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Abstract

Foot-and-Mouth Disease Virus is a single-stranded RNA virus that
belongs to the genus aphthoviruses, in the family Picornaviridae, and
causes disease in cloven-hoofed animals. It is one of the biggest hin-
drances to the international trade of animals and animal products in
the world. The virus capsids readily dissociate into pentamers at acidic
pH. While there have been several studies on enterovirus uncoating,
this process is poorly-understood for aphthoviruses, and there are no
published structures elucidating how FMDV undergoes this transfor-
mation to infect cells. Furthermore, there are no structures available
for a dissociated FMDV pentamer. Thus far, there has been only one
paper claiming to show, at low resolution, a disassembly intermediate
for another aphthovirus, Equine Rhinitis A Virus (ERAV).

Here, a 5.2A-structure of an FMDV assembly formed from acid dissoci-
ated pentamers, visualised using cryo-electron microscopy (cryo-EM),
is presented. This inside-out assembly of the pentamers highlights the
extensive conformational changes in the pentamers that may have lead
to the disassembly of the native capsid. Also presented here is a lower-
resolution structure of the isolated dissociated pentamer (8.2 A), en-
abling a comparison of the differences between native FMDV particles,
the dissociated- and the re-assembled pentamers. These analyses eluci-
date why the pentamers may have been unable to re-assemble properly.
Together, these data suggest that the ERAV structure mooted to be
a disassembly intermediate may have formed from re-assembled disso-
ciated pentamers. Furthermore, it is concluded that there is still no
hard structural evidence that aphthoviruses form an intermediate par-

ticle during disassembly.



The thesis also includes high-resolution cryo-EM structures of the FMDV
serotypes SAT1 and SAT3 (3.8 A and 3.1 A respectively), derived
from inactivated virus-pellets, thus completing the repository of high-
resolution structures for all SAT serotypes. The results provide an
insight into the reasons for SAT3 being the most thermally-unstable
picornaviruses, and also include predictions and comparative analyses

with known antigenic sites of other FMDYV serotypes.
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Chapter 1

Introduction

1.1 Chapter summary

All the work in this thesis was performed on foot-and-mouth disease virus (FMDV),
which belongs to the family of non-enveloped RNA viruses known as Picornaviri-
dae. This chapter explains the basic features common to all the viruses in this
family and their life cycle. It also introduces the details of the virus uncoating
stage of the life cycle, and introduces what is already known about it. This back-
ground is important to understand the model organism used for this study and for
the later chapters that cover its disassembly. This chapter aims to introduce the
said model organism; the primary method used for structure determination, elec-
tron microscopy, and its theory is covered separately in the next chapter. Specific

methods, results, and discussion will be covered in each respective chapter.



Chapter 1. Introduction

Genus Species Disease Host

Aphthovirus Foot-and-mouth disease virus Foot and mouth disease Livestock
Equine rhinitis A virus Respiratory disease Horses

Enterovirus Coxsackieviruses, Enteroviruses, Hand foot and mouth disease, Human

Echoviruses, Human Polioviruses  meningitis, myocarditis, paralysis, polio

Rhinoviruses Common cold
Cardiovirus Encephalomyocarditis virus Encephalitis, myocarditis Mouse
Erbovirus Equine rhinitis B viruses Respiratory disease Horse
Hepatovirus Hepatitis A virus Hepatitis Human
Kobuvirus Aichi viruses Gastroenteritis Human, cattle, pig
Parechovirus I—!uman parecho virus, Ljungan Respiratory disease, Gastroenteritis Human
virus
Teschovirus Porcine teschovirus Encephalomyelitis Pig
Sapelovirus Porcine, Avian and Simian Often subclinical but can cause Pigs, ducks, monkeys
Seploviruses neurological problems
Senecavirus Seneca Valley virus Vesicular disease Pig
Tremovirus Avian encephalomyelitis virus Epidemic tremor Chicken

Figure 1.1: Some major picornaviruses, their example species and the disease they cause in the
given hosts.

1.2 Picornaviridae family

The Picornaviridae is a family of small, non-enveloped, icosahedral, single-strand
positive-sense RNA viruses. They include various pathogens that cause a range
of human and animal diseases as mild as the common cold (rhinoviruses) and as
serious as poliomyelitis (poliovirus), as shown in Figure 1.1. The main genera
2], and some representative species, are shown in Figure 1.1. The evolutionary
relationship between these major genera, and some provisional ones, is shown in
Figure 1.2 [1]. Capsid proteins VP1 - 3 and replicase proteins 2C, 3C and 3D are
conserved in the picornaviridae [1,3], and were used to derive the phylogenetic

tree shown here.



1.2. PICORNAVIRIDAE FAMILY 3

Aquamavirus

Hepatovirus

Tremovirus | 2 Avihepatovirus

Aphthovirus

Erbovirus Parechovirus

Cardiovirus

. Salivirus
Senecavirus

Kobuvirus
Cosavirus

Teschovirus

Sapelovirus

Enterovirus

Figure 1.2: A phylogenetic tree depicting the maximum-likelihood based evolutionary relation-
ship between the major (black lines) and provisional (grey lines) taxa in the picornaviridae,
based on the conserved structural proteins VP1-3 and non-structural proteins 2C, 3C and 3D.
Taken from Lauber et al., [1].
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5 UTR S'UTR

mRNA
IRES | L !ponAtaiII

l Translation/processing

Structural proteins Non-structural proteins
P1 P2 P3

VP1: Integrin binding 2A: Protease - shuts off host  3A: Inhibits intracellular

VP1-3: Capsid shell protein synthesis (entero- transport
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Figure 1.3: The genome organisation and respective functions of structural and non-structural
proteins in FMDYV. Based on a review by Whitton et al., 2005 [4].

1.2.1 Picornavirus genome

The picornavirus genome (Figure 1.3), is between 6,500 and 9000 nucleotides in
length; most of it encodes for a single polyprotein which results in the formation
of 11 - 13 mature proteins post-cleavage [1,5]. It is translated as a single long
open reading frame (ORF) into a polyprotein. One third of the polyprotein codes
for structural, and the remainder for non-structural proteins. The cleavage of this
polyprotein by viral proteases (such as L(pro) and 3C) generates these structural
and non-structural proteins [6-8]. The 5" and 3’ untranslated regions or UTRs
also play a role in viral replication. These regions have several parts that play
a role in translation and viral replication. Attached to the 5" end of the genome
is the genome-linked protein (VPg), which performs a role in acting as a primer
for RNA synthesis. Next comes an untranslated region which acts as an internal
ribosome entry site (IRES), by forming a landing site for the ribosome, which

assists in translation, and the cis-activating replicative element (cre) which helps
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in genome replication [9-13]. The 3’ end has a poly-adenine tail which serves as
a site for the negative-strand RNA replication complex to bind to, stabilises the

viral RNA and plays an important role in replication [14-18].

In the case of aphthoviruses, the polyprotein has an additional protein, the leader
or the L-region, at the amino terminus, preceding the P1(capsid) region, which
is also responsible for encoding the two AUG initiation codons [7,19]. This is
followed by P1, which encodes the structural proteins VPO, VP1 and VP3, that
self-assemble to form a capsid. VPO cleaves into VP2 and VP4 upon the matura-
tion of the capsid; VP2 forms part of the capsid together with VP1 and VP3, and
VP4 is internal. The subsequent P2 and P3 regions encode the Non-Structural
(NS) proteins. The functions of these proteins, which include specific proteases

and the viral RNA-dependent RNA polymerase, are shown in Figure 1.3 [20-22].

1.3 Foot and Mouth Disease Virus

1.3.1 The virus

Foot-and-mouth disease virus (FMDV) belongs to aphthovirus genus (Figures 1.1
and 1.2). It was the very first animal virus identified, by Loeffler and Frosch,
in 1897 [23] and is a highly contagious pathogen that infects cloven-hoofed ani-
mals such as cattle, sheep, swine and goats. There exist seven known serotypes
of FMDV, namely South African Terrorities (SAT)1, SAT2, SAT3, Asial, A, O
and C, and each have several sub-serotypes. The symptoms of an FMDYV infec-

tion are fever, lesions and blisters in the mouth and on the hooves, which may
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burst and often lead to lameness in the infected animals. The disease is not usu-
ally fatal in adult animals, however it is economically important since it causes
reduced milk production, weight loss, reduced draught power and can kill young
animals [24]. The virus is spread mostly through the infection of the respira-
tory tract via aerosols but can also be spread indirectly by contaminated vehicles,
equipment, clothes, shoes and skin. Some animals may act as carriers of the virus,
transmitting it to more susceptible animals [25,26]. As a result, FMDV is one of
the most important economical constraints to international trade in animals and
animal goods [24,27]. The last major outbreak in the UK in 2001, that affected
23 european countries, was a reminder of the severe economic consequences of
FMDV [28,29]. Due to its potential biological danger, FMDYV is a Biosafety-level
4 pathogen and can only be studied in highly secure laboratories, under strict

containment conditions.

1.3.2 The capsid

Like many other picornaviruses, FMDV particles are roughly spherical, icosahe-
dral, non-enveloped protein shells, around 30 nm in diameter. Several FMDV
capsid structures have been determined using X-ray crystallography and electron
microscopy [31-35]. Each FMDV pentamer consists of 5 copies of the protomer
subunit consisting of one copy each, of the capsid proteins VP1 (32kDa), VP2
(28kDa), VP3 (27kDa), and VP4 (8kDa, buried within the capsid). Twelve such
pentamers form an icosahedral arrangement in the capsid structure. This is a
T:1 icosahedral structure; however, VP1-3 are broadly similar to each other and

are arranged such that the capsid has a pseudo T:3 quasi-symmetry. The capsid
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Figure 1.4: A schematic figure showing the arrangement of the viral proteins in a capsid and the
location of the biological protomer forming the FMDYV capsid. The 5-fold symmetric pentamer
is highlighted with a dark black outline. An enlarged cartoon representation of the secondary
structure of the biological protomer comprising VP1 (blue), VP2 (green) and VP3 (red) is also
shown. Modified from Fry et al., 2005 [30].

organisation is such that the five VP1 proteins in each pentamer interact at the
five-fold axis of the pentamer and the VP2 and VP3 proteins alternate at the inter-
pentamer interfaces. Figure 1.4 shows how the different proteins are arranged in a

capsid and also highlights the individual biological protomer comprising of VP1,

VP2 and VP3; as VP4 is internal to the capsid, it is not displayed here.

