (Guo et al., 2014). Molecular dynamics (MD) simulations (Huo
et al., 2002; Rajamani et al., 2004; Ross et al., 2018; Yogurtcu et al., 2008) can also be used to
estimate the free energy of association. Recently, Kotecha et al. (2015) used a MD-based
strategy to assess the stability imparted by specific residues at the two-fold axis in FMDV and
to identify amino acid substitutions that strengthen interactions across this interface, for the
purpose of designing stabilised capsids as candidate vaccines. MD simulations have good
predictive power but use computations that are significantly complex and thus are not well
suited to large-scale studies of extensive interfaces due to computational cost (Massova and
Kollman, 1999; Radom et al., 2018; Rakers et al., 2015; Steinbrecher et al., 2017). Furthermore
MD simulations are not easily implemented without an advanced level of skill for their

operation (Xia et al., 2010).

Feature-based approaches are typically combined with machine learning models for prediction
(Cho et al., 2009; Deng et al., 2013; Geppert et al., 2011; Guney et al., 2008; Moreira et al.,
2017; Qiao et al., 2018; Zhu and Mitchell, 2011). These methods consider characteristics such
as electrostatics, surface shape (Bradford and Westhead, 2005), number of residue contacts
(Assi et al., 2010), residue position, solvent accessible surface area, protrusion index (Xia et
al., 2010) and residue conservation (Geng et al., 2019). Feature-based methods are relatively

accurate and are computationally efficient (Cukuroglu et al., 2014; Deng et al., 2014) but may
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be biased to the features they consider (Zhu and Mitchell, 2011). Each model and approach has
caveats that affect their predictive accuracies, however, studies using generic protein interfaces
have demonstrated that hotspot prediction with improved accuracy can be achieved through
the use of various models and features in combination (Chen et al., 2011b; Lise et al., 2009;
Morrow and Zhang, 2012; Qiao et al., 2018; Tuncbag et al., 2009a, 2009b; Wang et al., 2018;

Xia et al., 2010)

The work presented in this chapter considers two previous studies conducted by Ross, (2015)
and Ross et al. (2017). The former study involved the large-scale analysis of capsid proteins
within the picornavirus family and combined phylogenetic analysis and prediction of
interacting motifs within individual protomers belonging to CV-24, CV-B3, PV-1, HRV-A16,
HRV-B3, FMDV and TMEV. The results demonstrated that a conserved network of subunit-
subunit interactions facilitates the folding of picornavirus protomers. The latter study focused
on identifying conserved interacting motifs at intraprotomer, interprotomer and interpentamer
interfaces of seven enterovirus capsids. These interfaces are associated with conformational
changes required for RNA release during enterovirus uncoating. Computational alanine
scanning was then used to elucidate hotspot residues within these conserved motifs that are
important for capsid stability. The results identified a network of conserved motifs that

facilitate stability of mature enterovirus capsids that are likely involved in capsid uncoating.

While the data generated in these studies greatly advanced the understanding of the conserved
molecular determinants that modulate enterovirus capsid stability and provided a guide for
future mutagenesis experiments examining enterovirus capsids, investigations into the relative
importance of individual residues to capsid assembly, disassembly and stability within other
picornaviruses remains limited. Given the importance of hotspot residues to the capsids of these
economically and medically significant viruses and their relevance to engineering improved
viral control strategies, a simplified screen for their detection would be valuable. Furthermore,
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while conserved hotspots in picornavirus capsids that are important modulators of stability
could be targeted as a broad strategy for therapeutic control, the identification of non-conserved
hotspots would provide insight into the molecular regulators of stability that are unique to a

particular virus and its lifecycle.

The overall aim of this study was to expand the knowledge surrounding the capsid residues
that modulate the stability and assembly of picornavirus capsids. Specifically, the aim was to
yield a simple approach for identifying conserved and non-conserved hotspot residues at
protein-protein interfaces within the subunits of picornavirus capsids by implementing a
combination of easily accessible hotspot prediction tools for analysis of the TMEV capsid. The
objectives for this chapter were three-fold; firstly, to identify residues that significantly
contribute to the stability of intraprotomer, interprotomer (five-fold) and interpentamer (two-
fold) interfaces of TMEV by combining five energy or feature based tools for hotspot
prediction. Secondly, to identify interactions formed between these hotspots and partner
residues across these respective interfaces using the PIC and jsPISA webservers. Thirdly, to
assess the conservation of individual TMEV hotspot residues with other picornaviruses in the

family using the ENDscript 2 webserver.

3.2. Materials and Methods

The methodology in this chapter makes use of various webservers for the prediction of hotspot
residues, detection of residue-residue interactions and assessment of residue conservation. In
combination these tools provide a robust in-silico approach for the detection of conserved and
non-conserved hotspots at subunit interfaces that are critical to capsid assembly and stability,
and identification of their interacting partners. An overview of the methodology is provided in

Figure 3.1.
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Figure 3.1 Flow diagram of the methodology used to identify conserved and non-conserved
hotspot residues and their interacting partners at capsid subunit interfaces. TMEV subcomplexes
including the protomer, adjacent protomers at the five-fold axis and neighbouring pentamers at the two-
fold axis were extracted from the GDVII PDB file of the full capsid. These complexes were submitted
to five hotspot prediction tools for the detection of residues critical to stability of the complex interfaces.
The subcomplexes were also submitted to PIC and jsPISA for the analysis of interactions between
hotspots and their binding partners. The hotspot residues and their interacting partners were mapped to
the capsid complexes using PyMOL for visualisation. Finally, a sequence- and structure-based
alignment was performed using ENDscript 2 to assess the conservation of individual hotspot residues

in the TMEYV capsid with the capsid proteins of other viruses within the picornavirus family.
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3.2.1. Preparation of TMEV capsid interface subcomplexes

The TMEV subcomplexes for the analysis of protein-protein interfaces were kindly prepared
by C. Ross. Protomer subcomplexes were derived from the PDB file of the assembled TMEV
capsid described in chapter two (2.2.9) and in detail in Upfold et al. (2018). The protomers in
these complexes were numbered according to their location in the whole TMEV capsid
structure which contains P60 protomers. Due to the icosahedral symmetry of the capsid it was
unnecessary to examine each interface 60 times, thus each complex was prepared to represent
one of the 60 repeating interface complexes within the capsid. To examine the intraprotomer
interfaces a single protomer was extracted (P1). To examine interfaces between protomers, two
neighbouring protomers surrounding the five-fold axis within an assembled pentamer were
extracted (P1 and P2). Finally, to examine the interfaces between pentamers two subunit
complexes were created. The first complex, complex A, consisted of two opposing protomers
at the two-fold axis of symmetry between pentamers (P1 and P22), the second (complex B)
was a complex of two adjacent pentamers located at the pentamer-pentamer interface between
the three-fold and two-fold axes of symmetry (P1 and P23). These complexes are shown in

Figure 3.2.
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Figure 3.2. TMEV capsid interface subcomplexes for hotspot and protein-protein interaction
prediction. The individual subcomplexes were extracted from the PDB file of the full GDVII capsid
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generated in chapter two. The interprotomer complex consists of two adjacent protomers at the five-
fold axis. The interpentamer complex involves four protomers across the three- and two-fold
complexes. Complex A shows the interface formed between two diagonally opposite protomers at the
centre of the two-fold axis. Complex B shows the interface formed between VP2 and VP3 from two
adjacent protomers belonging to different pentamers. In the interface between two pentamers there are
two B complexes (in opposite orientations), but only one A complex, although only one is shown here.
Capsid proteins are coloured: navy blue-VP1; cyan-VP2; salmon-VP3; maroon-VP4. Individual
protein-protein interfaces that form part of the major interfaces of each complex are listed on the right
of the subcomplex structures. Protomers are numbered according to their state in the biological
assembly. The five-, three- and two-fold axes have been indicated by yellow pentagons, red triangles

and orange lines respectively.

3.2.2. Interface hotspot prediction

Interacting hotspot residues involved in stabilising the capsid subunits were identified using a
combination of in-silico tools. Each tool was required to be readily accessible and allow the
user to submit their own protein complex for analysis. Overall five predictive models based on
energy- or feature-related methods were used in combination to allow for cross validation and

improved predictive accuracy.

3.2.2.1. Energy-based methods used for analysis

The ROBETTA webserver (http://robetta.bakerlab.org/alaninescan) (Kortemme et al., 2004)

identifies all residues involved in protein interfaces of a given complex as residues within a 4
A radius of an atom from a residue belonging to the partner protein. The webserver then
substitutes these residues to alanine and calculates the effect of the mutation on the binding
free energy of the complex and the change in stability of the protein to which the residue
belongs, using a free energy function. ROBETTA classifies hotspot residues as those that are
predicted to significantly destabilise the interface following mutation, in energetic terms those

that exhibit an increase > 1 kcal/mol in binding free energy.
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The PPCheck webserver (http://caps.ncbs.res.in/ppcheck/) (Sukhwal and Sowdhamini, 2015)

can be used to measure the strength of interactions between two proteins/chains of a given
complex and can predict energetically important residues present at these interfaces using
pseudoenergies or in-silico alanine scanning. PPcheck confers pseudoenergies to protein
interfaces based on the sum of non-covalent interaction energies and considers parameters such

as extent of residue interaction to predict hotspots.

3.2.2.2. Feature-based methods used for analysis

Knowledge-based FADE and Contacts 2 (KFC2) is an online webserver (https://mitchell-

lab.biochem.wisc.edu/KFC_Server/index.php) for the prediction of hotspots in a protein

complex given two protein chains in a single PDB file, and uses a machine learning approach
that considers biochemical and structural features (Zhu and Mitchell, 2011). KFC originally
examined these features and used decision trees to predict hotspot residues (Darnell et al., 2008,
2007). The updated KFC2 method combines two models that are trained using a support vector
machines and considers additional features relating to interface position, residue size, packing
density, solvent accessibility, local residue plasticity and the hydrophobicity and flexibility of

surrounding residues (Zhu and Mitchell, 2011).

PredHS (Prediction of hotspots) is an online webserver (http://predhs.denglab.org/) that

employs a machine learning based method to predict hotspots at protein-protein interfaces of a
given protein complex in the PDB format with at least two chains (Deng et al., 2014). PredHS
extracts all the available sequence-, structure- and energetic-based features of the complex and
selects the optimal subset of features for consideration, then uses Euclidian and Voronoi
neighbourhoods to generate individual residue scores. Residues with scores larger than zero

are rated as hotspots.
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HotRegion is an online database of predicted clusters (http://prism.ccbb.ku.edu.tr/hotregion)

(Cukuroglu et al., 2012). When a PDB file containing a protein complex and two chain
identifiers is uploaded, HotRegion will predict hotspots in the protein interfaces of the complex
using HotPoint (Tuncbag et al., 2010), which considers solvent accessibility and energetic
contribution of each residue. A network of hotspot residues is constructed, and hotspots found
to be involved in contacts with other hotspot residies are defined as members of a hot region

within the interface and are highlighted on a 3D structure of the protein complex.

The TMEV protomer, interprotomer and interpentamer (A and B) subcomplexes (Figure 3.2)
were individually submitted to each of the selected prediction webservers for analysis. A
residue was only considered to be a hotspot if identified by at least two of the five prediction
methods. The results were mapped to the crystal structures of the individual TMEV

subcomplexes for visualisation in PyMOL (Schrodinger, 2010).

3.2.3. Prediction of interacting residues
Interprotein interactions were calculated using the Protein Interaction Calculator (PIC)

(http://pic.mbu.iisc.ernet.in/) (Tina et al., 2007) and the Protein Interactions, Surfaces and

Assemblies (jsPISA) webserver (http://www.ccp4.ac.uk/pisa) (Krissinel, 2015). The TMEV

capsid intraprotomer, interprotomer and interpentamer (A and B) subcomplexes (Figure 3.2)
were individually submitted to PIC and jsPISA for analysis. PIC calculates various protein-
protein interactions including hydrophobic interactions within 5 A; mainchain-mainchain,
mainchain-sidechain and sidechain-sidechain hydrogen bonds; cation-pi and ionic interactions
within 6 A; disulphide bonds, aromatic-aromatic interactions between 4.5 and 7 A and
aromatic-sulphur interactions between 5.3 A using the coordinates of a given PDB file. jsPISA
uses a thermodynamic approach to detect macromolecular assemblies using the coordinates of
a PDB file, then calculates the solvation energy, binding energy, hydrophobic P-value, number
of hydrogen bonds, salt bridges and disulphide bonds of a macromolecular interface and lists
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the exact residue pairs involved in these interactions (Krissinel, 2015; Krissinel and Henrick,
2007). The results generated by the two webservers were then used to generate interacting

network diagrams of the hotspots and their interacting partners.

3.2.4. ldentification of conserved hotspot residues

The ENDscript 2 server (http://endscript.ibcp.fr) (Robert and Gouet, 2014) was used to

determine the degree of conservation of each of the hotspot residues identified at each interface.
The PDB file of a single TMEV protomer was uploaded, and individual protein chains (A, B,
C and D representing VP1-4) were analysed separately. ENDscript 2 considers the conservation
of a protein’s sequence and structure. Given a specified chain in a PDB file, ENDscript extracts
the amino acid sequence to perform a PDBAA BLAST search. The homologous sequences are
aligned using Clustal Omega and a multiple sequence alignment is generated that also includes
secondary structure information. Additionally, a 3D structure of the PDB file superimposed
with all homologous protein structures is created and the conserved residues are highlighted

(Gouet et al., 2003; Robert and Gouet, 2014).

3.3. Results

3.3.1. Hotspot residues predicted within the intraprotomer interfaces of TMEV

To identify residues that contribute to the structural integrity of interfaces within the TMEV
protomer, the protomer complex was submitted to the five hotspot prediction webservers. Six
interfaces are formed between the individual capsid proteins upon folding of the protomer.
Together, 72 residues were identified as hotspots within these interfaces (Figure 3.3 A and B),
by two or more of the hotspot prediction tools (Table S1). 32 of these residues belong to VP1,
20 to VP2 and 20 to VP3. No hotspot residues were detected in the VP4 protein. The PIC and
JSPISA analyses confirmed that all 72 hotspot residues are involved in interactions across the

six interfaces (Figure 3.3 C).
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Figure 3.3 Identification of hotspot residues and their interacting partners within intraprotomer
interfaces of the TMEV capsid. A) Cartoon mapping of predicted hotspot residues (shown as red
spheres) at the six intraprotomer interfaces in TMEV. B) Surface exposure of the predicted hotspots. C)
Schematic network of hotspot residues and the interactions between their binding partners within the
intraprotomer interfaces. HS — hotspot residue. NHS — Null hotspot residue (hotspot interacting
partner). Capsid proteins are coloured: navy blue-VP1; cyan-VP2; salmon-VP3 and orange-VP4. five-

fold and three-fold axes are indicated by yellow pentagons and red triangles respectively.

While most of the hotspot residues are involved in interactions across only one interface,
residue Q185 belonging to VP2 forms hydrogen bonds with residues T251 and M94 from VP1
and VP3 respectively and was predicted to contribute to the stability of both interfaces. 44 of
the hotspot residues were predicted to form interactions with at least one other hotspot residue
across the interface and 33 hotspots were predicted to form interactions with only one other
residue across the interface. Most of the hotspot residues at the VP1-VP3 and VP2-VP3
interfaces were shown to be involved in hydrophobic interactions or hydrogen bonds with
partner residues, however, hydrophobic interactions are dominant at the VP1-VP2 interface.
Aromatic interactions were shown to be relatively common throughout the interface and are
twice as likely to be found between two interacting hotspot residues than between a hotspot

and non-hotspot residue.

Sequence and structure conservation analysis of the hotspot residues revealed that 57 of the
residues are conserved in the capsid proteins of other picornaviruses. Two of the 32 hotspots
belonging to VP1, six of the 20 residues identified as hotspots in VP2 and three out of the 20
in VP3 are conserved in only the cardioviruses (Table 3.1). Several of the hotspot residues
detected in the interfaces of the TMEV protomer were previously suggested to be important
for the stability of the virus, others were found to correlate to residues previously reported to
be important for virus growth, receptor binding. These residues of interest are highlighted in

bold and will be discussed subsequently.
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Table 3.1 Hotspot residues in the TMEV intraprotomer interfaces and their conservation within

TMEV Hotspot Residue

the picornavirus family.

Conservation Analysis

VP1

E6
K9
T31
V33
F36
R94
W95
V96
Y114
C118
F119
F122
Y124
D128
F187
V189
w202
F203
N204
W206
F215
R239
K241
V245
F246
R249
L252
F253
F254
W256
T260
1272

VP2

R32

L33

Y36

E133
F134
Y135
T136
E146
R168
Y169
F175
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F176
M178
w184
Q185 N N N
Y189 F F F F
R197
V211 | A
L230 Y, V | |
S231
VP3 125 Y, A A L A A A
F41 Y Y
L44 M
L47 | V V Y, | I
F53
V98 L | L L L L | I I
R100
F102 Y Y Y Y Y Y
R106
L112 g
V114 M M | M M L M
F115 Y Y
T116
F159
N160
F161
L209 V V | M
D217
W229
Q232
Table 3.1 Footnotes:
Hotspot residue conservation analysis as determined using the ENDScript 2 webserver.
Individual proteins were submitted to the webserver and compared against picornavirus capsid
proteins from other genera. Cardiovirus: SAFV (PDB: 5CFC/5A8F); Senecavirus: SSV-1 (PDB:
3CJI); Aphthovirus: FMDV type C, FMDV SAT2, ERAV (PDB: 1FMD, 5ACA, 2WFF); Enterovirus:
EV-71, HRV-3, HRV-2 CAV-9 (PDB: 3VBS, 1RHI, 1FPN, 1D4M). Red blocks indicate residues
that are 100 % conserved, orange blocks denote conservative substitutions. Hotspots highlighted
in bold are those that correspond to residues previously reported to be important for picornavirus
structure or stability. Full alignments are included in figures S1-S6.

3.3.2. Destabilising residues at interprotomer interfaces

The TMEV interprotomer interfaces are formed between two adjacent protomers within the
same pentamer. A total of 34 residues were identified by two or more prediction models (Table
S2) as hotspots within these eight interfaces (Figure 3.4 A-C). 13 hotspot residues were

identified in the VP1 protein, five in VP2, 12 in VP3 and four in VP4. The VP1-VP3 interface
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had the highest number of hotspot residues, followed by the VP2-VP3 interface and the

interface between two VP1 proteins (Figure 3.4 D).

Analysis of interactions across these interfaces using PIC and jsPISA confirmed that all hotspot
residues detected are involved in non-covalent interactions with residues from partner proteins
across the interface (Figure 3.4 D). 16 of the hotspots form interactions with other hotspots and
13 of the hotspots form interactions with only one other residue. Hotspot residue Y29 belonging
to VP4 was predicted to be important for the stability of both the VP1-VP4 and VP3-VP4
interfaces (Table S2). Analysis of residue interactions revealed that hydrophobic interactions
and hydrogen bonds are equally abundant across the interface, however, hydrophobic
interactions are mostly formed between the VP1-VP1 and VP2-VP3 interfaces, and hydrogen
bonds are more common across the VP1-VP3 interface (Figure 3.4 D). VP1 residues R171 and
W176 were predicted as hotspots in the VP1-VP3 and VP1-VP1 interfaces (Table S2)
respectively, however, these residues are also involved in non-covalent interactions with
proteins at other interfaces. R171 is involved in hydrogen bonds with residues G101, 1224 and
G225 in VP3, but also with residue F36 of the neighbouring VP1 protein. W176 is involved in
hydrogen bonds and cation-pi interactions with residues A135 and R237 of the adjacent VP1
protein but is also involved in hydrogen bonds and hydrophobic interactions with residue F14
in VP2. Similarly, VP4 residues Y25 and Y29 are hotspots in the VP4-VP4 and VP4-VP3
interfaces respectively, but also form bonds with residues from capsid proteins at other

interfaces where they are not important for stability (Figure 3.4 D).
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Figure 3.4 Network of hotspot residues and their interacting partners between two protomers of
TMEV. A) Cartoon mapping of predicted hotspot residues (shown as red spheres) at the interprotamer
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interfaces of the TMEV capsid. B) Surface exposure of the predicted hotspots. C) Close view of
predicted hotspots (shown as red spheres). D) Schematic network of hotspot residues and the
interactions between their binding partners within interprotamer interfaces. HS — hotspot residue. NHS
— Null hotspot residue (hotspot interacting partner). Capsid proteins are coloured: navy blue-VP1,; cyan-
VP2; salmon-VP3 and orange-VP4. Five-fold and three-fold axes are indicated by yellow pentagons
and red triangles respectively. Protomers are numbered according to their biological state in the

complete capsid.

Sequence and structure conservation analysis using ENDscript 2 revealed that 32 of the 34 of
the interprotomer hotspot residues are conserved with residues in the capsid proteins of other
picornaviruses (Table 3.2), and only ten residues are conserved in the cardioviruses alone.
Several of the hotspot residues detected in the TMEV interprotomer interfaces were also
previously reported to be important for the receptor binding and stability of TMEV, while
others correlate to residues that are reported to be required for virus growth and stability in
related picornaviruses. These residues of interest are highlighted in bold and will be discussed

subsequently.
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Table 3.2 Hotspot residues in the TMEV interprotomer interfaces and their conservation within
the picornavirus family.

TMEV Hotspot Residue Conservation Analysis
| FMDV

VP1 V24
Q30
F35
M45
L108
P153
L160
1161
Y163
R171
W176 Y F F
V178 A |
P194
VP2 S47 T T T
C48
Y104 F
L105
Vb3 R e A o 3 .
C13
S16 T N T T T
N103 T T T T
Q104 N
P131
F165 Y Y Y Y w w W
1166 \%
P168
Q173
1181
M222 L L L L L
VP4 G18
Y25
S26
Y29
L35
Table 3.2 Footnotes:
Hotspot residue conservation analysis as determined using the ENDscript 2 webserver.
Individual proteins were submitted to the webserver and compared against picornavirus
capsid proteins from other genera. Cardiovirus: SAFV (PDB: 5CFC/5A8F); Senecavirus:
SSV-1 (PDB: 3CJl); Aphthovirus: FMDV type C, FMDV SAT2, ERAV (PDB: 1FMD, 5ACA,
2WFF/2XB0); Enterovirus: EV-71, HRV-3, PV-1 (PDB: 3VBS, 1RHI, 2PLV). Red blocks
indicate residues that are 100 % conserved, orange blocks denote conservative
substitutions. Hotspots highlighted in bold are those that correspond to residues previously
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reported to be important for picornavirus structure or stability. Alignments are included in
figures S1-S6.