There are extensive interactions within each pentamer, especially through VP4 and
the N-terminal extensions of VP1-3, making these assemblies rather robust. The
capsids are then held together by weak hydrophobic, electrostatic and hydrogen-
bond interactions between the pentamers [31]. They are extremely sensitive to
elevated temperature [36] and low pH [37,38]. Under these conditions, the capsid
readily dissociates into pentamers. The low-pH sensitivity presumably facilitates

the release of the virus genome inside the cells, in the acidic compartments of
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Virus serotype Inactivated Untreated virus
virus

50 percent reduction time (min)

SAT1 (Bot 1/68) 25 25
SAT2 (Bot 3/77) 25

SAT3 (Bec 1/65) 5

O (BFS 1860) 4 16
C (Noville) 6 40
Asia1 (Iran 1/73) 36 315
A (Cruziero) 100 340

Figure 1.5: Table showing the different thermal stabilities of the seven FMDYV serotypes, based
on Doel et al [36]. All serotypes were heated at 49 °C and the time observed for the live virus
particles to be halved, using spectrophotometry, was noted.

the cell such as the endosomes, and it is proposed that this occurs due to the
acidification of the histidine residues at the inter-pentameric interfaces [39,40].
The sensitivity to high temperature varies between the different FMDYV serotypes,
and between the native untreated and inactivated capsids of the virus as well,
as shown in Figure 1.5 [36]. The SAT serotype viruses are the most unstable,
as indicated by their rapid disintegration (Figure 1.5), and therefore present the
greatest difficulties in vaccine development. The results presented in later chapters
indicate that different FMDV strains, even within the same serotype, may have
very different thermal stability. This may be due to different selection pressures on
the virus in different outbreaks, leading to variation in the protein sequences. Our

SAT3 strain (SAR/02/06) was much more unstable than SAT1 or SAT2, unlike

the results shown in Figure 1.5.

1.3.3 Life cycle

Figure 1.6 highlights the different stages in the replication cycle of FMDV. The

replication cycle is short, taking about four hours from the point of infection. The
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Figure 1.7: Structures of (A) native and (B) the claimed disassembly intermediate of ERAV at
16.9 A and 17.4 A respectively. Modified from Bakker et al., 2014 [42].

virus capsids attach to the host cells’ integrin receptors using a flexible VP1 loop
called the SG-fH (or GH) loop (roughly residues 135-160). This immunogenic
GH loop has been shown to have a highly-conserved Arg-Gly-Asp (RGD) motif,
that acts as the integrin receptor binding site [43-45]. The GH loop has not been
shown to have the same immunogenicity in the case of dissociated capsids, po-
tentially because it might be in a different conformation in the capsid vs. the
standalone pentamer. Three RGD-specific integrins have been reported as FMDV
receptors so far: avf1l, avfB3 and av/6 [45-51]. If this sequence is deleted by mu-
tagenesis, the virus loses the ability to infect and cause disease in animals [52-54].
Tissue-culture adapted FMDYV capsids may also bind to the Heparan Sulphate
(HS) receptor [55,56].

After uptake into the cells via endosomes the acidic environment causes the cap-
sid to break down into its pentameric units and release the RNA [37,57,58]. This
disassembly process in the endosomes is not well-understood for FMDV and it
is unclear if there are any intermediate stages in FMDV disassembly; there are

no structural studies thus far on the dissociated pentamers either, which might

10
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help elucidate the dissociation mechanism for FMDV. VP4 and the N-terminus
of VP1 are believed to play a role in membrane penetration so as to allow the
viral genome to traverse the membrane of the cell’s acidic compartments in order
to enter the cytoplasm. This is the case for enteroviruses, where they are shown
missing from the disassembly intermediates [59-62], but no structural evidence for

this mechanism exists for aphthoviruses yet.

There have been several studies on picornavirus disassembly intermediates [42,
59,61-66]. For enteroviruses such as human enterovirus 71, coxsackievirus A16
or poliovirus, it was demonstrated that they form an expanded or “breathing”
particle, as an intermediate stage of virus uncoating, where VP1 N-terminus is
transiently exposed and could even be visualised [64,67]. Thus far there have been
no such structures showing an FMDYV disassembly intermediate and there is no
evidence to prove that such an intermediate exists. The closest structure mooted
to be a potential disassembly intermediate of another aphthovirus is that of the
equine rhinitis A virus (ERAV) [42], for which an intermediate particle formation
has previously been proposed [63]. As shown in Figure 1.7, Bakker and colleagues
claim that this expanded particle (Figure 1.7 (B)) has huge structural rearrange-
ments compared to the native (Figure 1.7 (A)) and large gaps through which the
genome is proposed to be released. The solved structures are low-resolution, which
hinders detailed analyses. Furthermore, taking our results in subsequent chapters
into account, this proposed disassembly intermediate might not necessarily be

such, but rather a result of the mis-assembly of dissociated pentamers.

Once released in the cytoplasm of the host cell, the virus genome is subsequently

11
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translated and replicated, as depicted in Figure 1.6. Protein synthesis results in
a single polypeptide, which undergoes cleavage into structural and non-structural
proteins by different proteases [7,68-73]. In particular, the P1 section of the

polypeptide is cleaved into VPO, VP1 and VP3, the capsid-forming protomer.

Meanwhile, during the replication of the genome for re-packaging into new progeny
capsids, the minus-strand RNA molecule acts as a template for the formation of
several plus-strand RNA molecules [74]. These reactions are catalysed by the
FMDV RNA-dependent RNA polymerase encoded by 3D region of the polypro-
tein (Figure 1.3). The newly assembled plus-strand viral RNA is encapsidated to
form immature capsids, 12 pentamers each, and contain five biological protomers
consisting of VP0, VP1 and VP3. The maturation of the capsid is triggered by an
autocatalytic cleavage of VPO to VP2 and VP4, once the RNA is packaged [75-77],
as it is essential to the formation of infectious virus particles [78-80]. VP4 is also
implicated in the stabilisation of the virus particles, by forming stabilising interac-
tions with the N-termini of the capsid proteins [75], and therefore plays a crucial
role in the maturation of the virus. FMDV is a cytocidal virus and kills the cell

as the new progeny virus bursts out of it at the end of the replication cycle.

1.3.4 Immune response

Once infected, the host responds by producing protective antibodies against the
virus. However, a good antibody response takes between 7 and 14 days to become
apparent. As a result of the infection, the T-cell count in the host decreases over

the first four days [81]. This suggests a lowering of the host’s defences by the

12
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Figure 1.8: Figure showing the locations of the four antigenic sites determined in the FMDV
serotype O1K, that are analogous to the ones in A10. The three capsid proteins are separated
in panels showing (A) VP1, (B) VP2 and (C) VP3. Modified from Kitson et. al, 1990 [86].

virus to help the infection spread. The FMDYV infection also generates a dominant

B-cell response to help fight the spreading virus.

The FMDV genome, by virtue of FMDV being an RNA virus, has a high rate of
mutation [82,83]. This high frequency of mutation, especially with no error correc-
tion mechanism in the polymerase, affects the capsid proteins as they are exposed
to the environment and thus have to evade the host cells’ immune system [84]. As
a consequence, there is a large antigenic variation between the different serotypes
and sub-serotypes of FMDV, which in turn has consequences for vaccine efficacy.

Escape-mutant studies are often used to characterise the antigenic sites for the

different strains of FMDV [85].

1.3.5 Antigenic variation

As mentioned, FMDV is a rapidly mutating RNA virus. Its surface residues face
selection pressure due to their exposure to the host cells during infection, and
therefore mutate in order to evade the immune response from the host [87,88]. The

mutations in the surface epitopes recognised by the antibodies to evade the host’s

13
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o A SAT1 SAT?2
Site 1 1144-1149, 1154,  1142-1153, 1146, 1148, 1154, 1210
1208 3175-3178 1154-1157
Site 2 2070-2077, 2080, 2196 2072 2072
2131-2134
Site 3 1043-1048 1169 1048
Site 4 3056-3058 3058-30061, 3071, 3076, 3135
3069-3070, 3136,
3139, 3195,
Site 6 1135, 1175, 1179,
1181
Site 7 1181
Site 8 1111

Figure 1.9: A list of the antigenic sites known from different FMDYV serotypes, mined from several
studies that performed escape-mutant studies [85,86,89-91]. Syntax: first digit represents the
viral protein (VP) and the last three quote the residue number.

immune system result in a large sequence variation between the serotypes. There
are significant variations even within the sub-types of the same serotype. Studies
determining the antigenic sites on the surface are thus crucial to the vaccine-
development efforts in the field, as these mutations result in the vaccines directed
against one serotype ineffective against the others. Several groups have aimed to
characterise the specific epitopes recognised by the MAb (monoclonal antibodies)
in order to better characterise the antigenic sites for different serotypes of the

virus, using MAD resistant (MAR) or escape-mutants [86,89-92].

Figure 1.9 lists the residues implicated in antigenicity in serotypes O, A, SAT1 and
SAT?2 [85,86,89-91]. The locations of the four major antigenic sites (from O1K)
are marked on individual capsid proteins VP1-3 in Figure 1.8 to show their location
on the structure [86]. The mapping of antigenic sites must be performed for each

serotype, as they might differ due to high inter- and intra-serotype sequence vari-
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ability (the mean sequence identity between SAT3 and the four serotypes shown

here was 44% - Appendix C).

1.3.6 Outbreaks and economic implications

Since the beginning of the 20th century, FMDYV outbreaks have lead to the culling
of millions of animals and huge economic losses. A number of specialised insti-
tutes were created to respond to the outbreaks of this highly infectious virus, for
instance Insel Riems in Germany in 1909, The Pirbright Institute in the UK in
1924, Lindholm Island in Denmark in 1925, Centro Panamericano de Fiebre Aftosa

in Brazil in 1951 and the Plum Island Animal Disease Center in the US in 1953 [93].

Looking at the history of the virus shows that the 1930s saw the invention of
the first inactivated vaccine, which was obtained by infecting animals, slaughter-
ing them and obtaining their epithelium and vesicular fluids [93]. This method
could not produce large amounts of vaccine doses which were required in case of
outbreaks. It was only after Frenkel and co-workers discovered that viruses could
be produced by infecting the epithelium of a bovine tongue, obtained after healthy
animals were slaughtered, that the commercialisation of the FMDV vaccines really
started [94]. The current method of growing virus in culture, harvesting and inac-
tivating it to vaccinate animals is based on these early experiments. This lead to
a dramatic reduction in the incidences of FMDYV in Europe. About a billion doses
of FMDV vaccines were being produced annually worldwide in the 1990s, but as
there were no outbreaks after 1989, in 1992 the EU adopted a no-vaccination pol-

icy [95,96].
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After some minor outbreaks, it was in 1997, in Taiwan, that the virus re-emerged
to international significance. After 68 years of being FMDV-free, Taiwan had an
outbreak of O/Taw /97 strain, which spread enough in 3 weeks to cause 38% of the
entire population of pigs (roughly 4 million) to be slaughtered and cost billions
of dollars in economic losses [97]. In late 1999 and 2000 a series of outbreaks
occurred in East Asia, South Africa and the UK and Europe, caused by the O
PanAsia serotype [28]. This was the first outbreak in the UK since 1981 and went
unnoticed for 3 weeks, during which it spread to 16 of the 23 countries affected
in the outbreak [29]. It lead to the slaughter of 6.5 million animals and the losses
were estimated to be between US $12.3 - $13.8 billion [29]. It was only in 2002

that the UK regained it’s no-vaccination FMDV-free status [29].