3.3.3. Destabilising residues at pentamer-pentamer interfaces

The pentamer-pentamer interface is formed through the interaction of four protomers across
two adjacent pentamers and extends between two 3-fold axes (Figure 3.2). Interactions across
this interface primarily involve residues between VP2 and VP3 proteins from separate
pentamers near the three-fold axes. The same VP2 protein forms interactions with the VP2
protein from one of the protomers in the opposite pentamer. These proteins meet diagonally
across the interface at the centre of the two-fold axis. 24 residues were predicted to be hotspots
across these interfaces (Figure 3.5 A-C), by two or more of the prediction models (Table S3).
The 24 hotspots are, however, doubled across the entire pentamer interface as four protomers
are involved. 18 of the 24 hotspots were identified across the VP2-VP3 interface, with seven
belonging to VP2 and the remaining 11 to VVP3. Six residues were predicted to be hotspots
between the VP2-VP2 proteins; this interface involves identical residues from the VP2 proteins
running in opposite directions, thus the six hotspot residues would be doubled across the
interface (as shown in Figure 3.5 D). No hotspot residues were predicted at the VP2-VP4

interface.

Interaction analysis using PIC and jsPISA confirmed that all hotspot residues are involved in
non-covalent interactions across the pentameric interface (Figure 3.5 D). Most hotspot residues
form hydrogen bonds with partner residues, although some residues are involved in a few
hydrophobic interactions closer to the two-fold axis. None of the hotspot residues are involved
in interactions with residues belonging to proteins at other protein-protein interfaces, unlike
some hotspots in the intra- and interprotomer interfaces. Interestingly, hotspot residues T53,

L57 and R102 belonging to VP2 and D152 and L153 belonging to VP3 only form interactions
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with non-hotspot residues, and 13 of the hotspot residues are only involved in interactions with

one other residue across the interface.
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Figure 3.5 Network of hotspot residues and their interacting partners at the pentamer-pentamer
interface. A) Cartoon mapping of predicted hotspot residues (shown as red spheres) at the
interpentamer interfaces of the TMEV capsid. B) Close view of predicted hotspots (shown as red
spheres). C) Surface exposure of the predicted hotspots. D) Schematic network of hotspot residues and
the interactions between their binding partners within interpentamer interfaces. HS — hotspot residue.
NHS — Null hotspot residue (hotspot interacting partner). Capsid proteins are coloured: navy blue-VP1;
cyan-VP2; salmon-VP3 and orange-VP4. Two-fold and three-fold axes are indicated by dotted orange
lines and red triangles respectively. Protomers are numbered according to their biological state in the

complete capsid.

Conservation analysis using the ENDscript 2 webserver revealed that all hotspot residues are
conserved in at least one other virus within the family and that only two residues -VP3 P195
and Y198 are conserved in the cardioviruses alone (Table 3.3). Several of the hotspot residues
detected in the TMEV interpentamer interfaces correlate to residues that are reported to be
required for stability and uncoating in related picornaviruses. These residues of interest are

highlighted in bold and will be discussed subsequently.
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Table 3.3 Hotspot residues in TMEV interpentamer interfaces and their conservation within the

picornavirus family.

TMEV Hotspot Conservation Analysis
Residue

VP2 N25
T53
V56

L57
R61
Y62
Y63
T64
V95

R102
N117
S240
L259
VP3 K124
R140
M144
Y148
1150
D152
L153
T194
P195

T197

Y198

Table 3.3 Footnotes:

Hotspot residue conservation analysis as determined using the EndScript 2 webserver.
Individual proteins were submitted to the webserver and compared against picornavirus capsid
proteins from other genera. Cardiovirus: SAFV (PDB: 5CFC/5A8F); Senecavirus: SSV-1 (PDB:
3CJl); Aphthovirus: FMDV type C, FMDV SAT2, ERAV (PDB: 1FMD, 5ACA, 2WFF/2XB0);
Enterovirus: EV-71, HRV-B14, PV-1 (PDB: 3VBS, 1R08 4RHV, 2PLV). Red blocks indicate
residues that are 100 % conserved, orange blocks denote conservative substitutions. Hotspots
highlighted in bold are those that correspond to residues previously reported to be important for
picornavirus structure or stability. Full alignments are included in figures S1-S6.
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3.4. Discussion

The primary aim of this study was to develop a simple approach for the prediction of hotspot
residues at protein-subunit interfaces within picornavirus capsids. Unlike a previous study
examining enterovirus interfaces (Ross et al., 2017), this study did not limit hotspot prediction
to conserved motifs, but instead identified hotspots throughout a protein-protein interface and
conservation was determined as a post hoc analysis. This approach was chosen to identify non-
conserved hotspots that have evolved to stabilise the interfaces of TMEV in a manner unique
to the virus’ lifecycle, but also to identify conserved stabilising residues throughout the family
that may provide insights into conserved mechanisms of capsid stability within the
picornaviruses as a whole. Also unique to this screen was the use of multiple prediction tools
in combination. This approach was used as studies identifying hotspot residues in generic
protein interfaces have reported that prediction accuracy is significantly improved when
methods are combined (Morrow and Zhang, 2012; Tuncbag et al., 2009b). Two energy-based
and three structure-based prediction methods were chosen. Each tool was selected because it
was readily accessible, can be implemented by users without prior advanced bioinformatic

knowledge and can accept PDB files provided by the user.

The first analysis explored the residues that contribute significantly to the stability of interfaces
within the TMEV protomer complex. These six interfaces are formed following the folding of
the four capsid proteins into the stable protomer subunit, which occurs immediately following
P1 processing (Jiang et al., 2014). In total, 72 residues were identified as hotspots contributing
significantly to the binding specificity and energy of the complex, by two or more of the
webservers. Interestingly most of the hotspot residues were identified to form interactions
across the VP1-VP2 and VP1-VP3 interfaces within a protomer. Sixty-one percent of the
hotspot residues were predicted to form interactions with at least one other hotspot residue and,

45 % of the hotspots were predicted to form interactions with only one other residue across the
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interface. Most of the hotspot residues at the VP1-VP3 and VP2-VP3 interfaces were shown to
be involved in hydrophobic interactions or hydrogen bonds with partner residues. However,
most hotspot residues at the VP1-VP2 interface form contacts with partner residues through
hydrophobic interactions, consistent with the fact that most of this interface is buried beneath

the capsid surface.

Several of the hotspot residues predicted at the intraprotomer interfaces were previously
suggested to stabilise the TMEV capsid under changing pH conditions, based on structural
studies of TMEV (Luo et al., 1992). TMEV is more resistant to variable pH conditions than
many other cardioviruses, including mengo virus (MEV) (Luo et al., 1992). Hotspot residues
VP1 W202, W206, F215 and VP2 Y135 that were identified to interact with residues across
the VP1-VP2 interface, reside on the TMEV VP1 FMDV loop and Puff B of VP2 respectively.
These residues are four out of five aromatic residues that are thought to form a hydrophobic
core that imparts a stable conformation to the TMEV VP1 FMDV loop, allowing it to maintain
stability under a broad range of pH conditions (Luo et al., 1992). This stabilising core is absent
in most other cardioviruses and consequently the VP1 FMDV loops in these viruses readily
change conformation at a mild pH. In MEV these conformational changes expose the receptor
binding site and weaken the capsid, making it unstable and susceptible to dissociation in the
presence of 0.15 M CI or Br (Luo et al., 1992). Furthermore, the screen detected residue VP2
E146 as a hotspot. This residue is known to interact with non-hotspot residue D214 in VP1
through hydrogen bonds, as was also suggested in this study using PIC and jsPISA. These
residues also contribute the stability of the VP1 FMDV loop of TMEV under changing pH
conditions (Luo et al., 1992). The identification of these residues as hotspots in this study
supports the previous suggestions that they are responsible for the stability of TMEV under
changing pH conditions (Luo et al., 1992; Zurbriggen et al., 1989). Moreover, very few of

these hotspot residues were conserved in the other picornaviruses, including the cardiovirus
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MEV, further supporting their role in modulating the unique pH stability of TMEV. Hotspot
residues R94, W95 and V96 in VP1 were identified to form interactions with hotspot residues
F176 and M178 in VVP2. These residues reside on loop Il of VP1 and Puff A of VP2 and it has
been speculated that interactions between these residues contribute to the conformational
stability of these loops (Luo et al., 1992). Substitution of amino acid A101 at the surface of
loop Il VPL1 to a bulkier hydrophobic residue was previously reported to disrupt interactions
between these residues, in turn reducing both loop stability and viral persistence (Zurbriggen
et al., 1989). The prediction of these residues as hotspots further supports the previous reports
that they stabilise the conformation of the surface loops upon which they reside and are

important for capsid stability.

Hotspot residues VP1 F254 and VVP3 R100 were predicted to form cation-pi interaction across
the VP1-VP3 interface. These residues reside in the putative receptor binding pit of TMEV and
were also predicted to be directly involved in heparan sulphate binding as shown in docking
experiments performed in chapter two and Upfold et al. (2018). Moreover, hotspot residues
VP1 V245, F246, R249, L252, F253, F254, W256, T260 and 1272 form part of the VP1 C-
terminal loop that extends over the pit. This is the same C-terminal loop that was recognised
by the anti-TMEV capsid antibodies produced in chapter two and Upfold et al. (2018). The
results demonstrated these hotspot residues to be involved in numerous interactions with
residues belonging to VP2 and VVP3, which may help to maintain the structural integrity of the
loop that forms the wall of the receptor binding pit. Furthermore, almost all of these hotspot
residues were not conserved in viruses belonging to other genera, an unsurprising finding given
that picornaviruses have evolved a variety of residues and topological features for receptor

binding (Tuthill et al., 2010).

Of the 72 predicted hotspots, 63 % were conserved in at least one virus from another genus.
Several of these conserved residues were previously reported to be functionally important in
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viruses belonging to different genera. Hotspot residues, K241 and R249 in TMEV VP1
correspond to residues K256 and R264 in EV-71 that were reported to be critical for virus
growth and replication (Yuan et al., 2016). In vitro substitution of these residues to alanine
proved lethal as the resultant virions could not be recovered following serial passaging (Yuan
et al., 2016). Analysis of residue conservation in this study revealed these two residues to be
highly conserved in other enteroviruses as well as in FMDV type C and SAT2. Residue R249
was conserved in all viruses analysed except for SVV-1. Recently Ross et al. (2017) identified
a network of interacting motifs within regions of enterovirus capsids that were associated with
RNA release. Computational alanine scanning of residues within these motifs revealed several
hotspot residues that likely contribute to enterovirus capsid stability and uncoating, including
residue R264 in EV-71 that corresponds to hotspot residue R249 in TMEV (Ross et al., 2017).
Both residues R249 in TMEV and R246 in the enteroviruses form interactions with residues
belonging to the VP2 protein (residues H180 and R181 in TMEYV, that are not hotspots). TMEV
VP1 hotspot residues Y124, N204 and F246 were also found to be conserved with energetically
important VP1 residues Y128, D206 and W261 in EV-71 (Ross et al., 2017). The conservation
of these TMEV hotspots with residues previously reported to be important for growth and
stability in other viruses implies their importance to intraprotomer interface stability across the

picornaviruses.

Hotspot residue K241 (VP1) corresponding to residue K256 in EV-71 (Yuan et al., 2016) was
predicted to be involved in interactions with VP4, a protein known to make contacts with the
RNA genome (Butan et al., 2014; Lyu et al., 2014). Several studies have reported that
interactions between the viral RNA genome, the N-terminal extensions of VP1-VP3 and the
VP4 protein stabilise picornavirus capsids and influence both pH and thermal stability (Curry
et al., 1997; Shakeel et al., 2016). Moreover, recent studies have speculated that these RNA-

protein interactions located below the capsid surface may exert enough force as to significantly
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contribute to genome uncoating under particular physiological conditions (Buchta et al., 2019;
Lyu et al., 2014). Hotspot residue VP1 K241 also corresponds to residue R202 in the VP1
protein of HPV-3 that is known to be involved in interactions with the viral genome (Shakeel
et al., 2013). Furthermore, residue T47 in HPV-3 VP3 is also involved in RNA-interactions.
This residue is conserved with TMEV VP3 S16, a residue that is not a hotspot residue at the
intraprotomer interface but is at the interprotomer interface (Figure S7) (Shakeel et al., 2013).
Whether these hotspot residues interact with RNA in TMEV is not known, however, their
conservation in two separate genera suggests a common function. Furthermore, it is tempting
to speculate that conformational changes to the viral RNA genome under altered physiological
conditions during uncoating may infer changes upon these hotspots, in turn destabilising the

interfaces they maintain.

Next, the screen was applied to identify hotspot residues contributing to the stability of the
interprotomer interfaces. These interfaces are formed between five protomer complexes of the
assembled pentamer and begin at the five-fold axis and extend vertically towards the two-fold
axis. Pentamers have been reported as very stable intermediates during assembly and uncoating
(Arkhipov et al., 2006; Reddy et al., 1998). It has been tentatively suggested that evolution has
selected strong interactions across the interprotomer interfaces because dissociation of
pentamers into protomer subunits is not necessary for the virus lifecycle, and strong
interactions between protomers would ensure the increased concentration of intact pentamers
for the efficient assembly of virus capsids (Mateu, 2017). To identify residues that contribute
to critical stabilising interactions between the protomers that form the pentamer, a complex of

two adjacent protomers was submitted to five hotspot prediction tools.

The analysis identified 34 residues as hotspots, with the majority being located at the VP1-VP3
interface. 47 % of the hotspots formed interactions with other hotspots and 50 % of residues
formed interactions with only one other residue. Hotspot residue Y29 belonging to VP4 was
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predicted to be important for stability of both the VP1-VP4 and VP3-VP4 interfaces. No other
hotspot was predicted to be important for the stability of multiple interfaces between the
protomers. Analysis of residue interactions revealed that hydrophobic interactions and

hydrogen bonds were equally abundant across the interface.

In many picornaviruses the receptor binding sites also involve residues located at or adjacent
to the protomer-protomer interfaces. For example, the canyons of enteroviruses surround the
five-fold axes and traverse the protomeric interfaces (Rossmann, 1989; Smyth and Martin,
2002). This is no different for TMEV, where the receptor binding pit involves residues
belonging to VVP1 from one protomer and VVP3 from the neighbouring protomer (Luo et al.,
1996) that interact across the interface. Two hotspot residues identified at this interface in
TMEV are residues P153 and 1181 belonging to VP1 and VVP3 respectively. These residues are
exposed at the bottom of the TMEV receptor binding pit and analysis of residue interactions
revealed that they form interactions with VP3 1224, VP2 F209 and VP2 P219 across the
interprotomer VP1-3, VP1-VP2 and VVP3-2 interfaces respectively. P153 was previously shown
to be directly involved in binding to the unknown glycoprotein receptor of the TMEV BeAn
strain, as substitution of this residue to alanine significantly reduced binding affinity to BHK-
21 cells while substitution to threonine or aspartic acid completely abolished viral infectivity
(Hertzler et al., 2000). Moreover, docking experiments performed in chapter two revealed that
VP1 P153 is likely involved in binding of TMEV GDVII to the co-receptor heparan sulphate
(Upfold et al., 2018). The identification of P153 as a residue contributing significantly to the
binding and stability of the protomer-protomer interface in this study supports the suggestion
by Hertzler et al. (2000) that this residue is important for receptor interactions and capsid

assembly in TMEV.

With most picornaviruses, receptor binding alone or in combination with low pH triggers
conformational changes that result in the controlled destabilisation of the capsid and uncoating
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of the RNA genome (Baggen et al., 2018a), thus receptor binding and the stability of the capsid
are closely linked. The uncoating process in TMEV is poorly studied and made more
ambiguous as the primary receptor is yet to be identified (Reddi et al., 2004). Cardiovirus
uncoating, like that of FMDV, is thought to be triggered by a drop in pH, however, it has been
speculated that the insensitivity of TMEV to low pH could indicate that uncoating of this virus
is induced by receptor binding instead (Luo et al., 1992). The identification of hotspot residues
at the intra- and inter-protomer interfaces in and surrounding the putative receptor binding site
and the fact that some of these residues are also predicted to bind the co-receptor supports this
suggestion. Moreover, it can be further speculated that binding of the receptor and/or heparan
to these specific energetically important hotspots may destabilise the intra- and inter-protomer
interfaces substantially to induce the necessary cascade of conformational changes that
contribute to genome release. Alternatively, hotspot residues at these positions may be
important for maintaining the structural conformations necessary for receptor binding but may

not be significantly destabilised upon receptor binding to stimulate uncoating.

It was recently reported that the cardiovirus SAFV-3 forms an intermediate A-particle during
uncoating and then rapidly dissociates into pentamer subunits (Mullapudi et al., 2016). These
expanded particles were observed to contain pores extending from the five-fold to the two-fold
axes that the authors speculate might serve as channels for the release of VP4, the N-termini of
VP1 and the RNA genome during uncoating. Uncoating intermediates have not been observed
during the uncoating of other cardioviruses including TMEV, but experiments have not yet
ruled out their formation. TMEV hotspots VP1 W176, V178, VP2 S47, Y104, L105, VP3 S16,
P131, F165, 1166 and P168 are conserved with residues in SAFV-3 at the protomer-protomer
interface. In the crystal structure of the SAFV-3 A-particle these residues maintain their
interactions and conformation and are located on either edge of the five-fold pore. In TMEV

these residues predominantly form hydrophobic bonds across the interface. Interestingly,
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hotspot residues VP1 P153, VP3 N103, Q104, Q173, 1181 and M222 are conserved with
residues in SAFV-3 that undergo conformational rearrangement to form the pore at the
protomer-protomer interface. In TMEV these residues predominantly form hydrogen bonds

across the interface.

In total 64 % of the hotspot residues identified at the inter-protomer interfaces were conserved
in viruses belonging to other genera of the family. Residues extending between the protomer
interfaces and the quazi fold axes are highly variable, forming a variety of topological features
in the different genera that are sometimes the sites of receptor binding (Luo et al., 1992;
Rossmann et al., 2002; Suomalainen and Greber, 2013). Despite these topological differences,
the conservation of many of the hotspot residues at these interfaces may suggest that similar
mechanisms contribute to the stability of the interfaces between protomers in picornavirus

capsids.

Finally, the screen was applied to identify hotspot residues at the interpentamer interfaces of
TMEV, located between the three- and two-fold axes of symmetry. Numerous studies have
implicated these interfaces in major structural rearrangements associated with genome release
and capsid dissociation. For example, structural studies on enterovirus uncoating intermediates
have demonstrated the formation of large pores at the two- and three-fold axes (Bostina et al.,
2011; Butan et al., 2014; Dong et al., 2017; Lee et al., 2016; Liu et al., 2018; Lyu et al., 2014;
Pickl-Herk et al., 2013; Ren et al., 2013; Shakeel et al., 2013; Wang et al., 2012a), suggesting
that RNA release may be between pentamer subunits. Furthermore, recent investigation has
revealed that the loss of one or more pentamers may also be critical for the release of RNA in
echoviruses (EV) and HRV-2 (Buchta et al., 2019; Harutyunyan et al., 2013), and while it is
still unknown whether all aphtho- and cardioviruses form intermediate structures during
genome release (Mullapudi et al., 2016; Tuthill et al., 2009), studies have identified pentamer
subunits as the end products of uncoating in these viruses (Tuthill et al., 2007). These
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observations provide strong evidence that the pentameric interfaces are important for RNA
release and dissociation and must therefore undergo structural rearrangements or encounter
conditions that severely weaken the interactions to allow for pore formation or dissociation. To
further understand the residues that modulate the assembly and stability of the pentameric
interfaces in TMEV, complexes of two opposing protomers (VP2-VP2) and two adjacent

protomers (VP2-VP3) were submitted to the five webservers for hotspot prediction.

In total, 24 hotspot residues were identified, and all belonged to the VP2 and VVP3 proteins of
opposing pentamers, that make up the bulk of this interface. Because the entire interface
between pentamers involves four protomers, the 24 hotspots are repeated to yield 48 hotspot
residues between two pentamers. 75 % of the hotspot residues formed interactions with other
hotspots, and 54 % formed interactions with only one other residue across the interface. Most
hotspot residues formed hydrogen bonds with partner residues, although some residues were
involved in a few hydrophobic interactions closer to the two-fold axis. This finding is consistent
with the report that weak non-covalent interactions are important for the assembly of pentamers
into the picornavirus capsid (Li et al., 2012; Mateu, 2017). Except for 2 of the 24 hotspots, all
were conserved in at least one representative virus from another genus, suggesting a conserved

function for these residues in viruses throughout the family.

Interestingly, 17 of the 24 hotspot residues predicted at the TMEV pentamer interface
correspond to residues that were suggested to form interactions across the pentamer-pentamer
interfaces of the SVV-1 mature capsid (Cao et al., 2018). These residues include N25, R61,
Y62 (W in SVV-1), Y63, T64, V95 (A in SVV-1), R102, N117, S240 (T in SVV-1) in VP2
and M144, Y148, 1150, D152, L153 (I in SVV-1), T194, T197 in VP3. Hotspot residues R61
(VP2), K124 and D152 (both in VP3) at the TMEV pentamer interfaces were conserved within
almost all picornaviruses analysed, including FMDV. Previously Mateo et al. (2003) examined
the importance of residues at pentamer interfaces to FMDV growth and stability. Mutation of
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the FMDV residues R60, R120 and D148 corresponding to TMEV hotspots R61 in VP2 and
K124 and D152 in VVP3 had deleterious effects on the resulting mutant virions. The substitution
R60A proved lethal as the virus could not be recovered following 90 h post transfection with
mutant RNA. Residue substitutions R120A and D152A were recovered post transfection,
however virus growth, yield and plaque size were significantly attenuated (Mateo et al., 2003).
Furthermore, the authors found that substitution of residue T190 in FMDV VP3 to alanine
resulted in revertant mutants, implying the reduced fitness of the alanine mutant. This residue
corresponds to the hotspot residue T194 in TMEV VP3, which is highly conserved within other
members of the picornavirus family. Additionally, the authors found substitutions V112A
(VP2) and H144 (VP3) to be lethal, while K193A (VP3) reduced virus yield and K63A (VP2),
E146A (VP3) and E213A (VP2) mutants could only be recovered following genotypic
reversions or forward mutations (Mateo et al., 2003). Interestingly none of amino acids are
conserved in TMEV, however, structurally these residues align with N117 (VP2), Y148 (VP3),
T197 (VP3), T64 (VP2), 1150 (VP3) and L259 (VP2) respectively and were all predicted to be
hotspots at the pentameric interfaces of TMEV. In a recent study, the stability of FMDV Type
O and SAT particles was greatly improved through the amino acid substitution F62Y in the
VP2 protein (Scott et al., 2017). This residue corresponds to the stabilising hotspot residue Y63

in the TMEV pentamer interface.

Ross et al. (2017) previously identified energetically important residues in conserved
interacting motifs within the two-fold interfaces of the enteroviruses. Several of the hotspot
residues in this study correspond to those identified by Ross et al. (2017). Hotspot VP2 R61 in
TMEV was conserved with a residue that was also predicted to be important for maintaining
the stability of the pentamer interfaces in EV-71, PV-1, HEV-D68, HRV-2A and HRV-B3,
while T64, also in VP2, corresponded to a residue that was predicted to be important for the

stability of PV-1, HEV-D68, HRV-B3. Furthermore, residues M144 and D152 in VP3
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corresponded with residues that were also predicted to be energetically important to the two-
fold axes in most of the enteroviruses analysed. Hotspot residue 1150 in TMEV VP3
corresponds to a residue within a conserved motif in enteroviruses. The same motif contains
the energetically important residues corresponding to the TMEV hotspot residues M144, Y148
and D152. This Isoleucine residue was, however, not predicted to destabilise the interface upon

substitution to alanine in the enteroviruses (Ross et al., 2017).

The finding that most of the hotspot residues at TMEV pentamer interfaces are conserved in
viruses of different genera implies their biological importance. Moreover, the fact that
corresponding conserved residues were predicted to be stabilising in other viruses, were
reported to be involved in pentamer-pentamer contacts, or have been reported to be important
for virus growth in other genera implies that they may have been conserved because of a shared
role in structural stability of this interface. The importance of two- and three-fold pore
formation and separation of the pentameric interfaces to the picornavirus uncoating process is
widely known (Bostina et al., 2011; Buchta et al., 2019; Tuthill et al., 2007; Wang et al., 2012a),
thus the conservation of specific hotspot residues in the pentamer interfaces of TMEV with
residues that are important for stability in other viruses is not surprising. Previously Garriga et
al. (2012) identified a region of VP3 located at the interface between pentamers that becomes
disordered during HRV-2 RNA release. TMEV hotspot residues M144, 1150, D152 and L153
are conserved with HRV-2 residues in this region. Furthermore, hotspot residues R61 in VP2
and K124 in VVP3 are conserved with interpentamer residues in HRV-B14 that were shown to
become destabilised upon acidification at a pH of 5 (Warwicker, 1989). Unlike TMEV, HRVs
are known to be sensitive to low pH (Garriga et al., 2012) and histidine residues at the pentamer
interface are thought to play a role in this sensitivity (Warwicker, 1989). Importantly, HRV-
B14 residues corresponding to R61 and K124 form interactions with histidine residues across

the interface (Warwicker, 1989), but in TMEV these residues form interactions with amino
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acids that are not protonated in conditions below neutral pH, which may explain in part
TMEV’s increased resistance to acidic conditions. Interestingly, R61 forms cation-pi
interactions with hotspot residue Y148 in VP3 which corresponds structurally to the acid

sensitive H150 in HRV-B14.

In conclusion, the work presented in this chapter aimed to further the understanding of capsid
residues that modulate the stability and assembly of picornavirus capsids. This was achieved
through the development and implementation of a simple in-silico approach using readily
accessible tools for the prediction of conserved and non-conserved hotspot residues and the
interactions they form at capsid protein subunit interfaces. Collectively this methodology
provides a rapid approach for identifying the hotspot residues that significantly contribute to
the stability of the intraprotomer, interprotomer and interpentamer interfaces that must be
formed upon the assembly of subunits into the picornavirus capsid. The intraprotomer and
interpentamer interfaces contained hotspot residues unique to TMEV and the cardioviruses that
were previously reported to be involved in pH stability and receptor binding. However, these
interfaces also contained many hotspots that were conserved with residues in picornaviruses
belonging to other genera, some of which were reported to be important for virus growth or
stability, suggesting that molecular determinants of capsid stability may be somewhat
conserved across the family. Almost all hotspot residues at pentamer-pentamer interfaces were
conserved in the cardioviruses and viruses belonging to other genera. Many of these residues
were previously linked to stability or uncoating in other picornaviruses, providing a rationale
for investigating these hotspots further. Thus, the next chapter further examines the importance
of pentameric hotspots by substituting selected hotspot residues to alanine in the TMEV cDNA.
Monitoring of cytopathic effect and analysis of protein expression using the capsid antibodies
generated in chapter two are then used to examine the potential implications of the hotspot

residue substitutions.
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The In vitro mutagenesis of hotspot
residues within the interpentamer
Interfaces of the TMEV capsid
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4.1. Introduction

In the previous chapter the in-silico analysis of hotspot residues at the intra-, interprotomer and
interpentamer interfaces of the TMEV capsid presented a vast amount of data surrounding the
residues that likely contribute significantly to the stability of the capsid. These data provide a
series of testable hypotheses that must be further validated using an in vitro system to confirm
the role of these residues as hotspots. The work presented in this chapter, aimed to further
dissect the importance of a select subset of these hotspots in vitro, using reverse genetics in
combination with mutagenesis. This approach has previously been implemented for the
elucidation of residues that are functionally important for capsid assembly, stability and viral
infectivity in several other picornaviruses (Biswal et al., 2016; Mateo et al., 2003; Yuan et al.,
2016), and has been used to engineer picornavirus particles with improved thermostability
(Adeyemi et al., 2017; Kotecha et al., 2015; Mateo et al., 2008; Rincon et al., 2014; Scott et
al., 2017). Many of these studies have relied on in vitro alanine scanning mutagenesis (Mateo
etal., 2003; Rincon et al., 2015; Yuan et al., 2016). The rationale for substituting residues with
alanine is two-fold; firstly, all atoms in the sidechain beyond the -carbon are removed upon
mutation allowing the role of sidechain functional group to be determined and secondly,
alanine’s methyl functional group is both chemically inert and non-bulky, but also lacks angle
preferences (unlike glycine or proline) and therefore does not alter the secondary structure of

the protein (Cunningham and Wells, 1989; Morrow and Zhang, 2012).

Two separate studies used in vitro alanine scanning to assess the importance of individual
residues at FMDV capsid subunit interfaces to virus infectivity and particle formation. These
studies revealed that although most residues involved in noncovalent interactions between
protomers are not individually required for completion of the FMDV virus lifecycle (Rincon
et al., 2015), most residues forming interactions between pentameric subunits are (Mateo et al.,

2003). The authors speculated that pentamer interfaces were less tolerant to the loss of
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individual residue sidechains because relatively few, weak, noncovalent interactions are
formed between pentamers, unlike the many buried, strong, protein interactions between
protomers (Rincon et al., 2015). In the current study, residues that were previously predicted
as hotspots at the interpentamer interfaces of TMEV were analysed using in vitro alanine
scanning mutagenesis. The rationale for selecting residues at this interface is three-fold. Firstly,
it is widely accepted that pentameric interfaces are the sites of major structural rearrangements
during picornavirus genome release and capsid dissociation, which are essential for virus
infectivity (Bostina et al., 2011; Buchta et al., 2019; Butan et al., 2014; Dong et al., 2017;
Harutyunyan et al., 2013; Lee et al., 2016; Liu et al., 2018; Lyu et al., 2014; Pickl-Herk et al.,
2013; Ren et al., 2013; Shakeel et al., 2013; Tuthill et al., 2007; Wang et al., 2012a). An
improved understanding of the residues directly involved in modulating these interfaces would
likely add to the knowledge surrounding capsid stability, assembly and uncoating, and may
elucidate potential targets for the development of antivirals that interfere with these processes.
Secondly, almost all pentameric hotspot residues predicted by the screen were conserved in at
least one representative virus from another genus, suggesting a shared biological function for
these residues in viruses throughout the family. Moreover, most of the hotspots corresponded
to residues previously reported or predicted to be important for picornavirus structure or
stability in other viruses. Thus, further analysis of these hotspots in TMEV would likely
provide information that could also be applicable to other members of the picornaviruses.
Thirdly, these residues are located away from receptor binding sites and antigenic regions of
the TMEV capsid (Hertzler et al., 2000; Jnaoui et al., 2002; Luo et al., 1992; Upfold et al.,
2018), thus any mutagenesis effects would likely not be a result of unwanted disruptions to

other aspects of the virus lifecycle such as attachment and entry.

The overall aim of this study was to evaluate the importance of previously predicted

interpentamer hotspot residues to TMEV virus infection by mutating each hotspot residue to
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alanine and examining the effects on the TMEYV lifecycle. The first objective was to select a
subset of pentamer hotspot residues for analysis and secondly, to develop a site directed
mutagenesis strategy for introducing the alanine substitutions into the TMEV cDNA. Using
this system, the third objective was to engineer individual alanine substitutions into the TMEV
cDNA, thus individually replacing the chosen hotpots. The final objective was to assess the
importance of the individual hotspot residues by transfecting corresponding in vitro transcribed
mutant RNAs into susceptible cells and to examine the potential effects on virus infectivity,

replication and protein synthesis.

4.2. Materials and Methods

4.2.1. Cells and plasmids

BHK-21 cells were maintained as described in section 2.2.1. pGDVIIFL2 (Figure S8) contains
the full-length cDNA of TMEV GDVII inserted into the pBlueScript® SK 11- Phagemid Vector
(Fuetal., 1990; Roos et al., 1989), and was used as a template for the generation of WT TMEV
GDVII transcripts and for the generation of mutant TMEVs. pJET1.2/blunt (Thermo Scientific,
USA) is a commercially available linearised cloning vector, that can accept inserts from 6 bp
to 10 kb and was used as a subcloning vector in this study. A list of the individual plasmids

generated in this study is provided in Table 4.1.

103



Chapter 4

Table 4.1 Recombinant plasmids generated in this study

Plasmid

Description/Amino acid substitution

Purpose

pJetP1/P2/Hindlll-1

Recombinant plasmid containing the TMEV P1
and partial P2 sequences in the pJET1.2/blunt
cloning vector.

A Hindlll site at nucleotide position 223 of the
VP2 coding sequence was removed by altering
the Hindlll sequence through site directed

mutagenesis.

Template for site directed
mutagenesis experiments to
introduce individual alanine
substitutions into the P1 coding
region of TMEV.

The plasmids listed below consist of pGDVIIFL2 containing the Hindlll-negative P1/P2 insert and

additional amino acid substitutions in the P1 coding region of TMEV as indicated:

pGDVII/HindllI-1

Hindlll-negative P1/P2 from pJetP1/P2/Hindlll-
1

Template for mutant HindllI-1
TMEYV transcripts.

pGDVII/R61A/H-1
pGDVII/Y62A/H-1
pGDVII/Y63A/H-1
pGDVII/T64A/H-1
pGDVII/V95A/H-1
pGDVII/L259A/H-1
pGDVII/Y148A/H-1
pGDVII/150A/H-1
pGDVII/T194A/H-1

R to A substitution at amino acid 61 in VP2
Y to A substitution at amino acid 62 in VP2
Y to A substitution at amino acid 63 in VP2
T to A substitution at amino acid 64 in VP2
V to A substitution at amino acid 95 in VP2
L to A substitution at amino acid 259 in VP2
Y to A substitution at amino acid 148 in VP3
| to A substitution at amino acid 150 in VP3
T to A substitution at amino acid 194 in VP3

Templates for in vitro
transcription of hotspot mutant
RNAs

pGDVII/K18A/H-1
pGDVII/G94A/H-1
pGDVII/D242A/H-1

K to A substitution at amino acid 18 in VP2
G to A substitution at amino acid 94 in VP2
D to A substitution at amino acid 242 in VP2

Templates for in vitro
transcription of non-hotspot
(neutral) mutant RNAs

4.2.2. Generation of recombinant pGDVIIFL2 mutants
A total of 12 amino acids were individually substituted to alanine in the full-length cDNA of
TMEV GDVII (Table 4.1) using site directed mutagenesis. Figure 4.1 shows an overview of

the cloning and mutagenesis strategy used to generate the pGDVIIFL2 mutants.
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Figure 4.1 Schematic overview of strategy used to engineer alanine substitutions into the TMEV
cDNA. The P1/P2 region of the TMEV genome was isolated by digestion with Stul and Bsp68I and
cloned into pJET1.2 blunt to yield pJetP1/P2. Site directed mutagenesis was used to alter the HindllI
restriction site in the VP2 coding sequence in pJetP1/P2 to yield pJetP1/P2/HindllI-1, the template used
for further mutagenesis experiments. This was done to be able to distinguish the genome from the wild
type TMEV. Following site directed mutagenesis to introduce individual alanine substitutions into the
coding sequences of VP2 and VP3, the mutant inserts were digested using Kpnl and Kpn2l and ligated
into pGDVIIFL2 backbone that had been digested with the same enzymes, yielding infectious mutant
TMEV cDNAs.

4.2.2.1. Preparation of vector pJetP1/P2/Hindlll-1 for site-directed mutagenesis

The size of pGDVIIFL2 (10.8 kb) prevented its use as a template for site directed mutagenesis
reactions, thus the smaller 7.12 kb pJetP1/P2/HindllI-1 vector was generated as a mutagenesis
template (Figure 4.1). To this end a 4.15 kb region of the plasmid pGDVIIFL2 encompassing
the capsid-coding region and partial coding sequence of P2 (P1-P2) was digested with the
endonucleases Bsp681 and Stul and the blunt fragment was cloned into the pJET1.2/blunt (2.97
kb) cloning vector (Thermo Scientific, USA). 5 pg of pGDVIIFL2 plasmid was initially
digested using Bsp68l at 37 °C for 2 h in a total volume of 50 pl containing 5 pl 10X Buffer O
(Thermo Scientific, USA) and 30 U Bsp681 10 U/ul (Thermo Scientific, USA). The 6.7 kb
band containing the P1-P2 coding regions was gel purified using the GeneJET Gel purification
kit (Thermo Scientific, USA), according to the manufacturer’s instructions except that DNA
was eluted in a final volume of 30 pl. The fragment was then digested with Stul at 37 °C for 3
h, in a 40 pl reaction containing the 30 ul of gel purified DNA, 4 pl 10X NEB Buffer 4 and 20
U Stul 10U/ul (New England Biolabs). The 4.15 kb fragment was gel purified as above and
ligated into the pJET1.2/blunt vector using the CloneJET PCR Cloning Kit (Thermo Scientific,
USA), according to the manufacturer’s instructions. The ligated plasmid (pJetP1/P2) was
transformed into DH5a E. coli cells that had been made chemically competent using the CaCl.

method as described by Chang et al. (2017). Individual colonies were cultured in LB
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supplemented with ampicillin (100 pg/ml) and incubated overnight at 37 °C. Plasmid DNA
was subsequently extracted using the GenelJet Plasmid Miniprep kit (Thermo Scientific, USA)
according to manufacturer’s instructions, except that the plasmid was eluted in 50 pl nuclease-

free ddH-0.

4.2.2.2. Site directed mutagenesis

To generate pJetP1/P2/HindllI-1, the Hindlll restriction site was altered in the sequence
encoding VP2 in pJetP1/P2, by substituting the second last thymine of the HindllI restriction
site to guanine using the Phusion Site-Directed Mutagenesis Kit (Thermo Scientific, USA).
This approach was also used to introduce point mutations into the VP2 and VVP3 coding regions
of pJetP1/P2/Hindlll-1. An overview of this process is shown in Figure 4.2. Primer pairs were
designed in a back-to-back fashion and point mutations were created by including mismatched

bases within the middle of one of the primers in the pair (Table S4).

Generation of Point Mutations by Site Directed Mutagenesis PCR

1. Phosphorylation 3. Linear Amplified PCR __, 6. Circularisation of plasmid
of primers —  product containing desired by T4 Ligase.
mutation. 2

ey
Mutant
-~ H iy
i)

4. Analysis of PCR product by 7. Transformation into
agarose gel electrophoresis. DH5a E. coli
2. Mutagenesis ' ©
PCR —
7123 bp linear mutant 8. Extraction and sequencing of
pJetP1P2

pJetP1/P2 mutant plasmid

00| .;&g‘.\i
10000 {
o0 W ¢ 7123bplinear

band of mutant

pJetP1P2

5. Removal of parental non- 00
mutant pJetP1/P2 by Dpnl —
digestion

i

Figure 4.2 Schematic diagram of the site directed mutagenesis procedure used to engineer specific

alanine substitutions into the P1 region of pJetP1/P2/Hindlll-1. Two back-to-back primers were
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designed, with one primer containing mismatched nucleotides to be mutated in the centre of the primer.
The primers were phosphorylated prior to PCR amplification of the entire target plasmid. Dpnl was
then used to digest the parental Dam-methylated plasmid, before the linear PCR product was
circularised in a rapid ligation reaction. The plasmid was then transformed into E. coli cells, and the
resultant mutant plasmid was extracted and sequenced to ensure that the desired mutation was present.

The oligonucleotide primers were individually phosphorylated prior to PCR using T4
polynucleotide kinase (PNK) (Thermo Scientific, USA). Each reaction contained 125 pmol of
oligonucleotide primer, 2.5 pl of 10X reaction buffer A, 2.5 ul of 10 mM ATP (Sigma, USA)
and 1 U of T4 PNK (10 U/ ul) in a total volume of 25 pl. Phosphorylation was allowed to
proceed at 37 °C for 30 min before the reaction was terminated by heating to 75 °C for 5 min.
Each PCR reaction (50 pl) included 10 pl of 5X Phusion HF buffer, 200 uM dNTP mix, 0.5
UM of each phosphorylated non-overlapping forward and reverse primer, 0.1 ng of
pJetP1/P2/Hindlll-1 and 0.02 U Phusion Hot Start DNA polymerase (0.02 U/ul). Two-step
PCR cycling was performed using a SimpliAmp Thermal Cycler (Thermo Scientific, USA)
with the following conditions: 98 °C for 30 seconds; 25 cycles of 98 °C for 10 seconds and 72

°C for 4 min; and a final elongation step of 72 °C for 10 min.

To remove Dam-methylated parental plasmid DNA following PCR, 10 U of Dpnl (10 U/ul)
(Thermo Scientific, USA) was added directly to each reaction mixture. The PCR products were
circularised using T4 DNA ligase in a reaction containing 20 ng of Dpnl treated PCR product,
2 pl 5X Rapid Ligation Buffer, 0.5 pl T4 DNA ligase and ddHO to a final volume of 10 pl.
Reactions were incubated at 25 °C for 5 min before 10 pl was transformed into chemically
competent E. coli DH5a cells. Derived clones were grown in 10 ml LB supplemented with
ampicillin (100 pg/ml) at 37 °C overnight, and plasmids were extracted using the GeneJET
Plasmid miniprep Kit (Thermo Scientific, USA). Derived clones were sequenced (Ingaba

Biotechnical Industries (Pty) Ltd., Pretoria, South Africa) to confirm the presence of the desired
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point mutations. The mutated capsid-coding regions (P1-P2) of pJetP1/P2/HindIlI-1 were
digested with the endonucleases Kpnl and Kpn2l and cloned back into pGDVIIFL2 which was
digested with the same endonucleases. Each restriction reaction contained 1 pug of pGDVIIFL2
or mutant pJetP1/P2/HindIl1-1, 6 pl of 10X Multicore Buffer (Promega), 4 pl of Fast Digest®
Kpnl (Thermo Scientific, USA) and 20 U of Kpn2l (10 U/ul) (Thermo Scientific, USA) in a
total volume of 60 pl. The reactions were incubated using a SimpliAmp Thermal Cycler
(Thermo Scientific, USA) at 37 °C for 2.5 h before the reaction temperature was increased to
55 °C for 2 h. The 3 kb mutant inserts and 7.8 kb pGDVIIFL2 backbone were gel purified
using the Monarch® DNA Gel Extraction Kit (New England Biolabs) according to the
manufacturer’s instructions. The inserts were ligated back into the pGDVIIFL2 vector in
reaction mixtures containing insert to vector ratios of 3:1 (not exceeding 100 ng of total DNA),
2 ul 5X Rapid Ligation Buffer, 0.5 pl T4 DNA ligase and ddH0O to a final volume of 10 pl.
Reactions were incubated at 25 °C for 5 min followed by 4 °C overnight and were transformed
into chemically competent DH5a cells. Selected colonies were cultured, and plasmids were
extracted as described above. The P1 regions of the pGDVIIFL2/HindlIlI-1 mutants were
sequenced (Ingaba Biotechnical Industries (Pty) Ltd., Pretoria South Africa) to ensure that no

unwanted mutations were introduced during the mutagenesis or cloning procedures.