1.3.7 Vaccination

Developing or underdeveloped countries cannot realistically adopt the strategy of
culling all potentially infected animals in the case of an outbreak, yet they are
the ones hit the hardest by such outbreaks [85]. This highlights the need for a
good vaccination strategy, and more crucially the development of better vaccines.
Due to the high antigenic variation between different serotypes, current FMDV
vaccines do not offer cross-protection. This also poses the challenge of the pos-
sibility of mutations during the virus production process, as the virus needs to
be passaged several times in cell culture during vaccine production in the current
methods. These methods require working with the live virus in expensively main-

tained high containment facilities, but nevertheless runs the risk of introducing

16



Chapter 1. Introduction

the live virus in the animal population in case of leaks from vaccine-production
facilities [98]. Such an incident occurred in the UK in 2007 when a drainage pipe
from the Pirbright facility leaked [99]. Furthermore, as the immune response takes
several days to kick in, the animals are still susceptible to infection several days

post-vaccination, in case of an outbreak.

As a result of these challenges, FMDV vaccine development is an actively re-
searched topic [100]. There have been efforts in preparing peptide-based vaccines
that do not depend on work with the live virus. Furthermore, there have been
recent studies attempting to create thermally stable vaccine candidates and also
ones using recombinant capsids instead of the live virus [101-103]. The question of
generating chimeric vaccines that offer cross-protection against several serotypes

of FMDYV still remains unresolved.

1.4 Overview and aims

This thesis aims to cover structural characterisation of the FMDV disassembly
products. The main question to address was: could we capture a disassembly
intermediate for this picornavirus. Particles observed after acid treatment of the
virus were investigated to understand if they were disassembly intermediates or
whether they were formed by re-assembly of dissociated pentamers. This concept

is illustrated in Figure 1.10.

Chapter 2 is a methods section covering the details of electron microscopy, the

technique used in all the projects herein. Both the theory and the practical steps
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Disassembly of
native into an
intermediate

?

-

Disassembly \

into pentamers
v

l’ Re-assembly
of pentamers
?

Figure 1.10: Project overview: The different theories to explain the FMDV intermediate struc-
ture illustrated.

are explained in detail. Chapter 3 focuses on the structure determination of the
native FMDV serotypes, SAT1 and SAT3. SAT3 had no known structure pub-
lished previously; therefore the next chapter, Chapter 4, focuses on the comparison
of SAT3 to other SAT serotypes and subsequently also to other major serotypes:
A and O. Chapter 5 then proceeds to cover the results of our studies to understand
the uncoating intermediate of FMDV and Chapter 6 provides the results on the
dissociated pentamers, the end-product of the virus disassembly during infection.

Lastly, Chapter 7 concludes the thesis with future outlooks.

Please note that there are stereo-viewing glasses attached at the end of this thesis,

for 3D-viewing the structures presented here in a “wall-eyed stereo” representation.
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Electron microscopy

2.1 Chapter summary

All the projects in this thesis rely on electron microscopy (EM). Therefore, to avoid
repetition, this chapter will focus on the electron microscopy methods used in the
different parts of the projects, and the theoretical background behind them. The
specific results from each of the processing steps will be included in the respective

chapters later.

Electron microscopes have existed since 1931, when Ernst Ruska and Max Knoll
built the first one in Berlin, expanding on the principles of Louis de Broglie from
1924. De Broglie had shown that material particles had wave-like properties and
this could be exploited using fast-moving electrons, in an electron microscope, to

surpass the resolution limit of light microscopy [104].

The basic structure of an electron microscope remains the same to date, with

19



Chapter 2. Electron microscopy

a column under high vacuum and an electron source at the top, a camera or an
electron detector at the bottom. The following sections provide a summary of
how the microscope hardware, combined with image detection and reconstruction
methods produces the high-resolution images of biological specimens that are now

possible.

2.2 Hardware

2.2.1 The column and the electron source

The electron emission source at the top of the TEM column is responsible for
emitting coherent, fast moving electrons, that are used for imaging the specimen.
A strong current (for thermionic emission in case of Tungsten filaments or LaB6
crystals) or a strong magnetic field (in case of Field Emission Guns or FEGs) is
applied to the electron source, to cause electron emission. These electrons are
accelerated through the column, due to a strong electric field generated by having
a plate at 0 V at the bottom, and therefore have extremely high speeds and a
small wavelength for high-resolution imaging. For example, the 300kV electrons

used for single-particle analysis here have a wavelength of about 0.02 A.

In this study, several different microscopes were used with different electron sources.
Field Emission Guns (FEGs) produce the brightest and the most spatially (all
electrons coming from the same direction) and temporally (all electrons having
the same speed) coherent electrons, which results in sharper images due to bet-

ter focusing by the lenses. This coherence is a result of the field surrounding the
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filament, pulling out the electrons, instead of electrons escaping at random. There-
fore the higher end microscopes used for high resolution cryo- electron microscopy,
the Technai F30, the Polara and the Titan-Krios (FEI Company), all have FEGs,
whereas the low-voltage microscopes used for negative-stained electron microscopy

have a LaB6 crystal as the electron source.

Electrons are prone to strong interactions with matter. Therefore, to ensure that
they are not scattered by anything other than the specimen, the microscope col-
umn is kept under high vacuum (typically around 10~ Pa). The maintenance of a
high vacuum is achieved by several pumps, to prevent sample contamination and

ensure a long, free path for the electrons to accelerate through.

2.2.2 Lenses and apertures

Electromagnetic lenses are used to focus the electrons in an electron microscope.
They work using the principle that current passing through a coiled wire produces
a magnetic field, which can be used to focus electrons. Lenses in an electron micro-
scope are essentially copper coils with current flowing through them, generating a
magnetic field. Changing the current through the coils can change the strength of

the magnetic field and therefore the focusing power of the lenses.

In a typical electron microscope, the electrons from the source first pass through
an accelerator stack which has a high voltage difference across it, and serves to
accelerate the electrons to very high velocities. The electron beam then passes

through the condenser lens system, that focuses the beam onto the specimen. Af-
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Figure 2.1: Schematic depiction of the main components of a typical electron microscope (after
Grant Jensen’s Caltech lecture series).
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ter passing through the specimen, the electrons pass through the objective lens,
which in turn deflects the electrons in a manner such as to produce a magnified
image. This electron beam from the sample is subsequently further magnified by

the projector lens system onto the detector at the end, generating the final image.

The different lens systems can be modified to produce a range of magnifications
by altering the current flowing through them. Each lens system has deflectors, to
change the course of the electron beam if necessary, and stigmators, to produce
or correct the magnetic field to alter the beam path if it deviates from the axis.
The electron beam also has to pass through the condensor and the selected-area
apertures, that remove different parts of the beam or the image by removing the in-
elastically scattered electrons for instance, to reduce the interference and increase
the amplitude contrast [105,106]. An energy-slit may be introduced to filter out
the inelastically scattered electrons, that contribute noise to the high-resolution
images, for imaging in the EFTEM (Energy Filtered Transmission Electron Mi-
croscopy) mode. The lenses and apertures have to be extremely well-aligned to

produce a sharp, in-focus image.

A schematic diagram illustrating the main lens components of the electron mi-

croscope can be seen in Figure 2.1.

2.2.3 Specimen holder

The sample is applied to the EM grid and vitrified beforehand (explained in the

later sections). Vitrified grids are clipped into insertion rods of various kinds under
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liquid nitrogen. The mechanism of insertion varies depending on the microscope
in use. Side entry holders, e.g. for the Tecnai T12 and TF30 microscopes (FEI
Company), have a small dewar attached to the insertion rod, to maintain the
sample at a low temperature. They only allow loading of one sample at a time
and are not ideal for imaging over a long duration. The Polara and Titan-Krios
microscopes (FEI Company) have multi-specimen rods, allowing loading of several
samples at once, which can later be selected one by one by the insertion rod
for insertion into the column. This loading mechanism is much more stable and
better suited for high throughput data collection over several hours, even days at a
time. The grid, once inserted into the column, stays at ultra-low (below —170°C)

temperature for imaging in the vacuum.

2.2.4 Detectors

Detectors may be electronic or chemical (i.e. the photographic film), but the latter
were not used in this study. While photographic film does allow high-resolution
imaging, it has to be developed and digitised before use. Due to the very slow
response time of this process, digitisation is performed at the end of the session,
after collecting the entire data set. This is not ideal for screening difficult samples
or tweaking microscope settings to optimise the imaging, as the data are not easily
and immediately accessible. At the Division of Structural Biology (STRUBI) at
Oxford, the use of film has now stopped due to it being time consuming, tedious
and causing contamination problems. The two kinds of electronic detectors used

for this study are introduced below.
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Figure 2.2: Schematic depiction of how a CCD camera operates. Incident electrons from the
column (red) on the scintillator cause the emission of photons (pink), which are transmitted
by the fibre optic bundle to the respective CCD pixels, where the photons are converted into
counts. The CCD chip is read out at the end of the exposure to produce a digital image. The
electron might be scattered several times within the scintillator, producing photons upon each
scattering event and thus resulting in several counts on the CCD detector, looking like a large
spot. If the electron is scattered to quite some distance away (orange path) from where it was
incident, the same incident electron might produce two separate spots on the CCD detector, as
shown. Modified from Downing et al., 1999. [107]

2.2.4.1 CCD cameras

Charge-coupled device (CCD) cameras, invented in 1969 [108] largely replaced
photographic film over the last decade. The top layer of the CCD detector is a
scintillator. The electrons from the column hit the scintillator, producing photons.
These photons are transferred by a fibre-optic bundle to the CCD pixels, where
they are converted to electron counts. After each exposure of the specimen to the
electrons, the electrons counts on each pixel on the CCD detector are read out to
produce a digital image, in a matter of seconds [107]. CCD cameras thus allow for

quick and automatic data collection.

However, the CCD camera also has some limitations. The incident electron may

be scattered several times inside the scintillator and produce photons each time
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that happens [107]. As a result, several photons would be counted by a group
of pixels in the CCD detector for each electron contributing to the image. This
results in a diffused, large spot on the detector, as shown in Figure 2.2 by the
colouring of several pixels in the CCD detector as pink and the quality of data
collection at high resolution suffers. There might also be noise in the image if
an electron is scattered to a large distance away from the incident position and
re-enters the scintillator, thus producing photons in the second incident position
as well. The CCD detector would read counts from the second spot as well as the
first in this case, generating two spots for a single electron, producing noise in the
image. Overall the result is that the CCD cameras have a substantial point-spread

function and an effective efficiency less than the film, but a much faster read-out.