4.2.3. Production and transfection of infectious wild type and mutant TMEV
RNAs

4.2.3.1. Invitro synthesis of GDVII mutant RNA

Mutant or WT pGDVIIFL2/HindlI11-1 plasmids were each linearised by digestion with BamHI.
The digestion reaction mixtures contained 5 pg of plasmid DNA, 6 ul of 10X Buffer E and 30
U of BamHI (10 U/ul) (Promega) and were incubated at 37 °C for 2 h. Following the
incubation, 2 pl of each reaction mixture was analysed by 1 % [w/v] agarose gel electrophoresis

to confirm complete digestion of each plasmid. Linearised plasmids were gel purified using the
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Monarch® DNA Gel Extraction Kit (New England Biolabs), according to the manufacturer’s
instructions. The linearised recombinant plasmids were used as templates to synthesize T7
transcripts using the TranscriptAid T7 High Yield Transcription Kit (Thermo Scientific, USA),
according to the manufacturer’s instructions. For synthesis of transcripts, each reaction
contained 0.5 pg of linearised DNA template, 4 pl of 5X TranscriptAid Reaction Buffer, 8 ul
of ATP/CTP/GTP/UTP mix, 2 pl of TranscriptAid Enzyme Mix and DEPC-treated ddH20 to
a final volume of 20 ul. The reaction mixtures were incubated at 37 °C for 2 h. Following RNA
synthesis, the DNA template was removed by the addition of 4 U of RNase-free DNase | (1
U/ul) incubated at 37 °C for 15 min. To stop the reaction, 2 pl of 0.5 M EDTA, (pH 8.0) was
added and incubated at 65 °C for 10 min. The RNA transcripts were purified using the GeneJET
RNA Cleanup and Concentration Micro Kit (Thermo Scientific, USA) according to the
manufacturer’s instructions and RNA concentrations were determined using a Nanodrop ND-

1000 spectrophotometer (Thermo Scientific, USA).

4.2.3.2. Transfection of BHK-21 cells with wild type and mutant GDVII RNAs

In vitro transcribed RNA was transfected into BHK-21 cells using the TransFectin™ Lipid
Reagent (BioRad). Transfection mixtures comprising 50 pl serum free DMEM, 1 ug WT or
mutant viral RNA and 1 pl TransFectin™ Lipid Reagent were combined in nuclease-free
microcentrifuge tubes and were incubated for 30 min at RT. Medium was aspirated from 70-
80 % confluent monolayers of BHK-21 cells grown overnight in 24-well tissue culture plates.
300 pl serum-free DMEM was added into each well and transfection mixtures were added
dropwise. The cells were incubated at 37 °C with a 5 % influx of CO>. Following 6 h of
incubation, the transfection medium was removed and replaced with 500 pl complete DMEM
(5 % FCS, 1 % PSF). The transfected cells were monitored for signs of CPE every 12 h.

Following 96 hours post transfection (hpt) infected cells were aspirated and frozen at -80 °C.
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Where no CPE was observed, cells were passaged up to nine times on fresh BHK-21

monolayers.

4.2.4. Titration of replicating wild type and mutant TMEV by plaque assay

The number of resultant infectious virus particles following the transfection of cells with
infectious WT and mutant RNAs was determined as plaque forming units (PFU) per ml by
plaque assay. Eight 10-fold dilutions of WT and mutant transfected cell lysates were made in
serum-free DMEM. Confluent BHK-21 monolayers were washed with 1 x PBS (pH 7.4) and
0.2 or 0.05 ml of each virus dilution was added to individual wells of 6 or 24-well plates
respectively. Virus adsorption was allowed to proceed for 1.5 h at 37 °C with gentle agitation,
before the cells were washed with 1 x PBS and overlain with 3 or 1 ml of overlay solution [50
% DMEM, 1.25 % methocel, 60 mM NacCl] per individual 6 and 24-well respectively. The
cells were incubated for 48 h, or longer if no plaques were visible, before the cells were washed
with 1 x PBS and fixed with 4 % paraformaldehyde at RT for 20 min. Fixed cells were washed
with 1 x PBS and stained with Coomassie staining solution (45 % methanol, 45 % ddH-0O, 10
% glacial acetic acid and 0.002 % [w/v] Coomassie Brilliant Blue) for 1 h at RT. The number
of plaques was counted, and the titre of each virus was calculated in terms of PFU/ml of the
original stock, taking both the dilution factor and volume plated into account. Each plaque

assay was repeated in triplicate.

4.2.5. Hindlll restriction analysis of RT-PCR products

Viral RNA was extracted from the supernatants of the transfected cell lysates that exhibited
CPE, using the QlAamp Viral RNA Mini Kit (Qiagen, Germany), according to the
manufacturer’s instructions. The viral RNA was used as a template for the reverse-transcription
PCR (RT-PCR) of a 1124 bp product spanning the coding sequences of the Leader, VP4 and
VP2 proteins. cDNA synthesis was performed using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific, USA) as per the manufacturer’s instructions. Each 20 pl
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cDNA synthesis reaction contained 0.5 pg of total viral RNA, 4 ul of 5X Reaction buffer, 2 pl
10 mM dNTP Mix, 200 U RevertAid M-MulV Reverse Transcriptase (200 U/ul) and 20 pM
of the VP2NU-Rev reverse primer (5 TTGCGCAAGCACAGTTTCG) that recognises the last
19 bp of the sequence encoding the VP2 capsid protein (Figure 4.4 D). The reaction was
incubated at 42 °C for 1 h, before the reaction was terminated by heating to 70 °C for 5 min.
The resultant cDNA was used as a template for PCR using the Q5® High-Fidelity PCR Kit.
PCR reactions contained 5 pl cDNA template, 1.25 pl of 10 uM L/VVP4-For forward primer (5'
GACGATGACGTCTTCTGGCCTTC) recognising 23 bp in the centre of the L protein (Figure
4.4 D), 1.25 pl of 10 uM VP2NU-Rev reverse primer and 12.5 pl Q5® High-Fidelity 2X Master
Mix in a total reaction volume of 25 pl. PCR cycles included an initial denaturation step at 98
°C 30 seconds, followed by 25 cycles of: denaturation at 98 °C for 10 seconds, annealing at 62
°C for 30 seconds and elongation at 72 °C for 1 min, and a final elongation step at 72 °C for 5
min. Thermocycling was performed using a SimpliAmp Thermal Cycler (Thermo Scientific,

USA).

Resultant L-VVP4-VP2 RT-PCR products were subjected to restriction digestion using HindlIl.
Each reaction contained 3 pl PCR product, 3 pl 10X Fast Digest® Green buffer and Fast
Digest® Hindlll enzyme (both Thermo Scientific, USA), in a total volume of 30 pl. The
reactions were incubated at 37 °C for 1 h before the DNA was analysed by 1 % agarose gel

electrophoresis.

4.2.6. SDS-PAGE and Western analysis

Equal volumes of transfected cell lysate were pelleted by centrifugation at 13 000 x g, pellets
were resuspended in 20 pl PBS and equal volumes were used for Western blot experiments.
SDS-PAGE and Western analysis were carried out as described in section 2.2.5. Anti-capsid
(Upfold et al., 2018) and anti-2C (Jauka et al., 2010) antibodies were used to probe for TMEV
capsid proteins and the non-structural 2C protein, both at a dilution of 1:20 000.
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4.2.7. Immunofluorescence experiments

BHK-21 cells grown to 70 % confluency on glass coverslips were transfected with mutant and
WT viral RNAs as described above. Cells were fixed in 4 % paraformaldehyde for 20 min at
RT following 14 and 24 hpt. Following fixation, cells were rinsed twice in PBS and
permeabilised using permeabilisation buffer (PB) [10 % sucrose, 0.1 % Triton X- 100 in PBS]
for 20 min. Cells were blocked in PB containing 2 % BSA (Block) for 40 min at RT and
incubated with anti-TMEV capsid antibodies (1:20 000) (Upfold et al., 2018) generated in
chapter two, and mouse monoclonal anti-dsRNA (English & Scientific Consulting; 10020500)
(1:3000), diluted in block buffer for 1 h with gentle agitation. Cells were washed twice in PBS
containing 0.1 % Tween-20 and incubated with goat-anti-rabbit Alexa Fluor 488-conjugated
and goat-anti-mouse Alexa Fluor 546-conjugated secondary antibodies (Invitrogen, USA)
(1:500) for 30 min. Cells were washed three times, and 4',6-diamino-2 phenylindole
dihydrochloride (DAPI) (Sigma, USA) was added at a final concentration of 0.8 pg/ml in the
second wash step to stain the nucleus. The slides were mounted using Dako fluorescence
mounting medium (Dako Inc., USA) and stored at RT. The cells were visualised using an
Olympus BX60 fluorescence microscope (Olympus, Japan) equipped with a colour view
Olympus DP72 camera (Olympus, Japan), and images were analysed using CellSens Entry
software, version 1.9 (Olympus, Germany). The number of nuclei was quantified using ImageJ,
the number of infected cells was quantified visually. The percentage of infected cells was

calculated for three separate images generated from three separate transfections for each virus.

4.2.8. In-silico figure preparation, graph generation and statistical analysis
In-silico visualisation of the pentamer interfaces and image generation was performed using
PyMOL (Schrodinger, 2010). GraphPad Prism 8 was used to plot data and to perform statistical

analysis in conjunction with RStudio. Plasmid maps were generated in SnapGene®v.4.2.4.
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4.3. Results

4.3.1. Selection of hotspot residues for mutational analysis

Nine hotspot residues were selected for in vitro alanine scanning mutagenesis (Figure 4.3).
These residues include R61, Y62, Y63, T64, V95, L259 in the TMEV VP2 protein and Y148,
1150 and T194 in the VP3 protein. Three residues that form interactions across the pentamer
interface, but were not predicted as hotspot residues, were selected as non-hotspot (neutral)

controls. These residues include K18, G94 and D242 in the TMEV VP2 protein.
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| pGDVIl-Hindlll-1 |

Figure 4.3 Pentamer-pentamer interface hotspot residues selected for mutagenesis experiments.
A) Location of hotspot residues for alanine mutagenesis within the TMEV cDNA. B) Cartoon
representation of the TMEV pentamer-pentamer interface showing the residues selected for
mutagenesis. Residues coloured red indicate those that were predicted as hotspots, residues coloured

grey are interface residues that were selected as non-hotspot (neutral) controls.
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4.3.2. Alteration of the HindlI1 restriction site in TMEV VP2 does not impact

virus yield or protein synthesis
Following the generation of pGDVIIFL2-Hindlll-1, sequencing confirmed that site directed
mutagenesis had successfully altered the Hindlll restriction site (Figure 4.4 A). To demonstrate
that neither the loss of the Hindlll restriction site nor the mutagenesis procedure itself could
negatively affect the production or yield of TME virions, equal volumes of in vitro transcribed
WT and Hindlll mutant RNAs were transfected into BHK-21 cells. The onset of CPE was
clearly visible from 24 hpt, for both viruses, and Western analysis of 48-h transfected cell
lysates revealed the presence of similar levels of the non-structural 2C and structural capsid
proteins (Figure 4.4 B), indicating that viral protein expression was not disrupted in the
Hindlll-negative mutant. Plaque assays revealed no significant difference in virus titres
between the WT and mutant viruses (T-Test P value = 0.7105) (Figure 4.4 C), demonstrating
that the alteration of the Hindlll restriction site using the mutagenesis procedure did not affect

virus function or growth.

To confirm that the resultant TMEV virions were indeed a result of transfection with infectious
mutant RNA and not contamination of WT virions, viral RNA was extracted, and RT-PCR was
performed to amplify the L-VVP4-VP2 region of the WT and mutant TMEV genomes (Figure
4.4 D). Equal volumes of resultant PCR products were subjected to Hindll1 restriction digestion
which revealed different digest patterns as expected, confirming that the resultant virions were
mutant (Figure 4.4 E). Restriction of the Hindlll mutant resulted in a single 1124 bp band
consistent with failed cleavage due to removal of the restriction site, while two products of 536
and 588 bp were visible following digestion of the WT product, consistent with successful
Hindlll cleavage. pJetP1/P2/HindllI-1 was therefore used as a template for further mutagenesis

experiments.
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Figure 4.4 The Hindlll-1 control mutant behaves like wild type TMEV. A) The Hindlll
endonuclease restriction site in VP2 was altered by mutation of the second last thymine within the
palindromic site to guanine, using site directed mutagenesis. Sequencing of the pGDVIIFL2-HindllI-1
plasmid confirmed that mutagenesis was successful (the guanine substitution is highlighted in red), and
that no unwanted mutations were present. B) Western analysis of WT and HindlIl mutant transfected
cell lysates following 48 hpt. C) The yields of WT and Hindll1-1 control viruses in 48-h transfected cell
lysates were titred by plaque assay on BHK-21 cell monolayers. Error bars indicate standard deviation
(SD). D) Schematic view of the TMEV L-VP4-VP2 coding region amplified by RT-PCR. Following
transfection with equal concentrations of viral RNAs, total viral RNA was extracted from the infected
cell lysates and used as a template for RT-PCR of a 1124 bp region of P1, covering the L, VP4 and VP2
coding sequences. E) Hindlll restriction analysis of the 1124 bp RT-PCR product. To confirm that no
contamination of WT virus had occurred, RT-PCR products were subjected to restriction digestion
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using HindlI1l. The Hindll1-1 control mutant RT-PCR product was not successfully digested, confirming
that the resultant virus was the mutant control, while the fragment belonging to the WT virus was
cleaved by the endonuclease into two fragments of 536 and 588 bp as expected.

4.3.3. Monitoring cytopathic effect of mutant viruses

To examine the potential effects of the amino acid substitutions on virus infectivity, in vitro
transcribed mutant and WT TMEV RNA was transfected into BHK-21 cells (Figure 4.5 A).
CPE was not observed in any of the cells mock transfected with transfection mixtures lacking
viral RNA, demonstrating that none of the transfection reagents were toxic or induced the false
appearance of CPE. The onset of CPE was apparent in cells transfected with WT RNA at 24
hpt as expected, with 100 % CPE observed after 48 h. CPE was completely absent in cells
transfected with any of the nine hotspot-to-alanine mutants at all time points observed, and the
cell monolayers were comparable to those in the mock transfected control. The serial passage
of the mutant transfected cell supernatants on fresh BHK-21 cell monolayers did not lead to

the onset of CPE, even following nine passages.

Three residues, K18, G94 and D242 in VP2 that were also predicted to form interactions
between TMEV pentamers but were not predicted as hotspots, were individually mutated to
alanine as neutral controls. As observed in WT transfected cells, transfection of corresponding
control mutant RNAs induced CPE at 24 hpt, demonstrating that these alanine substitutions
had not disrupted virus infectivity. To confirm that the CPE observed in the K18A, G94A and
D242A mutant transfected cells was a result of infection with these mutant viruses and not
cross contamination with WT virus, mutant and WT viral RNA was extracted and RT-PCR
was performed, amplifying the 1124 bp fragment of the RNA genome spanning the L-VP4-
VP2 proteins. The resultant PCR products were subjected to restriction analysis using HindllI

(Figure 4.5 B). As expected, the WT virus was successfully cleaved into two
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Figure 4.5 Comparison of the cytopathic effects induced by transfection of hotspot mutant, non-
hotspot mutant and wild type TMEV RNAs. A) Following the transfection of individual mutant or
WT RNAs onto 70 % confluent BHK-21 cell monolayers, the cells were monitored for the appearance
of CPE at 24, 48 and 96 hpt. Transfections were performed in triplicate. B) Hindlll restriction analysis
of RT-PCR products generated from viral RNA that was extracted from transfected cell supernatants
following the onset of CPE.

fragments. Bands of 1124 bp were observed for K18A, G94A and D242A demonstrating that
Hindlll was not able to digest the PCR product, proving that the CPE observed was a result of

infection with these viruses and not due to cross contamination with WT virus.

4.3.4. The absence of CPE is a result of the loss of individual hotspot residues

and not defective viral RNA
To ensure that no unwanted mutations were introduced during the site directed mutagenesis
reactions or subsequent cloning of the mutant P1/P2 fragments back into the WT backbone, 6
of the hotspot-to-alanine mutant plasmids were randomly selected and sequenced from the
Kpnl to the Kpn2l restriction sites, between which the mutant P1/P2 fragments were re-inserted
(Figure 4.6). Sequencing revealed that the mutant inserts were in frame with the rest of the
TMEV ORF (Figure 4.6 A) and that no unwanted mutations were present in the mutant viruses.
Furthermore, replacement of the insert from one of the mutant plasmids with the WT insert
restored infectivity, as CPE was observed from 24 hpt following transfection with
corresponding RNA (Figure 4.6 B) and plaque assays demonstrated no significant difference
between the titres of the restored virus and the WT virus (T-test: P value = 0.8134). These
experiments confirmed that the lack of CPE in the hotspot-to-alanine mutants was not due to

unanticipated mutations in the TMEV cDNA.
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Figure 4.6 Controls to demonstrate that the lack of CPE was not due to defective mutant viral
RNA. A) Sequencing of the mutant pGDVII/H-1 plasmids revealed that the mutant inserts were in
frame with the TMEV ORF. To demonstrate that the pGDVIIFL2 backbone was not altered during the
generation of the mutants, the mutant insert from one plasmid was replaced with the WT fragment. B)
Transfection of the restored WT virus (RCWT) results in CPE. C) No significant difference in viral
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4.3.5. TMEV replication and viral protein synthesis are not inhibited by

substitution of the hotspot residues to alanine
Immunofluorescence analyses were carried out on the mutant RNA transfected cells firstly, to
exclude the possibility that the absence of CPE was a consequence of failed transfection, and
secondly, to examine whether the loss of the individual hotspot residues affected other aspects
of the TMEV lifecycle, including replication or protein synthesis. Equal concentrations of
mutant and WT RNA were used for transfections. At 14 and 24 hpt cells were
paraformaldehyde fixed before they were stained using the anti-capsid antibodies, and dsSRNA
monoclonal antibodies specific for replicating viral RNA (Figure 4.7). Cells that stained
positive for TMEV capsid proteins and dsSRNA were detected following the transfection of all
mutant and WT RNAs, indicating that the lack of CPE in mutant transfected cells (observed in
Figure 4.5) was not a result of failed transfections. Furthermore, this demonstrated that the
substitution of individual hotspot and non-hotspot (neutral) residues to alanine did not inhibit

TMEV replication or protein synthesis.

At 14 h post transfection, the percentage of TMEV infected cells was not significantly different
between the hotspot mutant viruses, non-hotspot (neutral) mutant viruses and the WT virus
(Figure 4.7). In all transfection experiments at 14 hpt, less than 3 % of the transfected cells
were positive for TMEV capsid protein or replicating RNA. At 24 hpt the number of TMEV
infected cells was markedly different between the hotspot mutants, WT and non-hotspot control
mutants. 76 % of the WT transfected cells were positive for TMEV, consistent with the
previous observation of CPE at 24 hpt (Figure 4.5). The number of cells positive for TMEV
capsid proteins or replicating RNA in cells transfected with hotspot mutant viral RNAs was
completely different to the WT transfected cells (Figure 4.7). No significant increase was

observed between 14 and 24 h for any of the hotspot-mutant viruses (Adjusted P-values are
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displayed following a Two-Way ANOVA and Turkey’s post hoc test in supplementary table

S5).

The number of TMEV positive cells transfected with non-hotspot (neutral) control virus RNA
increased in the same manner as the WT transfected cells. Statistical analysis demonstrated that
the number of TMEV positive cells was not significantly different between the three neutral
mutants and the WT virus (adjusted P-values available in supplementary table S5) and is
consistent with the pattern of CPE observed at 24 hpt in previous experiments (Figure 4.5).
This result demonstrates that substitution of the K18, G94 and D242 non-hotspot residues to
alanine did not disrupt the virus lifecycle and resulted in the generation of virions that could

infect neighbouring cells.
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Figure 4.7 Immunofluorescence analysis of cells transfected with mutant and wild type TMEV
RNAs. A) BHK-21 cells were transfected with 1 pg of WT or mutant viral RNAs and were analysed
by immunofluorescence at 14- and 24-h post infection, using polyclonal rabbit anti-TMEV capsid and
mouse monoclonal dsRNA primary antibodies. Primary antibodies were detected using species specific
Alexa Fluor 488 (green)- and 546 (red)-conjugated secondary antibodies respectively. Scale bars = 100
pum. B) The percentage of infected cells at 14 and 24 hpt represented in A. Error bars represent the SD
of three replicate images from three separate transfections (Supplementary Figures S9 & S10). A two-
way ANOVA followed by a Tukey’s post hoc analysis showed that there was no significant difference
between the number of infected cells at 14 hpt, that there was a significant difference between the
number of infected cells between the hotspot mutants and the non-hotspot (neutral) and WT viruses at
24 hpt, but that there was no significant difference between the number of infected cells in the non-
hotspot mutant and WT transfected cells (Table S5).

4.4. Discussion

The aim of this chapter was to assess the importance of in-silico predicted hotspot residues at
the pentamer-pentamer interfaces of TMEV to virus infectivity, using an in vitro system. Nine
of the 24 interpentamer residues predicted as hotspots in chapter three were selected for
mutagenesis. These hotspots include amino acids R61, Y62, Y63, T64, V95 and L259 in VP2,
and Y148, 1150 and T194 in VP3. The rationale for selecting these residues was threefold;
firstly, these residues were found to be highly conserved in other genera and many correspond
to residues that have previously been shown or predicted to be important for capsid assembly
or stability in other viruses of the family. Secondly, the sidechains but not the mainchains of
the selected residues were predicted to be involved in the stabilising interaction. This is
important because substitution to alanine removes the residue’s sidechain but does not alter the
mainchain, thus, only hotspots forming stabilising interactions through their sidechains could
be analysed using this method. Thirdly, primers with appropriate melting temperatures could
be designed for mutation of these hotspots as they were not found in regions with high G-C

content.
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Three residues that form part of the interface but were not predicted to be important for
interface stability, were selected as non-hotspot residue (neutral) controls. These residues
include K18, G94 and D242 belonging to VP2. K18 and D242 sidechains form hydrogen bonds
with non-hotspot residues F19 and N71 in VP1 and VP3 across the pentamer interface
respectively. The sidechain of G94 is predicted to interact with the mainchain of R102 in VP2
via hydrogen bonds. Although R102 is predicted to be a hotspot (Chapter three, Figure 3.5),
the stabilising ionic interactions are predicted between the sidechains of R102 and E91 in the
VP2 protein of the opposing pentamer. G94 is conserved in the VP2 proteins of representatives
from the cardio-, aphtho-, entero- and senecavirus, but residues K18 and D242 are not

(Supplementary Figure S3).

Previous mutagenesis studies on TMEV have largely made use of overlap PCR as described
by Ho et al. (1989) to introduce point mutations into the cDNA of the virus (Basta and
Palmenberg, 2014; Finch et al., 2015; Murray et al., 2009; Pavelko et al., 2011). More recently,
a simpler strategy combining site directed mutagenesis PCR and directional subcloning has
been used to engineer mutations into the P1 coding regions of FMDV (Caridi et al., 2015;
Kotecha et al., 2018, 2015; Kristensen et al., 2017; Luna et al., 2009; Mateo et al., 2008, 2003;
Rincon et al., 2015), EMCV (Zhu et al., 2011) and TMEV DA (Bell et al., 2014; Stavrou et al.,
2010). This approach involves subcloning the P1 coding region of the virus into a smaller
vector, which is used as a template for PCR amplification of the entire plasmid, using the
QuikChange system (Stratagene) and a single pair of overlapping mutagenic primers.
Subsequently, the mutant insert is cloned back into the parental plasmid, yielding viral cDNA
containing the mutation of interest. Advantages of this method are that only one set of primers
is needed for a single PCR reaction and mutants can be engineered rapidly (Xia and Xun, 2017).
In this study, a similar approach was used in which the P1 and partial P2 sequences of TMEV

GDVII were subcloned into a smaller vector, yielding a 7.12 kb plasmid for site directed
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mutagenesis. Instead of the QuikChange system, the Phusion Site Directed Mutagenesis Kit
was used. Unlike the former system, phosphorylated back-to-back primers containing
mismatched nucleotides near the centre of one of the primers are used in an inverse PCR. The
resultant product is the linear PCR amplified plasmid that must be circularised before it is
transformed into E. coli. The resultant mutant insert is then removed from the mutant vector
and ligated into the parental plasmid, yielding the mutant viral cDNA. Using back-to-back or
partially overlapping primers has significant advantages compared to the completely
overlapping primers used in the QuikChange system. Firstly, non-overlapping primers reduce
the likelihood of primer-dimer formation during PCR. Secondly, partially overlapping or back-
to-back primers yield exponentially more product following PCR. Thirdly, the increased
concentration of PCR product improves the efficiency of downstream applications, including

transformation (Hemsley et al., 1989; Xia et al., 2015).

To demonstrate the viability of this approach for generating the mutant TMEV cDNAs, a
control mutant was generated in which the Hindlll restriction site was altered by mutation of
the second last thymine in the restriction motif to a guanine nucleotide. Sequencing of
pGDVII/HindllI-1 demonstrated that alteration of the Hindll1 site was successful. Transfection
of corresponding mutant and WT RNA revealed that neither the point mutation nor the
mutagenesis procedure itself affected TMEV protein synthesis or virus yield, confirming that
this method was appropriate for the generation of subsequent mutants. Furthermore, Hindlll
restriction analysis of RT-PCR products generated using RNA from resultant Hindl11-1 mutant
and WT virions produced different restriction patterns. This demonstrated that mutant and WT
RNA could be rapidly distinguished without DNA sequencing. The pJetP1/P2/Hindlll-1
plasmid rather than pJetP1/P2 was used as a template into which the individual alanine
substitutions were introduced, so that any mutant virions formed following transfection could

be rapidly distinguished from the WT virus.
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Transfection of the in vitro transcribed hotspot mutant RNAs into BHK-21 cells did not result
in the onset of CPE, even after 96 h post transfection. CPE, however, was observed upon
transfection of the non-hotspot (neutral) mutant control K18A, G94A and D242A RNAs, and
was consistent with that observed following transfection with WT RNA. Hindlll restriction
digest of resultant RT-PCR products demonstrated that the CPE observed was due to
transfection with the non-hotspot (neutral) mutant RNA and not contaminating WT virus.
Unlike other reports in similar studies, none of the hotspot-to-alanine mutants were able to
induce CPE following transfection of viral RNA. For example, Mateo et al. (2003) examined
the effects of alanine substitutions on residues involved in interactions between pentamers of
the FMDV capsid and found that 80 % of the residues were critical. Although the largest
proportion of the mutants could also not be recovered following electroporation with mutant
viral RNA, some of the mutants exhibited highly reduced viral titres and small plaque
phenotypes, while others acquired compensatory mutations or reversions that restored
infectivity of the mutant (Mateo et al., 2003). An important difference between the analysis
presented here and the study by Mateo and co-authors is that the TMEV interpentamer residues
mutated to alanine were already predicted as hotspots important for capsid formation and virus
stability, while Mateo and colleagues examined all possible amino acids involved in
interactions across the interface. This may explain why deleterious effects were observed
following substitution of each TMEV hotspot residue to alanine in this study, and why a
broader range of effects was observed for the FMDV mutants in the Mateo et al. (2003)

analysis.

One residue examined by Mateo and colleagues, T190, corresponds to the TMEV hotspot
residue T194. The authors found that only the WT FMDV genotype was present following
transfection of TL90A RNA, indicating that the residue had reverted to threonine. However, in

this study reversion of A194 to threonine was not observed. In a follow up study by Luna et al.
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(2009), the serial passage of many of the deleterious FMDV mutants generated by Mateo et al.
(2003) yielded virions with second-site substitutions that restored virus infectivity. In this
study, the passage of mutant transfected cell lysate did not result in the restoration of any of
the original residues, or the emergence of variants with additional mutations that could restore
infectivity, even following a series of nine passages. In the Luna et al. study, most of the
substitutions that restored virus infectivity in FMDV were found at the capsid interpentamer
interfaces and involved amino acids near to the originally substituted residue. However, the
TMEV hotspot residues analysed in this study are surrounded by and directly interact with
many other hotspot residues, thus, the non-specific mutation of these neighbouring hotspot
residues may have potentially compounded any deleterious effects instead of restoring virus
infectivity. Furthermore, the hotspot residues R61, Y62, Y63, T64 in VP2 and Y148 and 1150
in VP3 form part of an interacting hotspot sub-network within the interface. Any destabilising
effects from the substitution of one of these hotspot residues may have critically affected the
interacting partner residues in this network, potentially amplifying any destabilising effects at

the interface.

It was necessary to confirm that the absence of CPE was not due to failed transfections or
nonviable mutant RNAs. To this end, cells were transfected with equal concentrations of
mutant and WT RNAs and were examined in immunofluorescence experiments. At 14 hpt there
was no significant difference in the percentage of cells positive for TMEV capsid protein or
replicating RNA between the hotspot mutants, non-hotspot (neutral) mutants and WT
transfected cells in three replicates. At 24 hpt the percentage of cells positive for TMEV had
increased to numbers greater than 76 % in WT and non-hotspot (neutral) transfected
experiments, but the percentage of TMEV positive cells did not increase in cells transfected

with hotspot-mutant RNA, demonstrating that the virus lifecycle was disrupted. It is unlikely
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that differences in transfection efficiency contributed to the observed differences in CPE as the

number of TMEV positive cells was equal at 14 hpt.

The lack of CPE combined with the observation of similar numbers of TMEV positive cells at
14 and 24 hpt strongly suggests that the amino acid substitutions prevented completion of the
TMEV lifecycle and subsequent infection of new cells. A possible but unlikely explanation is
that the mutations could have disrupted viral protein synthesis. The residues that were
individually substituted to alanine are, however, situated away from the known picornavirus
polyprotein cleavage sites (Kristensen and Belsham, 2019; Palmenberg, 1990), and so it is
unlikely that polyprotein processing was affected. Furthermore, the detection of capsid proteins
using TMEV specific anti-capsid antibodies (Upfold et al., 2018), following the transfection of
mutant RNAs, demonstrated that the individual amino acid substitutions did not prevent viral
protein synthesis. A second explanation is that replication was affected by the residue
substitutions, however, the positive staining for dsRNA during immunofluorescence
experiments is consistent with the replicating RNA of positive sense RNA viruses such as
TMEV (Son et al., 2015; Weber et al., 2006), indicating that replication was not likely inhibited

in the mutants.

The interfaces between pentamers are the known sites of pore formation or dissociation,
required for genome release in the picornaviruses (Bostina et al., 2011; Buchta et al., 2019;
Tuthill et al., 2007; Wang et al., 2012a), but are also the sites of contact during the assembly
of pentamers into viral capsids. With this in mind, one of two possible explanations seem more
appropriate. Either substitution of these residues (i) prevented the assembly of stable capsids
inside cells or (ii) capsids did assemble but could not survive cell egress or the extracellular
environment due to decreased stability against dissociation, preventing the infection of new
cells. Despite the observation that capsid proteins were being synthesised in the mutant
transfected cells, it is plausible that their subsequent assembly into viable capsids was

130



Chapter 4

significantly affected by the substitutions. TMEV hotspot residue R61 corresponds to residue
R60 in FMDV that also abolished viral infection upon substitution to alanine (Mateo et al.,
2003). Using antibodies specific for folded protomers and the full capsid, the authors
demonstrated that assembly was likely affected by this residue change. Considering the
conservation of this residue in both viruses it is likely that TMEV capsid assembly may also
be affected by substitution of R61 residue in this study. Since these substituted residues are
located at the TMEV pentamer interfaces, it is likely that the stages of capsid assembly from
protomer folding to pentamer formation proceeded without disruption, but that the assembly
of pentamers into provirions was directly affected. Alternatively, the residue substitutions at
the pentamer interfaces could have resulted in the formation of capsids with significantly
reduced stability compared to the WT capsid. This is a highly plausible suggestion given that
substituted residues were predicted as hotspot residues important for capsid stability (chapter
three). These particles may have been more sensitive to stresses during cell egress or those
found in the extracellular environment, leading to premature dissociation and the prevention of
subsequent rounds of infection. Finally, it is unlikely that substitution of the hotspots affected
the TMEV lifecycle by preventing entry. Even if virions were capable of assembling into stable
capsids, the TMEV pentameric interfaces are located far away from residues demonstrated or
predicted to be involved in receptor binding (Hertzler et al., 2000; Jnaoui et al., 2002; Luo et
al., 1992; Upfold et al., 2018), thus it is unlikely that the lack of CPE was due to prevention of

mutant virions from binding to new cells.

In conclusion the overall aim of this study was to evaluate the importance of previously
predicted interpentamer hotspot residues to TMEV virus infection. Nine hotspot and three non-
hotspot (neutral) residues were selected and individually mutated to alanine, using a novel and
appropriate site directed mutagenesis system for this virus. Following the generation of the

mutant cDNAs, transfection of the corresponding hotspot mutant RNAs into susceptible cells
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demonstrated the importance of these residues to TMEV infectivity as no CPE was observed.
Immunofluorescence experiments indicated that the amino acid substitutions likely had no
effect on virus replication or protein synthesis. Further experiments are needed confirm
whether capsid assembly is disrupted by the residue substitutions or whether capsids are formed
that rapidly disassemble due to decreased stability against dissociation. Non-hotspot (neutral)
residues involved in interpentamer interactions were also mutated to alanine and had no effect
on viral function. Collectively the work presented in this chapter demonstrates that these

hotspot residues are important for the TMEV lifecycle.
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Chapter 5

The selection of TMEV GDVII virions
with increased thermal tolerance
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5.1. Introduction

The replication of picornaviruses is characterised by high mutation rates, resulting in
quasispecies populations that comprise highly similar but non-identical genomes, and is a
consequence of their error-prone nonproofreading RNA-dependent RNA polymerases
(Domingo, 1997; Domingo et al., 2012). Predisposition to rapid mutation has been a major
driving force in picornavirus evolution and has allowed virions to overcome a variety of
selection pressures (Domingo et al., 2008; Pfeiffer and Kirkegaard, 2005), resulting in the
continued emergence of antigenic variants (Reeve et al., 2016; Waman et al., 2014). Despite
this adaptability, picornavirus capsids have evolved under stringent and conflicting constraints;
the capsid must be strong enough to withstand dissociation in the extracellular environment,
but must not be so strong as to impede delivery of the genome to the host cell (Mateo et al.,
2003). These limitations combined with the requirements of an individual virus’s lifecycle have
resulted in the evolution of metastable capsids with different biophysical stabilities (Mateu,

2013; Scott et al., 2019; Yuan et al., 2017).

The thermostability of virus particles is an important consideration for the development of
stable vaccines. Picornavirus particles used as vaccine antigens are often susceptible to heat-
induced structural rearrangements that alter virus antigenicity, thereby preventing the induction
of appropriate immune responses following immunisation (Doel and Baccarini, 1981; Mateo
etal., 2008; Wang et al., 2013). VLPs and empty capsids are even less thermostable and rapidly
lose antigenic potency, which is a major obstacle to their development as vaccine candidates
(Adeyemi et al., 2017; Basavappa et al., 1994; Fox et al., 2017; Kotecha et al., 2015).
Identifying the genetic basis of improved thermal tolerance would not only provide a better
understanding of picornavirus capsid assembly, genome uncoating and capsid structure

(Rincon et al.,, 2014), but could inform the design of vaccine antigens with improved
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thermostability (Adeyemi et al., 2017; Kotecha et al., 2015; Mateo et al., 2008; Porta et al.,

2013).

Several approaches have been implemented to yield picornavirus particles with improved
stability. Authors have generated capsid particles or VLPs with improved thermal tolerance by
inspecting picornavirus crystal structures and introducing appropriate amino acid substitutions
that, for example, alter electrostatic interactions or introduce stabilising disulphide bonds
across pentameric interfaces of the capsid (Lopez-Arguello et al., 2019; Mateo et al., 2008;
Porta et al., 2013; Rincon et al., 2014). Alternatively, authors have employed in-silico
calculations to identify potential residue substitutions that would increase capsid stability
(Kotecha et al., 2015; Scott et al., 2017). More recently, authors have exploited the adaptability
of picornaviruses to various stresses to select virions with improved stability. Studies have
generated EV-71 and PV virions with improved thermal tolerance following the heating of
virus particles to non-physiological temperatures and passaging the remaining virions
(Adeyemi et al., 2017; Kelly, 2015). Few studies have examined the inherent thermostabilities
of cardioviruses. Although these viruses are not major human pathogens, understanding the
underlying genetic mechanisms that contribute to increased stability in these viruses may help

to advance the knowledge surrounding capsid structure and thermal tolerance within the family.

The overall aim of this study was to examine the thermal tolerance of TMEV GDVII by
recurrent passage of the virus following exposure to non-physiological temperatures, and to
elucidate the genetic basis for increased thermal tolerance in the resultant isolates. The first
objective was to assess the inherent thermostability of TMEV GDVII following the short-term
exposure of the virus to temperatures above 37 °C. The second objective was to select thermal
tolerant GDVII isolates by passaging the virus at 37 °C following exposure of the virus to

temperatures above 50 °C. The final objective was to identify and examine potential mutations
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within the P1 capsid encoding regions of the heat-selected isolates that contributed to increased

thermal tolerance.

5.2. Materials and Methods
An overview of the methodology used in this study to generate and assess TMEV GDVII

virions with improved thermal tolerance is given in Figure 5.1.

5.2.1. Cells and virus
BHK-21 cells were maintained as described in section 2.2.1. TMEV strain GDVII was used to

infect cells in all experiments, and virus stocks were prepared as described in section 2.2.1.

5.2.2. Short-term thermal inactivation assays

Thermal inactivation assays were performed as described by Adeyemi et al., (2017) with minor
adaption. 200 pl of WT virus or mutant virus stocks were heated to a range of temperatures
from 45 to 60 °C for 30 min using a SimpliAmp Thermal Cycler (Thermo Scientific, USA),
before the temperature was cooled to 4 °C for 5 min. The surviving virions were titrated by
plaque assay on BHK-21 monolayers grown in 24-well plates, as described in section 4.2.4. To

calculate the log reduction in virus titre the following formula was used:
Log Reduction = Log; (g)

To calculate the percentage reduction in virus titre the following formula was used:

(A—B) x 100
A

Percentage reduction =

Where: A is the number of plaque-forming virions prior to heat exposure, B is the number of

plague-forming virions post heat exposure.
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Assessment of the thermal tolerance of TMEV GDVII
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Figure 5.1 Flow diagram of the methodology to select TMEV GDVII isolates with improved
thermal resistance and to assess the underlying mutations that contribute to this improved
tolerance. The inherent thermal tolerance of TMEV was assessed using a short-term thermal
inactivation assay. TMEV isolates with improved resistance to 55 °C, 57 °C and 58 °C were selected
by continuous cycles of heat-exposure and passage of remaining virions. The selection of isolates with
improved tolerance to these temperatures was confirmed using short-term thermal inactivation assays.
Individual isolates within the three virus pools were plaque-purified. The P1 segments of these virions
were reverse-transcribed following virus RNA extraction, and sequencing was performed to identify
mutations within this capsid encoding region of the genome. The potential effects of the mutations on

the structure of the virus capsid were assessed by in-silico investigation.

5.2.3. Selection of virions with increased thermostability

WT TMEV GDVII stocks diluted to 2.8 x 10 PFU/ml in DMEM to a final volume of 200 pl
were used for the initial heat shock. This is approximately enough virus to infect a monolayer
of BHK-21 cells in a T25 cm? flask at a MOI of 1. The virus was heated to 52.5 °C for 30 min
in a SimpliAmp Thermal Cycler (Thermo Scientific, USA), before the temperature was
decreased to 4 °C for 5 min. The surviving virions were amplified on a monolayer of BHK-21
cells in a T25 cm? flask until CPE was observed. 200 pl of the crude infected lysate was heated
again to 52.5 °C. This cycle was repeated three times, after which the temperature was
increased to 55 °C for an additional seven heat passages. Following the passages and heat
exposure to 55 °C, 10 more passage cycles were completed at 57 °C and 58 °C in simultaneous
experiments. Where no CPE was observed, virus was amplified on another monolayer before
the heat shock was repeated. WT virus that was not heated was also passaged alongside every

cycle as a control.

5.2.4. Plaque purification of heat selected virions

A series of ten-fold dilutions of heat passaged virus was made in serum-free DMEM. Confluent
BHK-21 monolayers were washed with 1 x PBS (pH 7.4) and 0.05 ml of each virus dilution
was added to individual wells of a 24-well plate. Virus adsorption was allowed to proceed for
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1.5 h at 37 °C with gentle agitation, before the cells were washed with 1 x PBS and overlain
with 1 ml agarose overlay solution [DMEM containing agarose to a final volume of 1 %] per
individual well. The cells were incubated until individual plaques were visible ~48 hpi. Plaques
were carefully isolated and used to inoculate fresh BHK-21 monolayers grown in individual
wells of a 24 well plate. The cells were incubated until CPE was visible, and the infected cell

lysates were frozen at -80 °C as individual virus stocks.

5.2.5. RNA extraction and RT-PCR

Viral RNA was extracted from 140 pl of mutant virus stock using the QlAamp Viral RNA
Mini Kit (Qiagen, Germany), according to the manufacturer’s instructions. The viral RNA was
used as a template for the reverse-transcription PCR (RT-PCR) of two products spanning the
P1 region of the TMEV genome (Figure 5.2). The first 1124 bp product spanned the sequences
encoding the VP4 and VP2 capsid proteins, while the second larger product (1732 bp) included

the last 99 bp of the VP2 coding sequence, and the full sequences encoding VP3 and VP1.
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Figure 5.2 Schematic diagram of the strategy used to RT-PCR amplify the TMEV P1 capsid
encoding region of thermostable mutants. The P1 region was amplified as two overlapping products.

The first consisting of a 1124 bp product containing the VP4 and VP2 coding sequences, and the second
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a 1732 bp product encompassing the VP3 and VVP1 coding sequences. The products overlap by the last
99 bp of VP2.

cDNA synthesis was performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific, USA) as per the manufacturer’s instructions. Each 20 pl cDNA synthesis reaction
contained 0.5 pg of total viral RNA, 4 ul of 5X Reaction buffer, 2 pul 10 mM dNTP Mix, 200
U RevertAid M-MulV Reverse Transcriptase (200 U/ul) and 20 uM of either the VP2NU-Rev

reverse primer or the 2A-Rev reverse primer (Table 5.1).

Table 5.1 Primers used for RT-PCR of the TMEV P1 capsid encoding region.

Binding site  Product size

Primer Primer sequence 5 —3’ ingenome  (bp)
L/VP4-For GACGATGACGTCTTCTGGCCTTC 1701-1723
VP2NU-Rev AAATCTAGAGCTTGCGCAAGCACAGTTTCG 2795-2813 e
VP2-Mid-For TACGCCACCGGTTCTTCACCG 2715-2735

2A-Rev CTGGAATCCGGAAGGTGAGCAC 4425-4446 L2

The reactions were incubated at 42 °C for 1 h, before they were terminated by heating to 70 °C
for 5 min. The resultant cDNAs were used as templates for PCR using the Q5® High-Fidelity
PCR Kit (New England Biolabs). PCR reactions to a final volume of 50 pl contained 5 pl
cDNA template, 25 pl Q5® High-Fidelity 2X Master Mix and either 2.5 pl of 10 uM L/VP4-
For forward primer and 2.5 pl of 10 pM VP2NU-Rev reverse primer or 2.5 pl 10 uM VP2-
Mid-For forward primer and 2.5 pl of 10 uM 2A-Rev reverse primer. PCR cycles included an
initial denaturation step at 98 °C for 30 seconds, followed by 25 cycles of: denaturation at 98
°C for 10 seconds, annealing at 62 °C for 30 seconds and elongation at 72 °C for 1 min (VP4-
VP2 product) or 1.5 min (VP3-VP1 product), and a final elongation step at 72 °C for 5 min.
Thermocycling was performed using a SimpliAmp Thermal Cycler (Thermo Scientific, USA).

The resultant PCR products were sequenced (Ingaba Biotechnical Industries (Pty) Ltd.,
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Pretoria, South Africa) to identify mutations in the P1 capsid encoding region. Chromatograms

were analysed using SnapGene® software (GSL Biotech).

5.2.6. In-silico figure preparation, graph generation and statistical analysis

In-silico visualisation of the pentamer interfaces and image generation was performed using
PyMOL (Schrodinger, 2010). GraphPad Prism 8 was used to plot data and to perform statistical
analysis in conjunction with RStudio. To assess the effects of the individual mutations on
residue-residue interactions, the Protein Interactions Calculator (PIC) (Tina et al., 2007) was
used (Chapter three, 3.2.3). TMEV PDB files containing the individual mutations for PIC
analysis were prepared using the mutagenesis wizard embedded in PyMOL. To assess the
effect of the individual mutations on the binding free energy of the protomer/pentamer complex

by in-silico analysis, the BeAtMuSiC webserver (http://babylone.ulb.ac.be/beatmusic/)

(Dehouck et al., 2013) was used. BeAtMuSIC predicts the changes in binding free energy of a
protein complex induced by specific point mutations, using a coarse-grained approach. An
increase in the binding free energy (kcal/mol) indicates that a specific mutation stabilised the
complex. The hotspot status of only the substitutions located within interfaces between

proteins, protomers or pentamers were assessed as previously described (3.2.2.1), using the

ROBETTA webserver (http://www.robetta.org/alascansubmit.jsp) (Kortemme et al., 2004). To
analyse the hotspot status using alanine scanning in ROBETTA, protomer/pentamer complexes
containing the individual interfacial mutations were prepared using the embedded mutagenesis

wizard in PyMOL.