2.2.4.2 Direct electron detectors

The latest breakthrough in imaging technology used in cryo-EM came in the form
of direct electron detectors, resulting in the recent resolution revolution or the
quantum leap in cryo-EM data collection [109,110]. In this case, the incident
electrons are detected directly by a complementary metal-oxide-semiconductor
(CMOS) chip and converted to charge [111]. Thus the counts produced by indi-
vidual electrons are much less spread out and there is also a dramatically reduced
back-scattering of electrons. This results in preservation of high-resolution infor-
mation in the image, even at low electron dose, reduced noise and much better
contrast [112]. The detectors are read out several hundred times per second, re-
sulting in a much faster read out, which is key in single-electron counting and
acquiring high-resolution images. The direct detectors record a series of frames,

several per second, to produce movies instead of single-projection images. This
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feature allows the computer to keep track of any sample drift due to beam-induced

motion and later motion-correct it to further reduce the blurring of the image [113].

2.2.4.3 Comparison of electronic detectors

Perhaps the single most important characteristic of a detector for cryo-EM is the
Detector Quantum Efficiency (DQE). It is essentially a measure of the noise added
to the images by the detector and is defined by the ratio of the square of the signal-
to-noise ratio (SNR) of the output, to that of the input [114].

Effectively:
’ B SN R(output)®
SN R(input)®

DQE (2.1)

and it varies as a function of spatial frequency (in the case of an imaging detector,
this corresponds to resolution or a fraction of Nyqvist; where the Nyqvist limit is
the minimum discreet sampling that faithfully reproduces the information in the
original signal). An ideal detector would not add extra noise to the output and
therefore have a DQE of 1, but in reality all detectors have a DQE of less than
1. This especially affects cryo-EM, where the signal-to-noise ratio in the data is

already low.

A comparative analysis of the DQEs of different electronic and chemical detectors
is shown in Figure 2.3. As the figure shows, direct electron detectors consistently
outperform the photographic film (grey line, panel (A)) and the CCD cameras
(brown line for CCD camera US4000, panel (B)). The detector used for the data
collection in this thesis, K2 Summit (Gatan Inc.), is widely regarded as the most

competent detector currently available, as confirmed by the results in Figure 2.3.
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Figure 2.3: A comparison of the DQEs of (A) film vs. three direct electron detectors and
(B) US4000 CCD camera vs. several other modes of direct electron detectors. Modified from
McMullan et al. and Ruskin et al., [115,116].

2.3 Sample preparation and data collection

Biological samples have to be preserved in some form to be studied using Trans-
mission Electron Microscopy (TEM), as they are subjected to a high vacuum and
thus cannot be imaged live and unprotected [117]. Classical electron microscopy
(EM) methods used here involve staining the sample with heavy-metal salts, such
as uranyl acetate or uranyl formate, to provide high amplitude contrast [118].
The stain deposits on top of and around the sample on the carbon-coated sup-
port surface of the grid and produces a strong signal detected on each exposure.
While this method is the most common method used for TEM, it does not allow
the imaging of the specimen in physiological conditions. The latest advances in
EM data collection involve plunge-freezing or vitrifying the biological sample and

imaging it in vitreous ice in a frozen-hydrated form [119,120]. The methods, along
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with the advantages and disadvantages of each are explained below.

2.3.1 Negative-stain electron microscopy

Formvar/carbon-coated grids (Electron Microscopy Sciences) were glow-discharged
in a plasma cleaner to make the surface charged before applying the sample, so
as to allow better adhering. Subsequently, an aliquot of 3 - 5 ul. was applied to
the grid and allowed to adhere for 30 - 60 seconds, before the excess liquid was
blotted away. The grid was washed twice, by swirling it around in a droplet of
de-ionised water, and blotted to remove the liquid each time, ensuring that the
un-adsorbed sample and any contaminants were removed. Care was taken to not
allow the grid to dry between these steps. Finally, a drop of 1% uranyl acetate
or uranyl formate was added on top of the sample, allowed to settle for a minute,
and blotted dry. The stain settles around the particles, which appear light against

the dark background of the stain, thereby giving the technique its name.

2.3.2 Plunge-freezing for cryo-electron microscopy

All the cryo-EM grids for this study were prepared in a Vitrobot (FEI). The
Vitrobot provides a humidity-controlled environment to prevent the grids from
drying out during the blotting and plunging process. 4 uL. of the sample were
applied to glow-discharged holey carbon-coated C-flat grids (C-flat, CF-2/1-2C,
Protochips), in a chamber kept at 90% humidity. After a 30-second incubation the
grids were blotted to remove excess liquid and plunged in liquid-nitrogen-cooled
ethane, for rapid heat transfer from the specimen [121]. This rapid-cooling ensures

that the water in the specimen is vitrified, not crystallised. The grids were stored
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in cryo-grid boxes under liquid-nitrogen until imaging time was available.

2.3.3 Data acquisition

All cryo-EM grid handling was performed under liquid nitrogen in special transfer
stations. The grids were placed in a side-entry holder or a multi-specimen rod, de-
pending on the microscope used, and kept cooled during insertion into the column.
The column was allowed time to recover after each insertion. Low-dose settings
were used for all cryo-EM data collection. After centring the beam and checking
the microscope alignments, the specimen was brought to eucentric height. This
was done by adjusting the position of the sample on the z-axis, to ensure that
there was no translational movement of the sample when it was rotated around
the specimen-holder axis. The grid was scanned in Search mode in SerialEM [122]
at low-magnification to identify areas of interest, which were then marked for data
collection. The beam was focussed using Autofocus in SerialEM or manual-focus,

depending on the microscope, before data collection using Record.

The negative-stained grids were used for sample screening and optimisation and
checked using the Tecnai T12 (FEI Company) microscope at 120 kV. Data were
acquired on a 4k x 4k FEI Eagle CCD-camera at a magnification of 67,000x, cor-

responding to a pixel size of 1.68 A /pixel.
The cryo-EM grids were mostly imaged using a direct electron detector (K2 Sum-

mit, Gatan Inc.) at the Tecnai F30 Polara electron microscope (FEI), operating

at 300 kV and equipped with an energy filter (GIF Quantum, Gatan) operated in
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zero-loss mode (0-20 eV energy slit). 25 frames were recorded per movie, where
each frame lasted 0.2s, at a defocus of 1.5 - 3.5 pm. This was performed using Se-
rialEM with the detector operating in counting-mode at a nominal magnification
of 37,027x with a resultant pixel size of 1.35 A /pixel, and an electron dose of 25

electrons per A2

The data collection at the Titan-Krios at the Diamond Light Source was also
performed using the 400Hz K2 direct electron detector (Gatan Inc.), equipped
with an Energy filter (0-20 eV slit), using an automated data acquisition software
suite, EPU (FEI Company), at an effective magnification of 62,500x with a result-

ing pixel size of 0.8 A/ pixel. The electron dose in this case was 30 electrons per

A2,
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Figure 2.4: Flowchart showing the main steps in the image-processing pipeline for cryo-EM data.
After Grant Jensen’s Caltech lecture series.

2.4 Cryo-EM image processing

Image processing for cryo-EM data may take several weeks or even months. The
flowchart in Figure 2.4 outlines the main steps involved. This section aims to

explain these steps and the principles behind them in detail.
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Figure 2.5: Schematic depiction of beam-induced drift of the particles (green) in vitreous ice
(blue). Carbon-support layer (grey) deformation caused by the electron beam (orange) results
in the shrinking of the hole and radiation damage of the specimen. This leads to rotational and
translational movements of the particles, resulting in slight changes in location, charging and
orientation of the particles. This leads to blurring and poor image quality. Modified from Brilot
et al., 2012 [113].

2.4.1 Frame alignment and motion correction

The electrons interacting with the specimen cause sample drift. The carbon sup-
port film and the vitreous-ice layer suspended in between the support, deform by
a small amount on several electron exposures, changing the size of the holes that
contain the sample embedded in vitreous ice. This, combined with the radiation
damage of the specimen itself, results in small rotational and translational move-
ments of the particles within the vitreous-ice layer and contributes to a blurring
effect (Figure 2.5). Tracking the movement of the particles during each movie
collection by cross-correlation and motion-correcting for this sample drift results

in a much improved image quality [113,123].

The cryo-EM data sets here comprised movies, acquired by the direct electron
detector, for each exposure. The first two and the last frame from each movie
were excluded from the average, to exclude the effects of beam-induced drift from
the initial exposure and the radiation damage from the last frame. The remain-

ing frames were averaged and motion-corrected using MotionCorr [123] to produce
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high quality micrographs. Micrographs with significant astigmatism and large drift
were also removed from subsequent analyses (explained in detail in the following

sections).

2.4.2 Contrast Transfer Function (CTF)

To understand the theory behind the contrast transfer function (CTF), it is es-
sential to remember the wave-particle duality of electrons. Consider each electron
is an electron-wave that it is scattered into its Fourier components upon inter-
action with the sample. Some components of the electron-wave pass through
unscattered [124], but most are scattered, and these contain information about
the specimen. Each component has a spatial frequency (low- or high-frequency
proportional to low or high scattering angles and thus resolution), and an ampli-
tude. All these components have the same wavelength (about 2 picometres for a
300kV emission) coming from the same electron-wave, but are phase-shifted due
to the scattering. The scattered waves from the specimen travel a different path
length than the unscattered ones, leading to an additional phase shift. After be-
ing focused by the lens onto a point on the image plane, the different components
interfere and the detector records the resultant electron wave. Some wave com-
ponents interfere constructively and contribute more to the resultant signal than
other components, which might interfere destructively. If the components cancel
each other out, some spatial frequencies might not contribute any contrast to the
final image. Plotting a function of contrast vs. spatial frequencies to depict this
gives the contrast transfer function or the CTF of the electron, thus showing how

each spatial frequency contributes to the resultant signal from that electron-wave.
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The CTF of the entire image is a sum of the CTF of each electron-wave that
contributed to it. In simple terms, the CTF represents how much contrast from
each Fourier component of each electron is transferred to the final image. This
information can be depicted using a power spectrum of the image: a set of con-
centric Thon rings showing the alternating pattern of the presence (the maxima
in a CTF function) and absence of signal (the zeros in the CTF function) for the
entire exposure that produced the image. The centre of the spectrum represents
low-resolution information and the increasingly further out circles depict the high-

resolution details.

The CTF depends on several factors, some of which are considered in the cal-
culation of the theoretical value of the CTF for correction. These include the
spherical aberration of the objective lens, the voltage and magnification used to
collect the images, the spatial and temporal coherence of the electron source and

the defocus of the image, and are discussed in subsequent sections.