5.3. Results

5.3.1. Thermostability of the TMEV GDVII capsid
The thermal tolerance of WT TMEV GDVII was assessed by heating the virus to a range of
temperatures for 30 min. The remaining virus was titrated by plaque assay and is shown in

Figure 5.3. Virus was incubated at 37 °C as a control. Heating to 45 °C significantly decreased

141


http://babylone.ulb.ac.be/beatmusic/
http://www.robetta.org/alascansubmit.jsp

Chapter 5

the virus yield by 3 logs (99.9 %), however, complete inactivation was only observed following
exposure to 55 °C. A temperature of 52.5 °C reduced the virus titre by 6 logs or 99.9999 %,
and was the temperature chosen for initial rounds of heat-selection. This was followed by 7
further cycles of heat-exposure at 55 °C. The TMEV virus pool selected at 55 °C was then

subjected to further rounds of heat-selection at 57 °C and 58 °C in simultaneous experiments.

10
E 8-
S 3 \
T -
%

s 63
o -
\_IJ -
L 4
E ]
= 27
> 3

0 l :: l L) l L l
37 45 50 55

Temperature (°C)

Figure 5.3 Thermal tolerance of TMEV GDVII. WT GDVII virus stocks were heated to a range of
temperatures for 30 min and cooled to 4 °C. The surviving virions were titrated by plaque assay on
BHK-21 cells. (n=3. Error bars indicate SD).

5.3.2. Thermal tolerance of heat-selected virions

The ability of the heat-selected isolates to withstand a range of temperatures was assessed using
a thermal inactivation assay. Following exposure of the mutant viruses to various temperatures,
the remaining infectious virions were titrated by plaque assay (Figure 5.4). No virus could be
recovered following the heating of the passaged WT TMEYV to 55 °C, 57 °C and 58 °C. The

heat-selected viruses were more tolerant and could be recovered following exposure to higher
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temperatures. There was no significant difference between the titres of TMEV selected at 55
°C (TMEV R55 °C) and the WT passaged virus following exposure to the control temperature
of 37 °C (P = 0.1848). Unlike the WT virus, TMEV R55 °C was not inactivated following
exposure to 55 °C. However, a 1.6 log reduction in the titre of TMEV R55 °C was observed,
yielding approximately 3.7 x 10® PFU/mI. Following exposure to 57 °C, TMEV R55 °C
decreased substantially by ~4 logs, but the virus was only inactivated after heating to 58 °C.
Following exposure to 37 °C, the titres of TMEV R57 °C and TMEV R58 °C were significantly
reduced from WT and TMEV R55 °C (P < 0.005), but not each other (P = 0.0088). A
temperature of 55 °C did not significantly reduce the yield of these two viruses, and the titres
of the three heat-selected viruses were similar following incubation at this temperature (P >
0.005). Following exposure to 57 °C, the titre of TMEV R57 °C decreased by 0.3 logs (59 %),
while the titre of TMEV R58 °C only decreased by 0.1 logs (21 %). There was no significant
difference between the TMEV R57 and R58 °C virus titres following exposure to 57 °C (P =
0.5390). Incubation at 58 °C substantially reduced the yield of TMEV R57 °C, and the virus
was completely inactivated after heating to 60 °C. Following exposure to the same temperature,
the titre of TMEV R58 °C decreased by 0.9 logs (89 %) but was significantly higher than the
titres for the other viruses (P < 0.005). Heating to 60 °C completely inactivated TMEV R58

°C.
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Figure 5.4 Thermal-tolerance assay of heat-selected TMEYV isolates. TMEV GDVII isolates selected
at 55 °C (TMEV R55 °C), 57 °C (TMEV R57 °C), and 58 °C (TMEV R58 °C) were incubated at 37,
55, 57 and 58 °C for 30 min and immediately cooled to 4 °C. The remaining virus was titrated by plaque

assay on monolayers of BHK-21 cells. (n=3. Error bars indicate SD).

5.3.3. Identification of underlying mutations following thermal selection

To identify potential mutations that evolved during heat-selection, the entire P1 capsid
encoding regions of plaque-purified TMEYV isolates were sequenced. In total, 7 amino acid
substitutions were identified and are presented in Table 5.2. Four separate plaque-purified
virions derived from each temperature pool were sequenced. Three of the four 55 °C selected
isolates shared the same amino acid substitutions (R55 °C 1), while the fourth contained the
same mutations but also an additional substitution (R55 °C 2). The four plaque-purified R57
°C isolates shared the same amino acid substitutions. This was also observed for the isolates
plague-purified from the R58 °C virus pool. Collectively, two amino acid substitutions were
found in VP1, one in VP2, three in VP3 and one in VP4. WT TMEYV that had been passaged
without heat exposure was also sequenced, and no mutations resulting in amino acid changes

were present.
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Table 5.2 Amino acid substitutions within the capsid coding regions of TME virions with
increased thermal tolerance

Virus Amino acid substitution(s)

55°C 1 A201V; E262K; D216N

2 V1411, A201V; E262K; D216N

57°C 1 A201V,; E262K; A96T, D216N; M66T

58°C 1 A201vV,; V114l, D216N

Table 5.2. Mutations are coloured according to the protein in which they are located. VP1
(Blue), VP2 (Cyan), VP3 (Salmon), VP4 (Green).

The individual mutations were mapped onto the structural model of the TMEV pentamer
(prepared in chapter three) using PyMOL (Figure 5.5), which revealed that five of the residues
were surface exposed, while the remaining mutant residues were buried beneath the surface.
Two substitutions A201V and D216N in VP1 and 3 respectively, were present in all of the
mutant P1 regions sequenced. Mapping of the mutant residues to the TMEV crystal structure

revealed that both residues were present within the interprotomer interfaces.
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Figure 5.5 Positions of the individual mutations in the TMEV pentamer. Red coloured mutations
are those found in all mutants sequenced. The front view of the pentamer is shown on the left, the
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reverse view of the pentamer is shown on the right. Capsid proteins are coloured: navy blue-VP1; cyan-
VP2; salmon-VP3 and green-VP4.

Amino acid substitution A201V within VP1

Residue A201 is buried within the intraprotomer interface between VP1 and VP2 (Figure 5.6
A) and interacts with VP2 M178 through hydrophobic interactions. Furthermore, A201 is
predicted to form intraprotein hydrophobic interactions with the adjacent residues A200 and
W202 (Figure 5.6 A). Predictive modelling of the A201V substitution, and subsequent analysis
of the mutant protomer revealed that the hydrophobic interactions established between A201
and partner residues are not altered upon substitution to valine (Figure 5.6 B). It was previously
found that A201 was a non-hotspot residue and was therefore not energetically important for
capsid stability (Chapter three, Figure 3.3). In-silico analysis following substitution to valine
indicated that the residue substitution increased the binding free energy and likely increased
the stability of the protomer. Moreover, in-silico alanine scanning of the protomer following
introduction of the valine mutation revealed that the residue was now considered a hotspot that

was important for the stability of the protomer.
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Figure 5.6 Location of the mutation A201V within the VP1 protein at the VP1-VP2 intraprotomer
interface and interactions between this residue and neighbouring residues within the protein and
protomer. A) Wild type TMEV cartoon of the protomer showing interactions between A201 and
partner residues. B) Mutant TMEV cartoon of the protomer showing interactions between V201 and
partner residues. VP1 is shown in navy blue, VP2 is coloured cyan. Solid black lines indicate hydrogen
bonds, thin dashed purple lines indicate hydrophobic interactions between residues of the same protein
and thick dashed purple lines indicate hydrophobic interactions between residues belonging to different

proteins within the protomer.

Amino acid substitution D216N within VP3

Amino acid substitution D216N (VP3) is located at the VP3-VP1 intraprotomer interface.
Unlike A201, this residue is not buried, and is instead exposed to the interior surface of the
capsid (Figure 5.7 A and B). Interaction analysis revealed that D216 forms intraprotomer
mainchain-mainchain and mainchain-sidechain hydrogen bonds with residues D13 and N12
(both VVP1) respectively. Furthermore, the analysis revealed that the negatively charged D216
forms ionic interactions with the positively charged K25 VP1 residue (Figure 5.7 C). Following
substitution of the negatively charged aspartate residue to the neutral asparagine, the ionic
interactions are abolished but the hydrogen bonds between the D13 and N12 VP1 residues are

maintained (Figure 5.7 D). Furthermore, an additional sidechain-sidechain hydrogen bond is
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formed between the two asparagine residues (N216 and N12). D216 was not previously
predicted to be a hotspot residue and was also not predicted to interact with any hotspot residue
(Chapter three, Figure 3.3). In-silico analysis following substitution of D216 to asparagine
revealed no change in the binding free energy of the complex, suggesting that the mutation did
not increase the stability of the protein-protein interface within the protomer. Computational

alanine scanning mutagenesis confirmed that the mutant residue remained a non-hotspot.

Figure 5.7 Location of the mutation D216N within the VP3 protein at the VP3-VP1 intraprotomer
interface and interactions between this residue and neighbouring VP1 residues within the
protomer. A) Internal surface view of the wild type TMEV protomer showing surface exposed D216.
B) Internal surface view of the mutant TMEV protomer showing surface exposed N216. C) Cartoon of
the VP3-VP1 interface showing the wild type residue D216 and the interactions formed between this
VP3 residue and partner VP1 residues. D) Cartoon of the VP3-VP1 interface showing the mutant
residue N216 and the interactions formed between the mutant VP3 residue and neighbouring VP1
partner residues. Capsid proteins are coloured: navy blue-VP1; cyan-VP2; salmon-VP3 and green-VP4.

Red coloured residues are negatively charged, yellow coloured residues have neutral charge. Solid black
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lines indicate mainchain-mainchain and mainchain-sidechain hydrogen bonds. Thick dashed lines
indicate ionic interactions between positive and negatively charged residues. Triple lines indicate
hydrogen bonds formed between residue sidechains.

Amino acid substitution E262K within VP2

The amino acid substitution E262K within VP2 was observed in TMEV R55 °C and R57 °C
mutants but not those isolated from the R58 °C pool. E262 is located at the interpentamer
interface between two VP2 proteins and forms part of an alpha-helix. Analysis of electrostatic
interactions using PyMOL revealed that substitution of the negatively charged glutamate to the
positively charged lysine increased the overall positive charge of the two-fold interface (Figure
5.8 A and B). The two alpha-helices at the two-fold axis run in opposite directions and are
adjacent to each other. This allows E262 to form ionic interactions with two R101 residues,
one across the two-fold axis belonging to the opposing VP2 protein, and the other within the
same VP2 protein (Figure 5.8 C). Furthermore, mainchain-mainchain hydrogen bonds are also
formed between the E262 and R101 residues within the same protein. Interaction analysis
following substitution to lysine revealed that the ionic interactions between R101 residues are
abolished, instead residue K262 forms ionic interactions with E91 across the interface (Figure
5.8 D). E262 was not previously recognised as a hotspot residue (Chapter three, Figure 3.5),
and in-silico analysis following substitution to lysine revealed no change in the binding free
energy of the complex, suggesting that the mutation did not directly alter the stability of the
pentamer interface. Furthermore, in-silico alanine scanning mutagenesis of the K262 mutant
protomer suggested that the neighbouring hotspot, R102 (Chapter three, Figure 3.5), became a

non-hotspot, while residue H103 became a hotspot.
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Figure 5.8 Location of the mutation E262K within the VP2 protein at the VP2-VP2 interpentamer
two-fold interface and interactions formed between this mutant residue and neighbouring
residues within the protein and across the interface. A) Electrostatic potential of wild type virus
showing charge distribution at the two-fold axis. B) Electrostatic potential of mutant virus showing
charge distribution at the two-fold axis following in-silico mutation of E262 to lysine. Electrostatic
potential was calculated using the APBS plugin embedded within Pymol. The colouring represents
positive charge (blue), negative charge (red) and neutral (white). C) Cartoon view of the two-fold
interface showing the wild type E262 residue (\VP2) and the interactions formed between this residue
and partner residues of the same VP2 protein and the VP2 protein belonging to the opposing pentamer.
D) Cartoon view of the two-fold interface showing the mutant K262 residue (VVP2) and the interactions
formed between this residue and partner residues of the same VP2 protein and the VP2 protein
belonging to the opposing pentamer. Solid black lines indicate mainchain-sidechain hydrogen bonds
and black dashed lines indicate ionic interactions formed between residues of opposing charges. VP2
is coloured cyan. Red residues indicate those with negative charge, blue residues indicate those with

positive charge. Other residues of interest with no charge are coloured green.
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Amino acid substitution V1411 within VP1

Amino acid substitution V1411 in the VP1 protein was only observed in one of the heat-selected
mutants isolated following repeated exposure to 55 °C. This residue is located near to the five-
fold axis when the pentamer is assembled but is not located at an interface. V141 was predicted
to form intraprotein contacts within VVP1 alone. The analysis revealed that mainchain-
mainchain hydrogen bonds are formed between V141 and two glycine residues at positions
139 and 179, and that hydrophobic interactions are formed between V141 and residues A135
and 1177 (Figure 5.9 A). Predictive modelling of the 1141 mutant combined with interaction
analysis suggested that substitution to isoleucine did not alter any of the interactions (Figure
5.9 B). Furthermore, in-silico analysis suggested that the substitution did not alter the binding
free energy of the protomer complex and thus did not likely improve the stability of the

protomer subunit.

Figure 5.9 Location of the mutation V141l within the VVP1 protein near the five-fold axis and
interactions formed between this residue and neighbouring residues within the same protein. A)
Cartoon view of the wild type VVP1 protein showing the V141 residue near the five-fold axis. B) Cartoon

view of the mutant V1411 VP1 protein showing the 1141 residue near the five-fold axis. The VVP1 protein
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is coloured blue. Hydrophobic residues are coloured purple. Solid black lines indicate mainchain-
mainchain hydrogen bonds between neighbouring residues within the same protein. Purple dashed lines
denote hydrophobic interactions formed between residues within the same protein.

Amino acid substitution A96T within VP3

The amino acid substitution A96T in VP3 was unique to one of TMEV R57 °C mutants. A96
is located within an alpha-helix of the VP3 protein at the bottom of the putative receptor binding
pit (Figure 5.10). Interaction analysis revealed that A96 forms a single mainchain-mainchain
hydrogen bond with S93 in the same VP3 protein (Figure 5.10 A). Predictive modelling and
interaction analysis of the threonine substitution suggested that additional hydrogen bonds
were formed with the adjacent VP3 residues T90 and S93 (Figure 5.10 B). In-silico analysis
suggested that substituion to threonine did not alter the binding free energy of the protomer
complex. A96 is located next to the residues V98 and R100 that were previously predicted as
hotspots (Chapter three, Figure 3.3). Although A96 is not an interfacial resiude, in-silico
alanine scanning was performed on the TMEV protomer to assess the status of the
neighbouring hotspot residues, and indicated that no change had occurred. Finally, because
threonine introduced a sidechain beyond the B-carbon, the surface depth of protomers pre and
post substitution were analysed in Pymol. This suggested that the sidechain of threonine
protruded further to the surface, creating a slightly shallower pocket within the pit than the WT

alanine residue (Figure 5.10 C-F).
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Figure 5.10 The location of the A96 T mutation within the VP3 protein at the base of the putative
TMEV receptor binding site. A) Cartoon diagram of the wild type VP3 alpha-helix at the base of the
putative receptor binding site showing wild type residue A96 and the interactions formed between this
residue and partners within the same protein. B) Cartoon diagram of the mutant VVP3 alpha-helix at the
base of the putative receptor binding site showing the mutant T96 residue and the interactions formed
between this residue and neighbouring residues within the same protein. Solid black lines indicate
mainchain-sidechain hydrogen bonds, while black dashed lines indicate sidechain-sidechain hydrogen
bonds. C) surface view of the pocket within the receptor binding pit showing the A96 wild type residue
(shown in red). D) Surface depth cue of the surface of the wild type receptor binding pit. E) Surface
view of the pocket within the receptor binding pit showing the mutant T96 residue (shown in red). F)
Surface depth cue of the surface of the mutant T96 receptor binding pit. In cartoon and surface view
diagrams VP1, VP2, VP3 and VP4 are coloured blue, cyan, salmon and green respectively. A96T

residues are coloured red. Other VP2 residues of interest are highlighted in orange or yellow.
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Amino acid substitution M66T within VP4

Following thermal selection, M66T was the only amino acid substitution observed within the
VP4 protein and was unique to TMEV R57 °C. M66 is located at the surface of the protomer
and is oriented internally within the capsid (Figure 5.11 A and B). Although the residue is
located close to the two-fold axis, it is not predicted to interact with residues belonging to the
adjacent pentamer. M66 forms mainchain-mainchain hydrogen bonds with residue A64 within
the same VP4 protein and hydrophobic interactions with residue V17 belonging to VP1 within
the same protomer (Figure 5.11 C). Analysis of the interactions formed upon substitution from
the hydrophobic methionine to the neutral threonine revealed that while the mainchain-
mainchain hydrogen bonds were unaltered, the hydrophobic interactions between this residue
and V17 were abolished (Figure 5.11 D). No change in the binding free energy of the protomer
complex was predicted upon substitution of M66 to threonine, suggesting that the mutation did
not increase the stability of the protein-protein interface within the protomer. Computational

alanine scanning mutagenesis confirmed that the substituted residue remained a non-hotspot.
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Figure 5.11 The location of the mutation M66T within the VP4 protein at the VP4-VP1
intraprotomer interface of the TMEV protomer. A) Internal surface view of the TMEV protomer
showing the M66 wild type residue. B) Internal surface view of the mutant TMEV protomer showing
the T66 mutation. C) Cartoon view of the VP4-VP1 interface at the internal surface of the TMEV wild
type protomer. The wild type M66 residue is highlighted in yellow and interactions between residues
in the same protein and those in the adjacent VVP1 protein are indicated. D) Cartoon view of the VP4-
VP1 interface at the internal surface of the TMEV mutant protomer. The mutant T66 residue is
highlighted in yellow and interactions formed between partner residues are indicated. VP1-VP4 are
coloured as blue, cyan, salmon and green/grey respectively. Mainchain-mainchain hydrogen bonds
between residues of the same protein are indicated by black dotted lines. Hydrophobic interactions are

indicated by three dashed purple lines.

155



Chapter 5

Amino acid substitution V1141 within VP3

The substitution V1141 in VP3 was the only unique mutation in the R58 °C mutant pool. V114
is buried within the intraprotomer interface between VP3 and VP1. Analysis of residue
interactions revealed that V114 forms mainchain-mainchain hydrogen bonds with residue T116
and hydrophobic interactions with residue L112 (both in the same VP3 protein) (Figure 5.12
A). Furthermore, V114 forms hydrophobic interactions with A5 from the VP1 protein within
the same protomer. Analysis of interactions upon substitution of V114 to isoleucine suggested
that none of the interactions are altered, but that an additional hydrophobic interaction is formed
with the neighbouring VP2 1193 residue across the VP3-VP2 interface (Figure 5.12 B).
Assessment of the binding free energy post substitution suggested that the amino acid
replacement did not alter the binding free energy of the protomer. Previously, V114 was
predicted as a hotspot residue (Chapter three, Figure 3.3), computational alanine scanning of
the 1114 mutant protomer revealed that the residue remained a hotspot post substitution.
Additionally, in-silico alanine scanning suggested that in the WT protomer residue 1193 is not
a hotspot, but upon mutation of V114 to isoleucine and the establishment of hydrophobic

interactions with 1193, it becomes an energetically important hotspot to the VP3-VP2 interface.
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Figure 5.12 The location of the V1141 mutation within the VP3 protein at VP3-VP1 intraprotomer
interface. A) Cartoon diagram of the wild type intraprotomer interface showing the V114 wild type
residue and interactions formed between this residue and partners belonging to the same VP3 protein
and the neighbouring VP1 protein in the same protomer. B) Cartoon diagram of the mutant
intraprotomer interface showing the 1114 mutant residue and the interactions formed between this
residue and adjacent residues within the same protein, as well as partner residues in the neighbouring
VP1 and VP2 proteins within the same protomer. V1141 residues are highlighted in purple. VP1, VP2,
VP3 and VP4 are coloured blue, cyan, salmon and green respectively. Black solid lines denote

mainchain-mainchain hydrogen bonds, purple dashed lines indicate hydrophobic interactions.

5.4. Discussion

The aim of this chapter was to improve the thermal tolerance of TMEV GDVII through natural
selection and continued exposure of the virus to non-physiological temperatures. To examine
the inherent thermal tolerance of WT GDVII, the virus was heated to a range of temperatures
between 45 and 60 °C. Following exposure to 45 °C the virus titre decreased dramatically by
~3 logs or 99.9 %. Thereafter, the virus titre decreased approximately 10-fold with every 2.5
°C increase in temperature, until the virus was completely inactivated at 55 °C. Few studies
have directly examined the thermal sensitivities of cardioviruses (Speir, 1962). Two studies

assessed the long term stabilities of different TMEV strains at or slightly above physiological
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temperatures (33-39.8 °C) (Calenoff et al., 1990; Pritchard et al., 1992), and found GDVII to
be less temperature sensitive than the BeAn strain. A third study reported that GDVII also was
more stable than the DA strain following exposure of the virus to 42 °C for 5 min (McCright
et al., 1999). Previous studies have not, however, reported the thermal sensitivity of TMEV
GDVII over a range of non-physiological temperatures. In this study, the temperature that
initially reduced the yield of TMEV by 99.9 % (45 °C) was much lower than the temperatures
of 51 °C and 50 °C observed to reduce titres of PV-1 (Adeyemi et al., 2017) and EV-71 (Kelly,
2015) by 99.9 % in similar studies. Despite this difference, TMEV was inactivated at 55 °C
while PV-1 and EV-71 were reported to be completely inactivated at lower temperatures of 52
°C and 53 °C respectively (Adeyemi et al., 2017; Kelly, 2015). It must be noted that the
temperature at which complete inactivation of TMEV occurred may be within the range of 52.5

and 55 °C, as temperatures between these points were not evaluated in this study.