2.4.2.1 Impact of defocus on CTF

Subjecting the electrons to a defocus, i.e. changing where the different components
of the electron are focussed, changes the path lengths of each of the scattered com-
ponents along with the scattering angles, which results in changed phases. What
this means for the CTF and thus the image is that different spatial frequencies now
contribute to the image. Thus, the CTF is different for different defocus values.
By imaging a specimen at a range of defocus values, a different range of contribut-
ing spatial frequencies is recorded at each defocus. Through this, the whole range

of spatial frequencies can be recorded and the missing spatial frequencies from
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Figure 2.6: An example illustrating the different CTF curves obtained by imaging at different
defocus values. (A) Close-to-focus micrograph of bacteriophage-22 procapsids at a defocus of
0.95 pm. (B) Far-from-focus micrograph of the procapsids at a defocus of 2.7 ym, with better
contrast. Scale bar = 500 A. (C) CTF curve corresponding to A showing presence of more
high-resolution frequencies contributing to the final function. (D) CTF curve corresponding
to B, showing faster oscillation and thus more true-zeros of the CTF, where no information is
transferred to the final image. Modified from Thuman-Commike et al., 2000 [125].
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Figure 2.7: CTF curves showing the effect of collecting data at a range of defocus values. (A)
CTF curve for one defocus value. (B) CTF curves for multiple defoci. The red curve is at a
lowest defocus and thus oscillates the slowest. Cyan/green curves correspond to the highest
defoci. (C) Summed CTF for overall transfer for spatial frequency components in the image.
Modified from Orlova et al, 2011 [124].

each CTF compensated for. Figure 2.6 shows how imaging at a high defocus value
enhances the signal contribution from lower frequencies but dampens the higher
frequencies. At higher defocus, the CTF oscillates faster. This results in more
true-zeros of the function, showing that a lot of high frequencies do not contribute
to the final image. It is, therefore, easier to locate the particles in panel B due to
high-contrast, but it comes at an expense of the high-resolution information. As

the number of true-zeros increases (at higher defoci), more information is missing

from the image and the harder it becomes to perform a reliable CTF correction.

Collecting data at several defocus values and combining it to produce the final
structure ensures that both low and high resolution features from the sample are
imaged for the final structure [124,126]. Figure 2.7 shows how information from
different CTF curves when summed, makes up for the lack of information from
the zeros of the individual contrast transfer functions and leads to a much higher
transfer of spatial frequencies in the final image than from a single CTF obtained

at a single defocus value.
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2.4.2.2 Envelope functions of the CTF

The CTF function is dampened by an envelope function at higher frequencies.
This may be the result of different electrons from the electron source being pro-
duced at slightly different angles, known as the partial spatial coherence of the
electron source. The images resulting from each of these electrons are, therefore,
formed slightly shifted from each other, resulting in the blurring of the net image
produced by all the electrons interacting with the sample. The blurring affects
the higher-resolution much more than the lower-resolution information, which is

reflected in the dampening of the CTF of the image at higher spatial frequencies.

Dampening may also be a result of different electrons being produced with dif-
ferent energies. This is known as the partial temporal coherence of the source.
Electrons with different energies are focussed on different image planes and thus
produce the resultant images at these planes accordingly. The net image is there-
fore a sum of all the images contributed by each electron. As they are in different
focal planes, and consequently have different contrast transfer functions (CTFSs)
which are out of phase with each other, summing them results in dampening of

the higher frequencies.

There might be several other factors affecting the image resolution at high fre-
quencies, such as the lack of proper alignment of the lenses in the microscope,
heterogeneity in the particles, spherical aberrations of the lenses, inaccurate cal-
culation of the defocus and the magnification values used etc. The net envelope

function is, thus, the product of all these individual envelope functions [127]. The
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dampening effect can also be represented by the point spread function or the PSF
of the image, which is essentially the real space version of the CTF. Therefore, the

final image is a convolution of the specimen with the point spread function.

2.4.2.3 CTF correction

In the following equations that show the relation between the CTF and the spec-
imen, I = Image, O = Object (specimen), PSF = Point Spread Function, CTF =

contrast transfer function, * = convolution:

[=0xPSF (2.2)

F{I} = F{O * PSF} (2.3)
F{I} = F{O} x F{PSF} (2.4)
F{I} = F{O} x CTF (2.5)
I =F YF{O} x CTF} (2.6)
F{O} = % (2.7)

0= ]:1{%} (2.8)

Following from the explanation of how certain frequencies from the specimen are
degraded by the point spread function, as the CTF is never perfect, it can be
concluded that not all frequencies from the specimen are recorded in the final
image. The image (I) is a result of the convolution of the point spread function

(PSF) with the object (O) (equation 2.2). In other words it is the inverse Fourier
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Figure 2.8: Power spectra showing the theoretical CTF (left half of the images) fitted to observed
CTF (right half of the images) of two example micrographs using Relion. (A) CTF shows
astigmatism and such micrographs were removed from the data set. (B) A good fitting of the
theoretical CTF to the observed signal ensures better CTF correction.

transform of the Fourier transform of the object times the CTF formed on the
back focal plane of the microscope. Therefore, in simplistic terms, the Fourier
transform of the image may be divided by the theoretical CTF and inverse Fourier
transformed to perform CTF correction (equation 2.7). When performed for all
the pixels in the image, this results in phase flipping of the values contributing
negatively to the amplitude of CTF. This process, known as CTF correction, gives

us an image closer to the true specimen. The mathematical justification of this is

shown in equations 2.1 - 2.7.

For all the data used in structure determination in this thesis, the Relion software
suite [128] was used to perform the CTF correction. Relion uses the CTFFIND
algorithm to match the theoretical CTF to the experimental values for CTF cor-
rection [129]. The power spectra of the micrographs were manually inspected to
remove any micrographs with astigmatism, large drifts or strange diffraction pat-

terns due to large ice crystal contamination, such as the one shown in panel (A) of
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Figure 2.8. Out of the remaining micrographs, only those with a well-fitted CTF,
such as the one in panel (B) of Figure 2.8, were included in subsequent processing

steps.

2.4.3 Particle picking and extraction

For subsequent processing, individual particles were extracted from the micro-
graphs. The particle picking was performed using e2boxer.py from the EMAN2
software suite [130]. Micrographs were displayed using e2boxer.py, the particles
picked manually and their coordinates saved as .box files. These coordinates were
fed into the Relion software suite [128], which extracted the particles in a given

box size.

Particles were picked automatically, using pattern matching, for the SAT project
(Chapter 3) as they were regular in shape. The sample was extremely concen-
trated and picking tens of thousands of particles manually would have proven too
time-consuming [131]. In this case, picking was performed by providing a spherical
radius of the particles which EMAN could use to search for the particles in the
micrographs. The automatically picked particles were manually screened to ensure
no deformed particles or contaminants were included in the subsequent processing.
For the A10 intermediate project (Chapter 5), manual picking was used, as there
were only a few particles per micrograph. Lastly, the pentamers (Chapter 6) were
mostly found in side views in cryo-EM and did not have an isometric shape so

manual picking was performed in their case as well.
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2.4.4 2D classification

The sample on the grid might contain single particles in several orientations, dif-
ferent conformational states or with partial ligand binding [132-134]. A variety of
available views of the particles is crucial for structure determination as we need
to image the object we are interested in from all angles. These different views of
the particle in different images are combined to produce the final structure. Af-
ter picking all the individual particles from the micrograph, it is essential to sort
them out into different classes, each containing a homogenous population of views
or conformations. This is done to remove any damaged particles that might have
been picked accidentally, or in case of automatic picking, to remove contaminants
or ice crystals that were picked by the program because they matched the particle
size and shape. The particles are aligned by being allowed x- and y-shifts as well
as in-plane rotations while being separated into homogenous 2D classes and sub-

sequently averaged to boost the signal to noise ratio in the class averages [135,136].

There are several methods to generate the 2D classes. Here, Relion [128] was
used for classification, which makes use of the Maximum Likelihood (ML) ap-
proach. In this, all images are assigned into a given number of classes, such that
the probability of all images in all possible orientations is iteratively calculated
and the images are x- and y-shifted and in-plane rotated until the particles are
aligned into homogeneously-oriented classes in 2D. For each iteration, this leads
to a probability-weighted average of all the particles in all different orientations,
for each class, to go into the next iteration. The iterative process continues until it

converges and the particles are sorted into homogenous classes. The final classes
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Figure 2.9: Figure showing the principle of 3D reconstruction from 2D projection images. Fach
particle is imaged to give 2D projection images, which can be Fourier transformed and used to
populate a Fourier space, representing the actual specimen. Modified from Saibil H., 2000 [118].

are screened manually, by visual inspection and based on the angular-rotation

accuracy obtained from the model.star file in Relion.

2.4.5 3D reconstruction for model generation

The images obtained from the microscope are 2D projection images of the speci-
men. Reconstructing them into a 3D structure after sorting them into homogenous
populations, requires the use of computer algorithms that employ the projection
slice theorem, also known as the Fourier slice theorem to build a model [137,138].
This approach relies on the principle that the Fourier transform of each 2D projec-
tion is a centre-slice of the Fourier transform of the 3D structure of the specimen,
and taking the inverse Fourier transform generates the 2D-projection of the re-
spective 3D density perpendicular to the slice in Fourier space [118,124,137,139].
Therefore, each 2D projection image contributes to the 3D representation of the
specimen in Fourier space and the more 2D projections of the sample acquired,

the finer the 3D Fourier space sampled and the better the final 3D reconstruction.

43



Chapter 2. Electron microscopy

Reprojection of
the refined model

) . Angles assigned to
Corrvzﬁirls%qe%ftinges images for 3D &
Pk reconstruction
Set of images Model projections Refined model

Figure 2.10: Figure showing the principle of 3D classification. 2D re-projection images are
matched to the re-projections of the template during classification. Class averages of each tem-
plate projection are calculated at the end of the iterative process. From Orlova et al, 2011 [124].

Figure 2.9 depicts the projection slice theorem.

To generate the initial model to start this iterative process, the best approach
is to provide a low-resolution (around 50 A in our case, so as to include no high-
resolution features) starting model of a similar structure as a template. It is critical
that the template is very low-resolution, so as not to reference-bias the resulting
structure. The model generation then fills in the high-resolution details in the

Fourier space.

2.4.6 3D classification and refinement

Once a 3D model has been generated, it is re-projected to create reference 2D

projections. The 2D projection images of the particles from the specimen are then
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cross-correlated to each of the template 2D projections, using Relion, and the an-
gles required to match them to each template projection are assigned accordingly.
These assigned angles determine how each image in the dataset contributes to the
final refined image in each iteration. Essentially, the underlying principle as in 2D
classification is that, each particle has a probability of being matched to each tem-
plate projection of the model with an in-plane rotation and an x-, y-shift, which

is used to create a weighted estimate of the model of the particle iteratively.