To generate thermostable particles in previous studies, Adeyemi et al. (2017) and Kelly (2015)
heated PV-1 and EV-71 to temperatures that reduced the virus by 99.9 % for initial cycles of
heat selection. In this study, it was decided to use 52.5 °C which reduced TMEV titres by
99.9999 % but did not completely inactivate the virus. Following seven additional cycles at 55
°C and ten more cycles at 57 °C and 58 °C in separate experiments, three virus pools were
derived (TMEV R55 °C, TMEV R57 °C and TMEV R58 °C). As anticipated these viruses
could tolerate the temperatures to which they had been repeatedly exposed. Virus titres between
the WT virus and TMEV R55 °C mutants were similar following heat exposure to the control
temperature of 37 °C. However, the virus titres of TMEV R57 and R58 °C after exposure to 37
°C were substantially lower. This finding suggests that adaption of the virus to higher
temperatures may have attenuated virus growth or another aspect of the virus lifecycle leading
to lower yields and is consistent with previous studies that have also observed improved

thermal tolerance at the expense of other aspects of the virus lifecycle. For example, McCright
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et al. (1999) demonstrated that introduction of the amino acid substitution T81D into the DA
VP1 protein yielded a mutant with increased thermostability at 42 °C, but with a slower
replication cycle. Similarly, Hertzler et al. (2000) generated a panel of BeAn mutants
containing mutations in the putative receptor binding pit, and found that some of the mutants
exhibited increased thermostability at 40 °C, but had reduced receptor binding and delayed
replication kinetics. More recently, FMDV mutants with attenuated virus growth or reduced
plaque size were observed among a panel of engineered virions with increased thermal
tolerance. The authors speculated that this trade-off was due to delayed uncoating and
replication (Scott et al., 2017). It is possible that some of the mutations within P1 that imparted
improved thermal tolerance to the capsid may have had deleterious effects on the virus
lifecycle. However, potential mutations within the P2 or P3 regions of these viruses that were

not sequenced may have also contributed to reduced virus titres.

To elucidate the genetic basis for improved thermal tolerance, the entire P1 capsid encoding
regions of plaque-purified virions were sequenced. The amino acid substitutions A201V in
VP1 and D216N in VP3 were observed in all mutants sequenced, indicating that these
mutations evolved during the early cycles of heat selection and were maintained in subsequent
virus populations with increased thermal resistance. Their presence in all succeeding mutants
strongly suggests that these substitutions were important for improving the tolerance of TMEV
particles to higher temperatures. A201 is located at the base of the VP1 FMDV loop and forms
interactions with residues within the same loop, as well as with residues of VP2 puff B. These
residues include W202 (VP1) and M178 (VP2) which were previously identified as hotspots
(Chapter three, Figure 3.3), and have been implicated in maintaining the conformation of these
loops under a broad range of pH conditions (Luo et al., 1992). Studies have shown that
disruption of these interactions leads to reduced loop stability and viral persistence (Zurbriggen

et al., 1989), but whether these loops also play an important role in maintaining the thermal
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stability of the TMEV capsid has not been investigated. Substitution of A201 to valine was not
predicted to alter any of these important interactions but was predicted to increase the binding
free energy of the intraprotomer interface, likely improving the overall stability of the VP1 and
VP2 loops but also the protomer. It is tempting to speculate that the conformation of these
loops could also be important for thermal stability of the capsid, and that substitution to valine
could increase the binding free energy substantially to improve the conformational rigidity of
the loops and reduce protomer dissociation at increased temperatures. However, this would

require further investigation.

The amino acid substitution D216N (VP3) is located within the VP3-VP1 intraprotomer
interface. Residue D216 in the WT virus is predicted to form ionic interactions with the
positively charged K25 residue belonging to VP1 as well as hydrogen bonds with VVP1 residues
N12 and D13. Substitution of the negatively charged aspartate residue to the neutral asparagine
(D216N) abolished ionic interactions between this residue and K25 as expected, although an
additional hydrogen bond was predicted between the N216 mutant residue and N12 sidechains.
Following the in-silico substitution of the residue to asparagine, no significant increase in the
binding free energy was predicted, suggesting that the mutation did not stabilise the protein-
protein interface within the protomer. D216N and K25 are exposed to the inside of the capsid.
The interaction of positive residues inside the capsid with the RNA genome can substantially
neutralise RNA charge and promote encapsidation of RNA during the assembly of ssSRNA
icosahedral viruses, as well as stability of the resultant virions (Carrillo et al., 2018; Shakeel et
al., 2017; Zhu et al., 2015). The identity and nature of capsid protein-RNA interactions remain
unknown for most picornaviruses. However, it was previously reported that electrostatic
interactions dominate contacts between capsid residues and the RNA-stem loop in Ljungan
virus (Zhu et al., 2015). Considering the internal position of D216N and K25 it is plausible that

substitution of aspartate to asparagine (D216N) and the subsequent loss of ionic interactions
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between the two residues may have allowed K25 to form strong ionic interactions with the
negatively charged viral RNA, thereby increasing stability of the capsid through RNA-protein

interactions instead of protein-protein interactions.

E262K in VP2 also evolved during the early cycles of thermal selection, as the substitution was
present in mutants following exposure to 55 and 57 °C, but not within the mutant populations
following exposure to 58 °C. Interestingly, E262K was the only amino acid substitution
observed at the pentamer interfaces following thermal selection. Previous studies have
revealed that the pentameric interfaces are far less tolerant to mutation than the intraprotomer
or interprotomer interfaces (Mateo et al., 2003; Rincdn et al., 2015), and may explain why
additional mutants with substitutions within these interfaces did not emerge. Substitution of
the negatively charged glutamate residue to a positively charged lysine, and the subsequent
rearrangement of ionic interactions across the interface increased the positive charge of the
two-fold axis. This alteration of charge dynamics may have affected the thermal tolerance
of the capsid, as recently Yuan et al., (2016) demonstrated that thermostable mutants can be
generated by altering the charge characteristics of the capsid proteins of EV-71. However,
it must be noted that the amino acid substitution itself was not predicted to increase the
binding free energy of the complex or alter the residue’s non-hotspot status, and thus did
not likely further stabilise the complex. This finding may explain why the substitution was

not maintained in the population of virions selected following exposure to 58 °C.

The amino acid substitution V1411 in the VP1 protein was unique to a single population of
virions that evolved following passage at 55 °C. This residue is located within the VVP1 protein
at a loop that protrudes to the five-fold axis. V141 was predicted to form interactions with
residues in the same VP1 protein alone and was not located at a protein interface. Following
the in-silico substitution of this residue to isoleucine, no alterations in interactions were
predicted. Furthermore, no change in binding free energy was observed in the protomer
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following the substitution, suggesting that the substitution did not alter stability of the protomer
or capsid. It is plausible that because the mutation did not provide any advantage, it was not

further maintained in TMEV 57 °C and 58 °C virion populations.

Two amino acid substitutions were unique to the P1 regions of 57 °C selected virions. One
substitution, A96T, was located at the bottom of the putative receptor binding pit. Although
this residue was predicted to only form interactions with neighbouring residues in the same
protein, substitution to threonine was predicted to increase the number of hydrogen bonds to
the adjacent S93 and T90 residues. This substitution was not predicted to result in a change in
the binding free energy of the protomer. Alanine residues lack sidechains past the f-carbon and
so the mutation to threonine introduced a sidechain (Betts and Russell, 2003). Surface depth
analysis in PyMol revealed that the substitution altered the pit by filling in the pocket and
making it slightly shallower. In PV and EV-71 mutants with improved thermostability,
mutations were also observed within the receptor binding pocket of these viruses (Adeyemi et
al., 2017; Kelly, 2015). In most enteroviruses these pockets are known to bind lipid moieties
known as pocket factors which stabilise the virus capsid (Baggen et al., 2018a). The amino acid
substitutions identified in the PV and EV-71 thermostable virions were predicted to increase
the size of the hydrophobic pocket allowing for improved binding of the pocket factor, which
may have assisted the capsids in retaining these stabilising lipids at increased temperatures
(Adeyemi et al., 2017; Kelly, 2015). Conversely, the structures of cardioviruses lack deep
canyons with hydrophobic pockets and lipid factors. Instead, these viruses possess smaller
analogous pits (Grant et al., 1992; Luo et al., 1992, 1987; Mullapudi et al., 2016). Thus, if the
A96T substitution was able to contribute to improved thermostability of TMEV in this study,

then the mechanism would have been completely different to that observed in the enteroviruses.

Considering that the A96T substitution resides in the receptor pit that was predicted to be the
site of heparan sulphate binding (Upfold et al., 2018), it is possible that the mutation altered
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this binding site or affected the manner in which the co-receptor binds to this pocket. This in
turn could have delayed attachment and uncoating. A previous study investigating residues
within the receptor binding site of the BeAn strain found that many of the mutations in the pit
dramatically reduce binding affinity but increase thermal tolerance of the virions (Hertzler et
al., 2000). In this study, it is plausible that substitution of A96 in the GDVII receptor binding
pit had a similar effect, and could potentially explain the attenuated virus yields observed for

the TMEV R57 °C mutants following exposure to the control temperature of 37 °C.

The second amino acid substitution unique to TMEV R57 °C was M66T in VP4, This was the
only substitution in the VP4 protein observed in any of the mutants. Like D216N, this residue
forms part of the internal surface of the protomer. Substitution of this residue from a
hydrophobic amino acid to a neutral polar residue abolished hydrophobic interactions that were
formed between M66 and V17 (VP1). Upon in-silico mutation no change in the binding free
energy of the complex was predicted, suggesting that this substitution did not further stabilise
the protein-protein interface within the protomer. If the substitution M66T affected the
tolerance of TMEV to non-physiological temperatures, the mechanism is not clear. However,
it could be speculated that the amino acid substitution may have altered the dynamics of the
internal surface of the capsid, which could have altered protein-RNA interactions thereby

increasing the capsid thermostability.

The only amino acid substitution unique to the 58 °C selected mutants was V1141 in the VP3
protein. V114 is buried within the VP3-VP1 intraprotomer interface and was predicted to be
involved in hydrogen bonds and hydrophobic interactions within the same protein as well as a
single hydrophobic interaction with A5 in the neighbouring VVP1 protein. Mutation of valine to
isoleucine is a highly favoured substitution in general proteins (Betts and Russell, 2003), and
it was predicted that this substitution did not alter any of the interactions involving the WT
residue. Interestingly, an additional hydrophobic interaction was predicted to form between the
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mutant residue and the VP2 residue 1193 across the VP3-VP2 interface. V114 was previously
predicted as a hotspot (Chapter three, Figure 3.3), but in-silico mutation to isoleucine did not
result in a change in the binding free energy of the complex, and 1114 was still considered to
be a hotspot. Notably, 1193 was not previously predicted to be a hotspot residue, however,
analysis of the mutant V1141 protomer suggested that 1193 was now considered energetically
important and thus a hotspot residue following alanine scanning mutagenesis. Based on this
finding, it is likely that the hydrophobic interaction formed between 1193 did stabilise the

protomer, even if the V1141 substitution itself did not directly alter stability of the protomer.

In conclusion, the work presented in this chapter aimed to improve the thermal tolerance of
TMEV GDVII by natural selection following repeated exposure of the virus to non-
physiological temperatures. This was achieved through the continued passage of viruses at
52.5/55 °C, 57 °C and 58 °C resulting in three pools of virions that could tolerate these
temperatures. Identification of the underlying genetic basis for increased thermal tolerance,
revealed a pair of amino acid substitutions that were present in all subsequent mutants and
several other substitutions that were mostly unique to the different virus pools. Although it is
likely that many of these residues contribute to improved thermal tolerance, it would be useful
to introduce these amino acid substitutions individually or together into an infectious clone of
WT TMEV to confirm their effects on thermostability of the virus. In conclusion this study
provides the first analysis of the tolerance of TMEV GDVII to a range of non-physiological
temperatures and the genetic basis for improved thermal resistance, adding to the knowledge

surrounding picornavirus capsid stability.
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General Discussion and future prospective
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6.1. Summary and future prospective

Picornaviruses are a family of significant disease-causing pathogens for which no antivirals
and few vaccines are commercially available (Baggen et al., 2018a; Cathcart et al., 2014).
These small RNA viruses are non-enveloped and rely on their capsids for critical aspects of
their lifecycles including receptor binding, uncoating, and protection of the viral genome from
degradation (Ehrenfeld et al., 2010; Stanway, 1990; Tuthill et al., 2010, 2007). The structure
of the picornavirus capsid and the individual subunits that constitute it are fundamental to each
of these processes. Increased knowledge of the molecular determinants that regulate capsid
structure and stability is not only required for an improved understanding of the basic biology
of these important viruses, but is applicable to the development of novel antiviral agents (De
Colibus et al., 2014) and improved vaccine antigens (Mateo et al., 2008, 2003; Mateu, 2011).
The primary focus of this thesis was broadening the understanding of picornavirus capsid
structure and stability using TMEV GDVII, a cardiovirus which can be manipulated without

biosafety concerns.

The purpose of the first part of the thesis was to generate necessary reagents to study the TMEV
GDVII capsid, which could be used in conjunction with the available replication system. To
this end, polyclonal antibodies that could recognise TMEV by Western analysis and
immunofluorescence were generated by immunising rabbits with purified TMEV particles. A
deletion analysis revealed that the antibodies were able to detect VP1 linear epitopes in the C-
terminus of the protein, but not those in VP2 or VP3. Furthermore, a plaque reduction assay
demonstrated that the antibodies were able to neutralise virus infection, unlike antibodies that
had previously been generated against the N-terminus of the VP1 protein (Ross et al., 2016).
Not only were these antibodies a valuable tool for subsequent experiments within this thesis,
but they provide an important reagent for future investigations into TMEV capsid assembly,

stability and uncoating. For example, host cell factors are known to be required for picornavirus
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morphogenesis (Jiang et al., 2014), but further studies are necessary to fully understand their
specific functions. Previous studies have demonstrated roles for the heat-shock protein Hsp90
in PV P1 processing and capsid maturation (Geller et al., 2007), and in FMDV P1 processing
and pentamer formation (Newman et al., 2017). The role of Hsp90 in cardiovirus assembly
remains unknown; however, it was previously shown that VVP1 colocalises with the chaperone
during the early stages of assembly (Ross et al., 2016). The antibodies produced in this thesis
provide a valuable tool for biochemical experiments such as co-immunoprecipitation assays
and high-resolution confocal analyses to further examine the role of Hsp90 and other host

factors in the TMEV lifecycle.

Structural mapping revealed that the VP1 C-terminal residues detected by the anti-capsid
antibodies form part of a loop over the putative receptor binding pit, which led to speculation
that the antibodies neutralise virus infection by preventing receptor attachment. This
precipitated an investigation into the potential binding site of the GDVII co-receptor, heparan
sulphate (Lipton et al., 2006; Reddi et al., 2004; Reddi and Lipton, 2002), which was selected
because the primary receptor for TMEV remains unidentified (Kilpatrick and Lipton, 1991;
Zhou et al., 2000). It was previously suggested that the binding site consisted of a series of
residues belonging to VP1 (Reddi and Lipton, 2002), however, these residues were found to be
buried following inspection of the GDVII model, challenging this suggestion. Instead it was
shown through docking experiments performed in this study that heparan sulphate likely binds
to residues within the receptor binding pit and on the C-terminal loop. These predictions have
provided the starting point for future studies to investigate the co-receptor binding site of
TMEV. Possible experiments could include mutagenesis of these residues and analysis of
subsequent effects on the virus lifecycle, such as host cell binding and uncoating. Furthermore,
the antibodies provide a tool to further investigate aspects of TMEV antigenicity and

neutralisation. Possible experiments to further examine the neutralising mechanism could
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involve the selection of neutralisation-resistant escape mutants and identification of mutations

that confer resistance to neutralisation.

The next part of the thesis focused on the development of an in-silico screen for the prediction
of stabilising hotspot residues at the intraprotomer, interprotomer and interpentamer interfaces
of a picornavirus capsid. The few studies that have previously attempted to identify these
important residues have relied on the systematic mutational analysis of every interfacial amino
acid (Mateo et al., 2003; Reguera et al., 2004; Rincon et al., 2015), which can be lengthy and
resource-intensive when many residues are analysed. Alternatively, in-silico calculations and
molecular dynamics simulations have been implemented to predict the most stabilising
residues for further analysis (Kotecha et al., 2015; Warwicker, 1989), but they require
substantial computing time and prior bioinformatic knowledge. The screen in this study made
use of a collection of readily accessible in-silico tools to identify hotspot residues, those that
contribute significantly to the binding free energy of a protein-protein complex, from other
interface residues. This screen can be applied to any virus capsid with relative ease, providing
that the structure of the virion has been determined and that the biological assembly of the virus
is available on the protein data bank (Berman et al., 2000). Considering the availability of many
picornavirus structures from different genera (Hadfield et al., 1997; Kalynych et al., 2016; Lea
et al., 1994; Luo et al., 1992; Miller et al., 2001; Muckelbauer et al., 1995; Mullapudi et al.,
2016; Venkataraman et al., 2008; Wang et al., 2015; Wang et al., 2012a; Zhu et al., 2015), this
screen could be applied broadly across the family as a first step for the identification of residues

that contribute significantly to stability of the capsid.

In this thesis the screen was applied to TMEV GDVII, revealing numerous conserved and non-
conserved hotspot residues within the respective interfaces of the capsid, and provided a large
amount of data which may form the basis of future structural studies. The literature regarding
the structure of TMEV is limited; nevertheless, many of the non-conserved hotspots were
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identified as residues that were previously reported to be important for various aspects of the
virus lifecycle. For example, hotspot residues VP1 W202, W206, F215 and VP2 Y135 were
suggested by Luo et al. (1992) to form a stabilising core of protein interactions between the
VP1 FMDV and VP2 EF (puff A) loops that are proposed to provide stability to the TMEV
capsid under a broad range of pH conditions (Luo et al., 1992; Zurbriggen et al., 1989). Their
identification as stabilising hotspots provides further support for this hypothesis. Another
example includes hotspot residues P153, F254 (VP1), R100 and 1181 (\VVP3) that have also been
linked to host cell attachment (Hertzler et al., 2000), or heparan sulphate binding (Upfold et
al., 2018). It was previously speculated that TMEV uncoating is receptor mediated and not
induced by low pH (Luo et al., 1992). Considering that receptor binding induces uncoating by
destabilising important residue interactions to trigger a cascade of conformational
rearrangements that culminate in pore formation or dissociation (Baggen et al., 2018a; Tuthill
et al., 2010, 2007), the overlap of receptor binding sites and stabilising hotspots provides

support for the hypothesis that receptor binding modulates TMEV uncoating.

Many of the hotspots identified in the TMEV capsid corresponded to residues that were
conserved in picornaviruses of economic or clinical significance. Furthermore, in many of
these viruses, the corresponding residues were either i) reported to form stabilising interactions
at capsid subunit interfaces (Cao et al., 2018; Ross et al., 2017), ii) implicated in conformational
rearrangements during uncoating and genome release (Garriga et al., 2012; Mullapudi et al.,
2016; Warwicker, 1989), or iii) were shown to be necessary for virus growth and infectivity
(Mateo et al., 2003; Rincon et al., 2015; Yuan et al., 2016). Taken together this suggests that
the molecular determinants of capsid stability may be somewhat conserved across the
picornavirus family. This hypothesis could be tested in future studies by applying the in-silico

screen to other picornaviruses across different genera to examine the conserved hotspots that
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contribute to stability across the family; if found to be correct, then conserved stabilising

residues may provide ideal candidates as possible broad-spectrum drug targets.

It is important to stress that the screen is based on in-silico predictions and that the functional
importance of any hotspot requires confirmation by in vitro analysis. Thus, the next part of the
thesis examined further a subset of the hotspots predicted at pentamer interfaces of the TMEV
capsid. Nine hotspots conserved with residues in clinically or economically significant
picornaviruses were selected as they had previously been shown to be important for capsid
stability or assembly, or the lifecycles of these viruses. Additionally, the sidechain of each
selected residue was involved in the stabilising contact(s) and could be analysed by substitution
to alanine using the selected mutagenesis method. For comparison, three interpentamer
interface residues that had been predicted as non-hotspots were randomly selected for analysis.
Following the introduction of each alanine substitution into the full-length TMEV cDNA clone
and transfection of corresponding RNA transcripts, CPE was observed in WT and non-hotspot
mutant transfected cells, but was completely absent in hotspot mutant transfected cells,
suggesting that the hotspot residues were required for some aspect of the TMEV lifecycle.
Further examination by immunofluorescence demonstrated that at 14 hpt a similar percentage
of cells were positive for capsid proteins and replicating viral RNA in all transfected cells,
indicating that the hotspot mutations did not likely disrupt protein synthesis and RNA
replication. Following another 10 h, the percentage of cells positive for TMEV capsid proteins
and RNA dramatically increased in the WT and non-hotspot mutant transfected cells but
remained the same in cells transfected with hotspot mutant RNA, indicating that no new cells
were infected. Although the meaning of these results is not fully understood, it is suspected
that substitution of the individual hotspot residues either prevented the assembly of stable
capsids, or that less stable capsids could assemble, but not survive cell exit or the extracellular

environment. Further experiments to examine whether assembly is disrupted by these
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mutations could involve sucrose density fractionation combined with scintillation counting to
assess sedimentation values associated with the TMEV capsid and subunits following
transfection. Versions of this method have been applied extensively to studies investigating
various aspects of picornavirus capsid assembly (Ansardi et al., 1992; Arslan et al., 2016;
Compton et al., 1990; Grubman, 1984; Newman et al., 2017; Thibaut et al., 2014; Yafal and
Palma, 1979). Additionally, purified fractions could be analysed by TEM to determine whether
intact particles are present. To examine whether mutant particles could assemble, exit the host
cell and enter the cell supernatant, immunoprecipitation experiments using the anti-capsid
antibodies could be performed to concentrate potential particles. Similar methods have been
used to purify and concentrate particles during picornavirus morphogenesis studies (Steurbaut
and Vrijsen, 2003; Thibaut et al., 2014). Moreover, RNA extraction and RT-PCR of genome
regions from precipitated particles would be useful to examine whether potential virions are

intact.