Each iteration thus generates a new and progressively better model and the itera-
tive process continues until it converges on a consensus 3D model of the structure.
This process is illustrated in Figure 2.10 from a review by Orlova and Saibil [124].
For novel structures, it is important to repeat the 3D classification a few times,
with different starting models or different number of classes, so as to make sure

that the starting template does not introduce reference-bias in the final structure.

For the resolution calculation of the final structure, Fourier shell correlation (FSC)
is used [140]. To this end, the entire dataset is split into two halves and the 3D
structural refinement performed for each half independently [141]. Subsequently,
the reconstruction from each half is Fourier transformed and correlated against
the reconstruction from the other half. The correlation is plotted against resolu-
tion to see how far it matches between the two halves. The resolution of the final
structure is reported at the Fourier shell correlation (FSC) cut off of 0.143, the

empirically-determined gold-standard in the field [141,142].
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Figure 2.11: An example of an atomic model (green) fitting into a cryo-EM map (blue mesh).
Here, FMDV SAT3 cryo-EM map at 3.1 A is shown with a model fitted in (discussed in a later
chapter). Figure rendered in Pymol [143].

2.4.7 Model fitting

Once a cryo-EM density map has been obtained, atomic models can be de novo
built or fitted into it via density correlation [144,145]. These may be obtained from
a known crystal structure of the specimen imaged, or from a crystal structure of
a related structure. Model fitting can be a tricky process for low-resolution den-
sity maps and care must be taken to avoid over-fitting and over-interpretation of
structural data. Sometimes the cryo-EM maps can be at a high enough resolution
to unambiguously fit even the side chains. An example from the FMDV SAT3
structure fitting can be seen in Figure 2.11. In this case, a model from a closely
related virus, SAT2, was fitted into the density and checked residue by residue to

mutate the sequence to the SAT3 sequence.

Rigid body fitting was used for the lower resolution maps in this thesis, such as the
A10 altered particle map (5.19 A) in Chapter 5 or the pentamer map (8.2 A) in

Chapter 6, to dock the crystal structure in the map without allowing any flexibility
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A B
Figure 2.12: Cartoon depiction of side views of biological specimen, (A) covered with heavy-metal
salt stain on a grid or (B) embedded frozen-hydrated in vitreous ice (blue).

of the secondary structure. The fitting was manually checked in COOT [146] and
tweaked to allow better fitting of the protein backbone into the density. Loops of-
ten had too little density to unambiguously fit the crystal structure to the density
map, which is why rigid body fitting was crucial, so as not to modify the basic
chemistry of the structure based on unclear density. Phenix [147] was ultimately
used to correct rotamer and Ramachandran outliers and to refine the structure in

real-space.

2.5 Classical vs. cryo-EM

Classical EM methods using negative-staining allow rapid and easy sample prepa-
ration. The staining also provides high contrast, making it easier to find the
objects of interest. Negative-staining is, however, not suitable for making reliable
conclusions about how objects might look under physiological conditions, as most
stains have an acidic pH and can interfere with the biological specimens. The
stain and the drying out process can be disruptive to the sample and the analysis
might be difficult due to the stain filling the empty cavities in the structure or not
covering the specimen uniformly. Furthermore, the layer of stain on top of the
sample might mask the high-resolution information. The signal is further damp-

ened by the additional background scattering of the continuous carbon support
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film. This technique is nevertheless quite useful for getting information about the
distribution of the particles on the grid, their heterogeneity and a general estimate
of their size and shape. It is also used to get information about small structures

(less than 200kDa), which are too difficult to accurately detect in cryo-EM.

Vitrification allows samples to be embedded in vitreous ice, which has a den-
sity close to that of liquid water, in a frozen-hydrated state. It was first developed
by Dubochet and colleagues in the 1980s [119, 148], and allows for imaging of
biological specimens in close-to-native conditions. The sample has to be rapidly
frozen and kept under —140°C to prevent formation of crystalline ice. Therefore,
the signal collected for each image corresponds directly to biological information
from the specimen, as there is no staining involved and the samples are dispersed
in holes on the grids, preventing interference of the signal coming from the spec-
imen and that from the grid support. Figure 2.12 depicts how a frozen-hydrated
biological sample, snap-frozen in liquid ethane (B), is preserved better than a

negative-stained one (A).

There are also challenges in working with plunge-frozen samples. As there is no
staining involved and the biological material and the vitreous ice scatter electrons
similarly, the contrast in the resultant images is very low. This can be overcome
by working a few microns away from focus, thus artificially enhancing contrast by
introducing a phase shift between unscattered electrons and electrons scattered by
the sample. Biological samples are also sensitive to radiation damage and therefore
can only be exposed once, at low electron-dose, to preserve structural integrity.

The low temperatures used in cryo-EM do, however, reduce radiation damage to
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the sample. Another problem that might arise in working with cryo-EM is that
some specimens have a preferred orientation in vitreous ice. This might result in
uneven sampling of the Fourier space and lead to anisotropic resolution across the
reconstruction [149]. In such cases, better experimental conditions need to be in-
vestigated, under which the samples have several different orientations in vitreous
ice, allowing imaging of the specimen from all angles. The sample may also be
tilted and imaged from different angles, as in cryo-electron tomography [150,151].

For all the projects in this thesis, single-particle cryo-EM was used.
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Native structures for FMDV SAT

serotypes

3.1 Chapter summary

As introduced before, foot-and-mouth disease virus has seven serotypes. South
African Territories (SAT) form three of the seven, namely SATI1, SAT2 and
SAT3. The serotypes vary antigenically, which is a major problem in vaccina-
tion against FMDYV; vaccines against one serotype are not cross-protective against
another [32,103]. Even different strains within a serotype may not respond to
the same vaccination. To add to the complexity of developing a cross-reactive
vaccine, FMDV, like all RNA viruses, has a high rate of mutation. It is crucial
to identify which specific strain of a serotype is responsible for an outbreak, for
effective vaccination. The structure of each virus serotype is different, based on
antigenic variation. There have been several structural studies performed on dif-

ferent FMDYV virus capsids and capsid proteins [31,33,34,45,152-155], in an effort
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to understand the structure-function relationship across different serotypes.

In this chapter, high-resolution cryo-EM structures of SAT3 (low-passage strain
SAR/2/06) and SAT1 (high-passage strain ZIM) are presented. The structure of
SAT3 had not been determined before by crystallography or electron microscopy,
in part due to its very low thermostability. A PDB entry for a SAT1 crystal
structure does exist (2WZR), but there had not been any thorough structural
characterisation, comparison of its structure against other FMDV structures or
any EM studies on it thus far. Completing the repository of SAT structures facil-
itates structural comparison of these serotypes. Comparative structural studies of
virus capsids may be important in developing chimeric, cross-protective vaccines,
that may be effective against several serotypes, and give an insight into what

makes the capsids more stable for one serotype versus the others.
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3.2 Methods

The production of FMDV on an industrial scale started with the discovery in
the 1940s that virulent FMDV could be grown in epithelial tissue from a bovine
tongue [94]. The model of FMDV production used today, that is in baby hamster
kidney (BHK-21) cells, was first used in 1965 by Capstick and coworkers [156]
and is described below. Live FMDV is a Bio-Safety Level (BSL) 4 pathogen and
can only be handled under strict containment conditions. For this reason, the
live virus growth in cultures was performed by our collaborators at the Pirbright
Insitute (SAT3) or MSD (Merck Sharp & Dohme GmbH) (SAT1). The sections
below describe how that was performed. All purification and subsequent imaging
and analyses were performed on the inactivated virus at The Division of Structural
Biology (STRUBI), University of Oxford, in containment suites operating at BSL-
2.

3.2.1 Virus production
3.2.1.1 Virus growth and inactivation

BHK-21 cells were grown in Glasgow Minimum Essential Medium (GMEM, Sigma)
with 10% Fetal Calf Serum (FCS) until they were confluent. They were then in-
fected with FMDYV and the cell culture medium containing the virus was harvested
when complete cytopathic effect (CPE) was observed (usually after overnight in-

cubation).

The cell culture medium was inactivated using binary ethyleneimine (BEI) in-

activation standard operating protocols (SOPs) [157]. This involved removing the
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dead cell debris from the medium, by centrifugation at roughly 2000xg for 30
minutes at 4°C. The supernatant, which contained the released virus, was then
inactivated by the addition of 10ml, 0.1M BEI solution per litre of virus super-
natant, producing a final concentration of 0.001M BEI. The solution was then
incubated at 37 °C for 24 hours and mixed with intermittent inversions. After this
process was performed twice, the World Reference Laboratory (WRL) confirmed
the success of the inactivation process through innocuity testing. Bovine thyroid
cells (BTY), together with ELISA assays, were used to detect if any infectious virus
was still present in the supernatant. Once the samples were cleared by WRL, they
were transported to Oxford in a frozen form for subsequent analyses, and stored at
—20°C until further steps. All subsequent steps in the following sections describe
how the virus was purified for both SAT1 and SAT3 experiments. The purification

protocol was kept consistent between the serotypes.

3.2.1.2 Virus purification from the inactivated pellet

The frozen cell lysates of SAT1 and SAT3 from Pirbright were thawed on ice and
then cleared of cell-debris by a low-speed centrifugation at 3500xg for 10 min at
4°C. Virus particles were then precipitated by adding 8% weight /volume (8g per
100mL) polyethylene glycol 6000 (PEG-6000) and incubated at 4°C overnight.
The virus precipitate was spun down at 3500xg for 1 hour and thoroughly re-
suspended in an NP40 detergent buffer (50mM Hepes, 400mM NaCl, 1% NP40,
pH 8.0), leading to a final volume of 1.5mL. Care was taken to ensure that the
pellet was completely broken down, so as to release all the virus in the buffer su-
pernatant. The supernatant was again clarified, to remove any remaining insoluble

clumps, by centrifugation at 3500xg for 20 min at 4°C. The clarified supernatant
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Figure 3.1: The first gradient purification (left) of the solubilised virus pellet, resulting in a
band (red arrow) indicating the virus particles. Several 1-mL fractions were harvested around
the light-scattering band on the gradient and checked on a Coomassie-stained 12% SDS-PAGE
gel (right) for the presence of capsid proteins (between 20 - 30 kDa markers) .
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Figure 3.2: The second gradient purification (left) of the solubilised virus pellet, resulting in a
much more defined band (red arrow), indicating a more purified virus preparation. Several 1-mL
fractions were again harvested around the light scattering band on the gradient and checked on
a Coomassie-stained 12% SDS-PAGE gel for a reduction in impurities (right).
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containing the virus was subjected to ultra-centrifugation at 105,000xg for 3 hours
at 4°C, to pellet the virus particles through a 2 mL 30% sucrose cushion. The
virus pellet was left to soften overnight in the NP40 buffer. It was thoroughly
solubilised the next day, taking care to avoid the introduction of air bubbles which
might damage the virus particles, in a total volume of 3 mL. To ensure that this
volume contained only solubilised virus, the solubilised pellet was centrifuged at
16000xg in a table-top centrifuge for 20 min at 4°C to remove any remaining
clumps. The clarified solution containing the virus was gently layered on top of
a 15 - 45% linear sucrose gradient. This was prepared using a gradient maker
(Biocomp) and carefully balanced after the sample was loaded on top of it. The
virus solution was thus fractionated on the sucrose gradient by ultra-centrifugation
at 105,000xg for 3 hours at 4°C. Figure 3.1 (left) shows the resulting band (red
arrow) on this first gradient. In total, 14 1-mL bands from the gradient were
collected in the region around the light scattering band (red arrow, Figure 3.1) by
pipetting out a series of 1mL fractions, as the sample might have diffused over a
larger area than was visible by eye. These bands were run on an SDS-PAGE gel
and stained using Coomassie blue stain; the results are shown in Figure 3.1, on
the right side. As shown, the four capsid proteins were present in all the fractions

(between 20 - 30 kDa markers) but several contaminants were also present.

Bands 3 - 12 were pooled, as there was not much material present in the others,
and further purified as follows. First, 7 kDa Molecular weight cut off (MWCO)
spin-desalting columns (Zeba, Thermoscientific) were used to remove the sucrose
from the collected gradient fractions. After desalting at 1000x¢g for 2 min at 4 °C,

the samples were concentrated, using a 100 kDa MWCO concentrator, to bring
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the volume down to 3 mL. The concentrated virus-containing sample was applied
to another 15 - 45% linear sucrose gradient and ultra-centrifuged as before at
105,000xg for 3 hours at 4°C. The resulting gradient fractionation is shown in
Figure 3.2, where the red arrow shows a much clearer and more defined band
containing highly-purified viruses. A few 1-mL fractions around the band were
carefully collected, ensuring the liquid did not stir inside the tube, and checked
on an SDS-PAGE gel to verify the purity of the virus preparation (Figure 3.2,
right). All fractions were again pooled, desalted and concentrated as before. The
final volume of the samples this time was much lower; they were concentrated to
roughly 2 mg/mL for electron microscopy. The subsequent sections present the

steps followed for structure determination of each serotype separately.
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Figure 3.3: Electron micrographs showing SAT1 particles in (A) negative-stained EM and (B)
cryo-EM. Red square in panel (A) shows an individual virus particle and the red arrow points
to an aggregate of virus particles.

3.3 Results

3.3.1 SAT-1

3.3.1.1 Negative-stain electron microscopy

The virus was first checked for optimal concentration and quality control in negative-
stained EM. To this end, the purified virus was diluted 1:10 and checked using
negative-staining by uranyl formate. Figure 3.3 (A) shows the results. As seen,
there were some aggregates of virus particles present, but most of the particles

were nicely distributed and intact.

3.3.1.2 Cryo-EM data collection

Once the quality of the preparation was verified in negative-stained EM, the sample

was diluted to 0.6 - 0.7 ug/ul, to give a good particle density on the plunge-
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Figure 3.4: SAT1 particles sorted into 2D classes in the Relion processing pipeline. Here shown
in reverse-sorted order by class distribution, i.e.: A is the most populous and and D the least.

frozen grids. This value was empirically determined for FMDYV grid preparations.
After plunge-freezing, the virus particles were imaged in cryo-EM, on a Polara
microscope (FEI), as described in Chapter 2. Figure 3.3 (B) is a representative
micrograph showing the quality of the data collected. After CTF correction and
automatic particle picking, the data was cleaned to remove any damaged particles
or contaminants. Roughly 20,000 particles were subsequently classified into 2D

classes.

3.3.1.3 2D classification

Relion [128] was used to sort the particles into 20 2D classes iteratively. How-
ever, it was observed that the particles were predominantly classified in only two
different 2D classes (Figure 3.4, A and B) and only 4 classes were populated by
the 2D projections. This could potentially mean that the 2D classification did
not work properly and converged into a local minimum. Figure 3.4 shows the
classes obtained, in decreasing order of particles per class (reverse-sorted by class
occupancy). Class A had 17030 particles, Class B 2949 and Class C and D had 3
and 1 particle(s) respectively. Classes A and B were combined and 3D classified,

which meant that almost all the picked particles were put through 3D classifica-
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Figure 3.5: SAT1 particles sorted into 3D classes in the Relion processing pipeline. Central
section through the 3D class averages shown in reverse-sorted order by class distribution.

tion in the next step. Since the data were put through 3D classification after this,
we were confident that any remaining bad particles would be removed in the 3D
sorting of data. Furthermore, the picked particles had been manually screened

after automatic picking to remove any ice or obviously damaged particles.

3.3.1.4 3D classification and refinement

The particles were then classified in 3D into 4 classes, using a known FMDYV struc-
ture as template, after it was filtered to a very low resolution (50 A) so as not to
bias the final structure. The Bsoft software suite [158] was used to ensure that
the template had the same pixel and box size as the picked particles. Once the
3D classification had converged, Relion [128] also provided the angular accuracy
of rotation for the determination of each 3D class-average. This was the measure
used in the end, together with manual inspection of the classes to determine which
3D classes looked the best and were to be further refined to give the final structure.
Figure 3.5 shows the 2D central slice through each of the 3D classes obtained for
SAT-1 particles. Class A had 7941, class B 6614, class C 3349 and class D 2075
particles. The 2D projections of the 3D classes looked quite similar, therefore the

angular accuracies of 3D reconstruction of each class were checked. The rotational
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Figure 3.6: SAT1 particles sorted into 3D classes in the Relion processing pipeline. 3D class
averages displayed in Chimera with the same level of thresholding for all classes, in the same
order as shown in Figure 3.5.

angular accuracy of classes C and D was better (0.5 and 0.4 degrees respectively)

than that of classes A and B (0.9 and 0.7 degrees respectively), as shown in the

model.star file generated by Relion’s 3D classification.

3D structures of each class were also displayed in Chimera [159], as shown in Figure
3.6. This confirmed that Classes C and D displayed higher-resolution features

more clearly and were subsequently selected for further structural refinement. This
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Figure 3.7: Final structure of SAT1 at 3.8 A, as displayed in Chimera. (A) Full density, coloured
by radius. and (B) the centre slice of the particle.



Chapter 3. Native structures for FMDV SAT serotypes

1.200 A

1000

0.800

0.600

ourier Shell correlation (FSC)

0.000
0000 0028 005 0083 0111 0139 0167 0194 022 0250 0278 0306 0333

Resolution (1/A)

Figure 3.8: (A) Resolution determination of the cryo-EM structure at the FSC cut-off of 0.143
and (B) the power spectrum from the CTF of an example micrograph showing the extent of
meaningful information in the images.

meant that roughly 5400 particles contributed to the final structure. 3D structural
refinement converged at a resolution of 3.8 A, which was determined at a Fourier
shell correlation (FSC) of 0.143. Figure 3.7 shows the final structure (A) after
refinement along with a slice through the centre of the particle (B), displayed in
Chimera. The red speckles in the centre of the particle represent density from the
genome, at this threshold. Figure 3.9 shows the inside of the capsid at a different

threshold, showing the layered structure of the RNA genome within.

Figure 3.8 shows the graph from the gold-standard resolution determination proce-
dure using an FSC cut-off of 0.143 (A), and the CTF (B) of an example micrograph
showing that the meaningful information in some images extended beyond the the-
oretically estimated CTF at 4.0 A.

Furthermore, ResMap [160] was used to visualise the regions of the structure with
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Figure 3.9: SAT1 structure colour-coded as shown in ResMap to show (A) the outer surface and
(B) the inside of the capsid, containing the genome.

the highest and the lowest resolution, to give further indication of the resolution
of the core capsid structure and highlight the more flexible outer regions. Figure
3.9 shows that the majority of the capsid shell was close to the resolution of 4.0
A (Figure B.1, Appendix B for additional statistics), but the regions closer to the

surface were determined to a lower resolution.

3.3.1.5 Model fitting

Once the final 3.8A-structure was obtained, the atomic model could be fitted for
further analyses. A 3.0A-crystal structure from a different strain of SAT-1 was
available (PDB ID: 2WZR), and used for this purpose. The sequence was not
modified as the full protein sequence of SAT1-ZIM was not yet available from
MSD. Thus, 2WZR-crystal structure was docked into the density using Coot [146]
and manually checked for fitting errors to fix any rotamer or Ramachandran out-
liers. Phenix [147] was subsequently used for real-space refinement. The corre-

lation between the map unit cell and the atomic model was over 70%, whereas

63



3.3. RESULTS 64

Figure 3.10: The fitting of the atomic model from 2WZR into the EM density (mesh, sigma
level 2.5 RMSD) of SAT1 shown (A) at the five-fold axis in wall-eye stereo for overview and (B)
zoomed in on a representative area to show the quality of fitting (not in stereo).
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Figure 3.11: The fitting of the atomic model from 2WZR (sticks) into the EM density (mesh)
(at sigma level 2.4 RMSD) of SAT1 shown in wall-eye stereo (A) as protein backbones and (B)
the atomic model using the same region.
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Figure 3.12: Refinement statistics and the Ramachandran plot of the final SAT1 structure.

the correlation between the map and the model around the atoms reached 84.9%.
The fitting process was iteratively repeated until there were no rotamer outliers,
roughly 86% of the residues were in the favoured and 14% were in the allowed
region of the Ramachandran plot. Figures 3.10 and 3.11 show the quality of the
fitting of the model into the EM map and Figure 3.12 shows the Ramachandran

plot for the final SAT1 structure, along with the final refinement statistics.

The final structure had missing EM density for the capsid protein VP1 between
residues 140 and 162 (inclusive), known to be the highly flexible and antigenic G-H
loop in FMDV. The EM density at the N-terminus of VP2 (residues 1 - 12) and two
regions of VP4 (residues 1 - 14 and 40 - 64) were also not well-resolved. Therefore,
these residues were removed from the atomic model, so as to accurately represent

which residues could be seen without a doubt in the EM density. Figure 3.13
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Figure 3.13: Missing VP4 in SAT3 showing missing cryo-EM density (blue mesh), in stereo,
between residues 39 - 65 of VP4 and the N-terminal residues 1-14 (blue line) to justify removal
of these residues from the final fitted atomic model. VP1 (yellow) can be seen in the background.

shows an example regions to highlight such areas with missing cryo-EM density in

VP4.
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— 100 nm

Figure 3.14: Electron micrographs showing SAT3 particles in (A) negative-stained EM and (B)
cryo-EM. The red square in panel (A) shows an intact virus particle, as evident by the exclusion
of stain from it and the yellow circle shows a group of pentamers from the dissociated particles.