The conformation by in vitro mutagenesis that interpentamer hotspot residues are required for
the TMEV lifecycle and infectivity, but that non-hotspot residues are not, supports the
robustness of the screen; however, additional hotspot residues should be examined to determine
the broader accuracy of the in-silico screen. Nevertheless, of the nine hotspots that were found
to be required for the TMEV lifecycle, residues R61, Y62, Y63 and T64 in VP2, and Y148 and
1150 in VP3 form a concentrated and interconnected network of interactions in the centre of
the VP3-VP2 interpentamer interface. This observation, combined with their conservation and
importance in clinically significant picornaviruses, makes these residues worthy of further
investigation as potential broad-spectrum antiviral targets. This potential could be assessed
using docking simulations to identify potential compounds and small peptides that bind to this
network of residues that could potentially affect stability or inhibit assembly. Similar

approaches have been used to identify capsid-targeting molecules as drug candidates for other
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viruses (Chen et al., 2019; De Colibus et al., 2014; Jain et al., 2017; Lin et al., 2018; Quintero-

Gil et al., 2017; Sierra et al., 2018).

The final part of this thesis sought to increase the thermal stability of TMEV GDVII and
investigate the genetic basis for improved thermal tolerance. Three virus pools were derived
by serial passage following selection at increasing temperatures of 52/55 °C, 57 °C and 58 °C.
Thermal-inactivation assays confirmed that the viruses could tolerate these respective
temperatures, unlike the WT virus, which was completely inactivated following incubation at
55 °C. An interesting finding was that, following exposure to the control temperature of 37 °C,
the viruses selected at 57 and 58 °C had reduced titres compared to the WT virus, suggesting
that adaptation to higher temperatures negatively affected virus fitness. Similar studies have
observed this trade-off in other viruses (Hertzler et al., 2000; McCright et al., 1999; Scott et
al., 2017). In one of these studies the authors speculated that the mutations that resulted in
increased thermal tolerance delayed uncoating and replication, thereby affecting virus growth

(Scott et al., 2017).

The amino acid substitutions that likely contributed to the improved thermal tolerance of these
TMEV mutants were identified by sequencing the entire P1 capsid coding regions of individual
plaque-purified virions. Seven substitutions, V141l, A201V in VP1; E262K in VP2; A96T,
V1141 and D216N in VP3; and M44T in VP4, were identified across the three thermostable
virus pools, and most were mapped to the intraprotomer interfaces of the capsid. This finding
is noteworthy because previous studies found that amino acids linked to the thermal tolerance
of enteroviruses are mainly located between the protomers or in the binding pocket at the
surface of these virions (Adeyemi et al., 2017; Filman et al., 1989; Kelly, 2015; Kelly et al.,
2015). This difference is likely attributed to the fact that, unlike cardioviruses, enterovirus
receptor pockets can bind to stabilising lipid molecules that have been shown to increase
thermostability (Katpally and Smith, 2007).
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Following the in-silico analysis of the potential changes in binding free energy induced by
these mutations, only one substitution, A201V, was predicted to stabilise the capsid through
protein-protein interactions. This residue forms part of the VP1 FMDV loop and interacts with
previously identified hotspots in the VP1 FMDYV and VP2 EF loops. These loops are implicated
in maintaining the stability of the TMEV capsid under variable pH conditions (Luo et al.,
1992). Further research is required to determine whether these loops can modulate
thermostability of the capsid. Nucleic acid-protein interactions have also been shown to
regulate virus capsid stability (Carrillo et al., 2018; Mateu, 2013; Reguera et al., 2005; Shakeel
etal., 2017; Zhu et al., 2015). Two mutations, D216N and M44T, were identified at the internal
surface of the capsid. While these residue substitutions were not predicted to increase stability
of protein-protein interfaces, they may have directly or indirectly contributed to stronger RNA-
protein interactions. For example, substitution of the negatively charged aspartic acid to the
neutral polar asparagine was predicted to abolish ionic interactions with the neighbouring
lysine residue in VP1 (K25). This in turn may have allowed the positive lysine to interact more
freely with the negatively charged RNA. Such interactions were shown to be important for
RNA-protein binding in parechovirus B (Zhu et al., 2015). Only one amino acid substitution,
E262K, was observed at the pentamer interfaces. This is consistent with the previous
suggestion that these interfaces are not tolerant to mutation (Mateo et al., 2003). Although this
residue was not predicted to increase stability of the interface upon mutation, substitution to
lysine was predicted to alter the ionic bonds across the interface which could have affected
thermostability, as was a reported implication of altering charged residues in EV-71 (Yuan et
al., 2016). One substitution, A96T, was present in the receptor binding site. A previous study
showed that in the BeAn virus, some mutations in the receptor binding site increase virus
thermostability, but attenuate host cell binding (Hertzler et al., 2000). In this study, substitution

of the A96 residue may have also affected cell binding, which would explain the reduced virus
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yield for the 57 °C mutants. It is less clear how the last two residue substitutions V114l and
V1411 may have affected stability. However, V1141 may have indirectly improved stability of
the protomer, as following heat exposure and substitution of this residue, hydrophobic
interactions were predicted to form between 1114 and the adjacent VP2 residue, 1193.
Furthermore, in the WT virus, 1193 was not identified as a hotspot residue, but in V1141 mutant
virus, the in-silico screen predicted this residue as a stabilising hotspot in the VP2-VP3

intraprotomer interface.

To further elucidate which of the identified substitutions are responsible for increased thermal
tolerance and/or attenuated virus growth, and to further examine any of the possible stabilising
mechanisms discussed above, each substitution should be individually introduced into the
GDVII infectious clone. The site-directed mutagenesis protocol developed to assess the
individual hotspot residues in chapter four provides an excellent approach to do so. To assess
the individual effects of the substitutions on thermal tolerance, each engineered mutant could
be re-subjected to the thermal inactivation assays used in this study, which would also provide
information on infectivity and virus fitness. The Particle Stability Thermal Release Assay
(PaSTRYy) (Walter et al., 2012) could be used to directly assess the effect of the substitutions
on capsid stability under increasing thermal stress. This method has been applied extensively
to examine the thermostabilities of WT and engineered picornavirus particles (Adeyemi et al.,
2017; Nguyen et al., 2019; Scott et al., 2019, 2017; Zhu and Zhang, 2015) and vaccine antigens
(Kotecha et al., 2018, 2016, 2015). Furthermore this method can be applied to investigate
picornavirus uncoating (Liu et al., 2018; Walter et al., 2012) and could be used to examine
potential delays in uncoating in the mutant virions, particularly in individually engineered
D216N and M44T mutants, where it is suspected that capsid-RNA interactions are altered by
these amino acid substitutions. The potential effects of the substitution A96T on host cell

binding and attachment could be analysed using a binding assay as described by Hertzler et al.
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(2000). Moreover, as it is not known whether individual or combined mutations are responsible
for the altered thermostability, the effects of the amino acid substitutions should also be

assessed in combination.

6.2. Concluding remarks

This thesis focused on broadening the understanding of picornavirus capsid structure and
stability. The development of neutralising antibodies has provided a valuable tool to further
investigate the TMEV capsid. The development of a novel in-silico screen for the prediction
of hotspot residues that contribute to the stability of the TMEV capsid has improved the
understanding of the structure of this cardiovirus. Furthermore, the screen demonstrated that
structurally important residues such as those involved in receptor binding and capsid
antigenicity may be important for capsid stability. This screen can be applied to any
picornavirus to elucidate hotspot residues at subunit interfaces that contribute substantially to
the stability of the capsid and is therefore appropriate for future studies exploring the structures
of these important viruses. The in vitro analysis of hotspot residues involved in subunit-subunit
interactions of the TMEV capsid is the first analysis of this type in this virus and the
cardioviruses, and adds to the small number of studies that have experimentally assessed the
importance of subunit interface residues and their relevance to the picornavirus lifecycle
(Mateo et al., 2003; Rincon et al., 2015). The investigation into the thermal tolerance of TMEV
and the genetic basis for improved thermostability is also novel for this virus. Previous studies
have largely focused on the enteroviruses and FMDV (Adeyemi et al., 2017; Nguyen et al.,
2019; Scott et al., 2019, 2017; Zhu and Zhang, 2015) because of their clinical and economic
importance, however, a broader understanding of thermal tolerance across the family may
elucidate both unique and conserved mechanisms of stability in these viruses. Such studies are
of critical importance because not only do they contribute to a better understanding of virus

capsids and structure-function relationships (Mateu, 2011; Reguera et al., 2004), but they may
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offer potential guidelines for the design of capsid-specific antiviral agents (Bocanegra et al.,
2012, 2011) and for the development of particles as improved vaccine antigens (Mateo et al.,
2008; Mateu, 2011). Therefore, it is hoped that the findings from this thesis and future studies
using the tools generated here may not only lead to a broader understanding of picornavirus
structure but may contribute to the design of novel strategies which are urgently needed for

disease prevention and control.
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Table S1. Identification of hot spot residues within intraprotomer interfaces of the TMEV

Protein

Residue

capsid.

KFC2 ROBETTA Hot
Region

PredHS PPCheck

VP1-VP2 Interface

VP1

VP2

E6
R94
W95
V96
Y124
W202
F203
N204
W206
F215
R249
L252
F253
T260
E133
F134
Y135
T136
E146
R168
Y169
F175
F176
M178
Q185
Y189
V211

VP1-VP3 Interface

VP1

VP3

T31
V33
F36
Y114
C118
F119
F122
F187
V189
R239
V245
F246
F254
W256
1272
125
F41
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L44
L47
Vo8
R100
F102
R106
L112
V114
F159
N160
F161
D217
w229
Q232

VP1-VP4 Interface

VP1 K9
D128
K241

VP2-VP3 Interface

VP2 w184
Q185
R197
L230
S231

VP3 F53
F115
T116
L209

VP2-VP4 Interface

VP2 R32
L33
Y36

VP3-VP4 Interface

No residues predicted to be important for stability of interface

Table S1. Footnotes:

The TMEV protomer was submitted to five hotspot prediction tools for analysis. Grey blocks indicate
where a program has predicted a residue to be a hotspot. Only hotspots that were detected by two or
more programs are shown, as a residue was only considered to be a hotspot if it was identified by
more than one prediction model.
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Table S2. Identification of hot spot residues within interprotomer interfaces of the TMEV

capsid.
Protein Residue KFC2 ROBETTA Hot PredHS PPCheck
Region

VP1-VP1

VP1 L160
1161
Y163
W176
V178
M45
L108

VP1-VP2

VP1 V24

VP1-VP3

VP1 Q30
F35
P153
R171
P194

VP3 Q11
C13
S16
N103
Q104
Q173
1181
M222

VP1-VP4

VP4 Y29
L35

VP2-VP3

VP2 S47
C48
Y104
L105

VP3 P131
F165
1166
P168

VP3-VP3

No residues predicted to be important for stability of interface

VP3-VP4

VP4 Y25
Y29

VP4-VP4

VP4 G18
S26

Table S2. Footnotes:

A complex of two TMEV protomers was submitted to five hot spot prediction tools for
analysis. Grey blocks indicate where a program has predicted a residue to be a hot spot.
Only hot spots that were detected by two or more programs are shown, as a residue was
only considered to be a hot spot if it was identified by more than one prediction model.
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Table S3. Identification of hot spot residues within interpentamer interfaces of the TMEV
capsid.

Protein Residue KFC2 ROBETTA Hot PredHS PPCheck
Region

VP1-VP2

No residues predicted to be important for stability of interface

VP2-VP2

VP2 T53
V56
L57
V95
R102
L259

VP2-VP3

VP2 N25
R61
Y62
Y63
T64
N117
S240

VP3 K124
R140
M144
Y148
1150
D152
L153
T194
P195
T197
Y198

VP2-4

No residues predicted to be important for stability of interface

Table S3. Footnotes:

Two complexes involving TMEV interpentamer interfaces were submitted to five hot spot
prediction tools for analysis. Grey blocks indicate where a program has predicted a residue to
be a hot spot. Only hot spots that were detected by two or more programs are shown, as a
residue was only considered to be a hot spot if it was identified by more than one prediction
model.
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Figure S1. Sequence and structure-based alignment of TMEV VP1 and cardiovirus, senecavirus and aphthovirus representatives. The TMEV protomer
structure was submitted to ENDscript 2 and chain A corresponding to VP1 was selected for analysis. A subset of structures for comparison were selected from
the list generated by ENDscript. These structures include: cardioviruses MEV and SAFV (PDB: 2MEV, 5A8F); senecavirus SVV-1 (PDB: 3CJI) and the
aphthovirus ERAV (PDB: 2WFF). Enteroviruses structures were not selected by ENDscript and so a sequence alignment was performed using the ESpript
webserver linked to ENDscript in the supplementary figure below.
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Figure S2. Sequence-based alignment of TMEV VP1 with cardiovirus, senecavirus, aphthovirus and enterovirus representatives. VP1 protein sequences
were obtained from the PDB database and included: cardioviruses MEV and SAFV (PDB: 2MEV, 5A8F); senecavirus SVV-1 (PDB: 3CJI); aphthoviruses
FMDV type C and SAT 2, ERAV (PDB: 1FMD, 5ACA, 2XB0); and enteroviruses EV-71, HRV-B14, HRV-2, HRV-3, PV-1, CV-A9, EV-D68 (PDB: 3VBF,
1R08, 1FPN, 1RHI, 2PLV, 1D4M, 4WMT7). These sequences were submitted to ESpript, built into ENDscript, to generate a multiple sequence alignment.
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Figure S3. Sequence and structure-based alignment of TMEV VP2 with cardiovirus, senecavirus, aphthovirus and enterovirus representatives. The
TMEYV protomer structure was submitted to ENDscript 2 and chain B corresponding to VP2 was selected for analysis. A subset of structures for comparison
were selected from the list generated by ENDscript. These structures include: cardioviruses MEV and SAFV (PDB: 2MEV, 5A8F); senecavirus SVV-1 (PDB:
3CJI); aphthoviruses FMDV type C and SAT 2, ERAV (PDB: 1FMD, 5ACA, 2WFF); and enteroviruses EV-71, HRV-B14, HRV-2, HRV-3, PV-1, CV-AJ9,
EV-D68 (PDB: 3VBF, 1R08, 1FPN, 1RHI, 2PLV, 1D4M, 4WMT7).
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Figure S4. Sequence and structure-based alignment of TMEV VP3 with cardiovirus, senecavirus, aphthovirus and enterovirus representatives. The
TMEYV protomer structure was submitted to ENDscript 2 and chain C corresponding to VP3 was selected for analysis. A subset of structures for comparison
were selected from the list generated by ENDscript. These structures include: cardioviruses MEV and SAFV (PDB: 2MEV, 5A8F); senecavirus SVV-1 (PDB:
3CJI); aphthoviruses FMDV type C and SAT 2, ERAV (PDB: 1FMD, 5ACA, 2WFF); and enteroviruses EV-71, HRV-B14, HRV-2, HRV-3, PV-1, CV-A9,
EV-D68 (PDB: 3VBF, 1R08, 1FPN, 1RHI, 2PLV, 1D4M, 4WM7).
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Figure S5. Sequence and structure-based alignment of TMEV, MEV and SAFV VP4 proteins.
The TMEYV protomer structure was submitted to ENDscript 2 and chain D corresponding to VP4 was
selected for analysis. A subset of structures for comparison were selected from the list generated by
ENDscript. These structures include: cardioviruses MEV and SAFV (PDB: 2MEV, 5CFC).
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Figure S6. Sequence-based alignment of TMEV, aphthovirus and cardiovirus VP4 proteins. VP4
protein sequences were obtained from the PDB database and included: TMEV (PDB: 1TME);
aphthoviruses FMDV type C and SAT 2, ERAV (PDB: 1FMD, 5ACA, 2WFF); and enteroviruses EV-
71, HRV-B14, HRV-2, HRV-3, PV-1, CV-A9, EV-D68 (PDB: 3VBS, 1R08, 1FPN, 1RHI, 2PLV,
1D4M, 4WM7). These sequences were submitted to ESpript, built into ENDscript, to generate a

multiple sequence alignment.
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Figure S7. Sequence-based alignments of TMEV and HPV-3 VP1 and VP3 proteins. VP1 and VVP3 protein sequences were obtained from the PDB database
and included: TMEV (PDB: 1TME) and HPV-3 (PDB: 5APM). Alignments were generated using ESpript which is linked to ENDscript. Blue arrow heads
indicate conserved residues K241 (VP1) in TMEV corresponding R202 in HPV-3, and S16 (VP3) in TMEV corresponding to T47 in HPV-3.
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Figure S8. The plasmid map of pGDVIIFL2. pGDVIIFL2 contains the cDNA of TMEV GDVII in
the pBlueScript® 11 Phagemid Vector (Fu et al., 1990). Restriction enzymes used to generate or assess
the recombinant pGDVIIFL2-HindllI-1 mutants are highlighted. Red and grey lines indicated the sites
of individual mutations within the genome that were individually engineered into the pGDVII/HindllI-

1 mutants. All plasmid maps were generated using SnapGene® version 4.2.4.
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Table S4. Identification of hot spot residues within interpentamer interfaces of the TMEV capsid.

Mutation Nucleotide Sequence ~ Amino Acid change  Protein Primer Sequence 5’ -3’

Control Mt-Hindlll  AAGCTT— AAGCGT  None VP2 Mt2Ctrl-Hin F AGGATTCCTCTCCCTCACGTCCTT
Mt2Ctrl-Hin R GATGTGAGAGAACGCTTCTTGGGAAGT

K18A AAA—GCA 18 LYS—ALA VP2 Mt2-K18A-F TTCTGACGCAGCAGGGAATTCG
Mt2-K18A-R GCTACTCTGTCAGAGAGGTTTTCCA

R61A CGT—-GCT 61 ARG—ALA VP2 Mt2-R61A-F ATCTGGCTAGTTGGACCACTTCCC
Mt2-R61A-R CGATAGTGTAGTAAGCTTCAGCCGCG

Y62A TAC—GCC 62 TYR—ALA VP2 Mt2-Y62A-F GGCTAGTTGGACCACTTCCCAAG
Mt2-Y62A-R GATCGATAGTGTAGGCACGTTCAGCC

Y63A TAC—GCC 63 TYR—ALA VP2 Mt2-Y63A-F GCTAGTTGGACCACTTCCCAAGAAGC
Mt2-Y63A-R CAGATCGATAGTGGCGTAACGTTCAG

T64A ACT—GCT 64 THR—ALA VP2 Mt2-T64A-F CTAGTTGGACCACTTCCCAAGAAGCTT
Mt2-T64A-R CCAGATCGATAGCGTAGTAACGTTCAGC

G94A GGG—GCG 94 GLY—ALA VP2 Mt2-G94A/VI5A-F CTCTGCAAGACTGGATGGCGCGTACAAGT
Mt2-G94A-R GTAGTGTCTCCTTAAGGTAGCTCCAAAAACCGCTCC

VI5A GTT-GCT 95 VAL—ALA VP2 Mt2- G94A/VI5A-F CTCTGCAAGACTGGATGGCGCGTACAAGT
Mt2-V95A-R GTAGTGTCTCCTTAAGGTAGCTCCAAAAGCCCCT

D242A GAC—GCC 242 ASP—ALA VP2 Mt2-D242-F CTTCACCGGCCGTTCAAGTCACAGCC
Mt2-D242-R AACCGGTGGCGTACTGAAGAGGGCTG

L259A TTG—GCG 259 LEU—ALA VP2 Mt2-L259A-F ACTGTGCTTGCGCAAAGTCCTATTC
Mt2-L259A-R TTCGTGTCTCGCACCATTAAACAC

Y148A TAC—GCT 148 TYR—ALA VP3 Mt3-Y148A-F TGGGACTTGGGCTTGAATTCC
Mt3-Y148A-R AATGGCAGCGGTAGCCTGCATAG

1150A ATT-GCT 150 ILE—>ALA VP3 Mt3-1150A-F CTACCTACGCCGCTTGGGACTTG
Mt3-1150A-R CCTGCATAGCTTGGTCCCGG

T194A ACC—GCC 194 THR—ALA VP3 Mt3-T194A-F TCACTGTTTGGCAGCTGGCCCCC
Mt3-T194A-R CCCAACCGTCAACAGATGTGATGGTGG
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Figure S9. Immunofluorescence analysis of cells at 14 h following transfection with mutant and
wild type TMEV RNAs. The number of infected cells is indicated as a percentage in the top left corner
of each image. Three images taken each from three replicate transfections of each viral RNA were used

to calculate the average number of infected cells following transfection in figure 4.7 B.
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D2424

Figure S10. Immunofluorescence analysis of cells at 24 h following transfection with mutant and
wild type TMEV RNAs. The number of infected cells is indicated as a percentage in the top left corner
of each image. Three images taken each from three replicate transfections of each viral RNA were used

to calculate the average number of infected cells following transfection in figure 4.7 B.
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Table S5. Tukey’s HSD matrix of pairwise comparison possibilities between the number of cells positive for TMEV at 14 and 24 hpt
following transfection of mutant and WT RNAs. A Two-Way ANOVA followed by a Tukey post hoc analysis was used to determine the
level of significant difference between the number of transfected cells at 14 hpt and 24 hpt. Numerical values indicate the adjusted P values as
determined by the Tukey analysis in RStudio. P values < 0.05 are considered significant.

R61A Y62A YG63A T64A VO95A L259A Y148A 1150A TI194A K18A G94A D242A WT

R61A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Y62A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Y63A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
T64A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
VO5A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
L259A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Y148A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
[150A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
T194A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
K18A  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 1.000 1.000
G94A  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.976 1.000 1.000
D242A 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.999 0.810 1.000
WT 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.999 0.999 0.996

Adjusted p values between mutant and

WT TMEV at 14 hpt

Adjusted p values between mutant and WT TMEV at 24 hpt
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