3.3.2 SAT-3
3.3.2.1 Negative-stained electron microscopy

Asin the case of SAT1, the quality of the virus purification was checked in negative-
stained EM before the sample was plunge-frozen. Figure 3.14 (A) shows that the
particles were not aggregated, and even though some particles had dissociated into
pentamers, there were plenty of intact virus particles present even in a diluted

sample.

3.3.2.2 CryoEM data collection

After ensuring that the virus purification protocol had been successful, the sample
was diluted down to 0.6 pg/uL and plunge-frozen for cryo-EM data collection. A

sample micrograph is shown in Figure 3.14 (B). The cryo-EM data were collected
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at the Polara microscope (FEI) and after motion-correction, alignment and CTF

correction, about 71,000 particles were picked for further processing.

3.3.2.3 2D classification

Similar parameters as in the case of SAT1 were used for the 2D classification of the
SAT3 dataset, with the addition of the —only_flip_phases option in Relion. This
option seemed to correct the problem initially seen with SAT1, where all the 2D-
classes were not being populated. Using this option ensured that the amplitudes of
the CTF function were not modified in the CTF corrected version of the particles.
Under normal CTF correction parameters, Relion evens out the amplitudes of the
CTF function (except at true zeros of the function). When only phases are flipped
and the amplitudes are not modified, the lower-resolution information from the
particles is emphasised more than the higher-resolution information. This makes it
easier for Relion to classify large particles, such as viruses, into 2D classes based on
low-resolution features. The 2D classes obtained are shown in Figure 3.15. All the
classes represent the different views of the virus particle. There were no glaringly
bad particles in the 2D classes (as shown in Figure 3.15) and the angular accuracy
of rotation for all the classes ranged from 0.46 - 1.42 degrees in the model.star file.
Often, particles in close proximity to each other lead to poorer angular alignment
due to smearing (second in the top row, Figure 3.15), but these low-resolution
details of the viral particles may still be important; therefore all the particles were

combined for 3D classification.
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Figure 3.15: About 71,000 SAT3 particles sorted into twenty 2D classes. Here shown in reverse-
sorted order by class distribution. The number of particles per class were 11493, 5635, 4822,
4477, 4107, 3823, 3685, 3232, 3174, 2944, 2938, 2910, 2903, 2781, 2633, 2416, 2352, 1872, 1597
and 847 respectively, and they were re-combined for 3D classification.
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Figure 3.16: SAT3 particles sorted into 3D classes in Relion, shown in reverse-sorted order by
class distribution, where Class A had the most and Class D the least number of particles.

3.3.2.4 3D classification and refinement

The 3D reconstruction of the virus particle, obtained from the 2D class averages,
was re-projected and 3D classified by the iterative process of 3D classification (as
explained in the EM methods chapter). To this end, as with SAT1, an existing
FMDV map, low-pass filtered to 50 A, was used as the initial model. Figure
3.16 shows the 2D projections of each of the 3D class averages obtained after the
iterative classification procedure converged on a consensus structure in each case.
Class A had roughly 41000, class B 25000, class C 2800 and class D 1800 particles;

their 3D depictions are shown in Figure 3.17.

The angular accuracies of the four classes did not differ significantly (from Class A -
D: 0.47, 0.66, 0.58, 0.37 degrees respectively). Therefore, the classes with the most
particles (A and B as shown here) were combined to produce the final structure.
This resulted in roughly 66,000 particles contributing to the final structure of
SAT3, which is shown in Figure 3.18 along with a centre-slice through the particle
density. The resolution of the final structure was calculated at the Fourier shell

correlation (FSC) of 0.143, and determined to be 3.1 A (Figure 3.20 (A)).
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Figure 3.17: SAT3 particles in 3D classes in the Relion processing pipeline. 3D class averages
displayed in Chimera with the same level of thresholding for all classes, in the corresponding
order to that of Figure 3.16.
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Figure 3.18: Final structure of SAT3 at 3.1 A, as displayed in Chimera. (A) Full density, coloured
by radius and (B) the centre slice of the particle.
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Figure 3.19: SAT3 structure colour-coded as shown in ResMap to show (A) the outer surface
and (B) the inside of the capsid, containing the genome.

As in the case of SAT1, ResMap [160] was used to visualise the highest- and the
lowest-resolution regions of the SAT3 capsid. Figure 3.19 shows that the majority
of the capsid shell was close to the resolution of 3.0 A (Figure B.2, Appendix B for
additional statistics), and very few areas, close to the outer edges (beside the inside
of the capsid, showing the genome) of the structure, were at a significantly low
resolution. This was expected, as a lot more particles contributed to the SAT3 than
the SAT1 structure, leading to a much better resolution determination. Compared
to SAT1, a slightly more layered structure of the RNA genome inside the capsids

could also be seen.

3.3.2.5 Model fitting

As there are no known structures of SAT3, the atomic model of SAT2 (PDB
ID 5ACA [103]) was docked into the final cryo-EM density map of SAT3, using
Coot [146] (Figure 3.21 and 3.22). The sequence was then manually checked,

and mutated residue by residue, to match that of SAT3. The viral sequence of
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Figure 3.20: (A) Gold-standard resolution determination, at the FSC cut-off of 0.143, of the
SAT3 structure. (B) The refinement statics and the Ramachandran plot of the final structure is
also shown.
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SAR/1/06 SAT3 strain was provided by our collaborator Francois Maree’s lab in
South Africa, and used for the atomic model building of VP2, VP3 and VP4, as
the sequence of SAR/2/06 available at the time only included VP1. As both the
sequences had been obtained from the same strain and the same outbreak, just two
different animals, the sequence of SAR/1/06 was considered adequate for model
building. A sequence comparison of all SATs is included in the following chapter

along with more detailed structural comparison.

The docked model was manually refined to ensure the residues fitted well into the
density. Phenix [147] was then used for real-space refinement and the structure
manually checked again to fix any rotamer or Ramachandran outliers. After a few
iterations, a cross-correlation between the atomic model and the EM map unit
cell of over 70% was achieved; the cross-correlation around the atoms was even
higher (about 85%). There were no rotamer outliers, roughly 86% of the residues
were in favoured region of the Ramachandran plot and 14% in the allowed region.
Figure 3.21 shows the overview of the atomic model fitting into the EM density
at the five-fold axis (in wall-eye stereo view). A close-up of the fitting around the
atoms is also shown. Figure 3.20 shows the Ramachandran plot for the final SAT3
structure along with the refinement statistics. Almost all of the side chains could

be fitted into the EM density with high confidence, as shown by Figure 3.22.

As with almost all FMDV capsid EM structures, the flexible VP1 antigenic G-
H loop, was not seen in the EM density (residues 134 - 155). The N-terminus of
VP2 (residues 1 - 11) and two regions of VP4 (residues 1 - 14 and 39 - 64) were

not well resolved either, and therefore cut out of the final fitted atomic model, to
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3.3. RESULTS

Figure 3.21: The fitting of the atomic model from 5ACA (sticks) into the EM density (mesh,

sigma level 2.4 RMSD) of SAT3 shown (A) at the five-fold axis in wall-eye stereo for overview

and (B) zoomed in on a representative area to show the quality of fitting in Pymol (not in stereo).



3.3. RESULTS 78

Figure 3.22: Another example area showing the fitting of the atomic model into the EM density
(mesh) (sigma level 2.3 RMSD)of SAT3 shown in wall-eye stereo view (A) as the atomic model
and (B) the protein backbone using the same region. The loop shown spans residues 89-97 of
VP2 (yellow line).
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vpirae) VP1-163 (EM structure)

Figure 3.23: Showing the missing G-H loop from SAT1, between residues 139 and 163 of VP1.
The atomic model (pink) has been removed where EM density (mesh) (sigma level = 2.3 RMSD)
could not be observed. The difference between the atomic model from the crystal structure
(2WZR) (green) and the EM structure (pink) is also highlighted, where the crystal structure is
missing residues 163-164 in addition to the G-H loop mentioned before. VP4 can be seen in the
background in yellow.

accurately represent the structure density seen by cryo-EM.

3.4 Discussion

Cryo-EM is becoming an increasingly powerful tool for structure determination
of large and complex biological machineries. Viruses can be ideal samples for the
single-particle cryo-EM approaches, especially in the cases where they offer icosa-
hedral symmetry. The time spent in possibly lengthy crystallisation attempts to
determine a high-resolution structure may be saved if the samples prove amenable
to vitrification. Furthermore, the advent of direct electron detectors has pushed

the resolution boundaries possible for structure determination using cryo-EM. The
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need to pick hundreds of thousands of particles from cryo-EM samples has also
been reduced. These structural studies have the potential to assist in vaccine de-
sign, a crucial effort in the field, for a virus that has the potential to cause severe

economic problems in several parts of the world.

The structures presented in this chapter complete the database for SAT serotype
structures. 5400 particles were used to determine the structure of SAT1 at 3.8
A, whereas the structure of SAT3 was determined using roughly 66,000 particles,
demonstrating that the resolution gain in cryo-EM is not linearly dependent on
the number of particles and the resolution reaches a plateau after a certain number
of particles. The 3.0A-SAT1 crystal structure, that had previously been deposited
in the PDB (2WZR) but not explained in detail in literature, has now been put
into a native context in the cryo-EM maps. The novel SAT3 structure at a reso-

lution of around 3 A allowed unambiguous fitting of an atomic model into the map.

As expected, the flexible VP1 G-H loop was missing from both the structures,
along with the N-terminus of VP1. The regions of the G-H loop that were dis-
ordered were slightly different between SAT1 (VP1 residues 140-162) and SAT3
(VP1 residues 134-155) . Figure 3.23 shows the disordered region from SAT1 as a
representative example, with missing cryo-EM density between VP1 residues 139-
163. Furthermore, the crystal structure of SAT1 (2WZR) (shown in green) had a
slightly more disordered G-H loop, compared to the atomic model fitted into the

cryo-EM density (shown in pink).

A comparison of the structural stability of these two and other FMDYV serotypes
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is covered in the following chapter.

3.5 Conclusion and future direction

The results in this part of the study comprised of a high-resolution, novel, structure
of the FMDYV serotype SAT3, determined by cryo-EM in a close-to-native state. A
high-resolution cryo-EM structure of SAT1 was also presented, complementing the
crystal structure published previously, thus also completing the repository of SAT
serotype EM structures. As FMDV must always be handled in high-containment
biosafety level-4 facilities, performing structural studies on it is always a challenge.
With the help of our collaborators at the Pirbright Institute and the MSD, we were
able to get inactivated FMDV SAT1 and SAT3 samples for cryo-EM studies. We
hope that these high-resolution structures may benefit further computational and
experimental work on FMDV around the world, especially in labs that do not
have access to high-containment laboratories or high-end electron microscopes, by
providing a high-resolution structure for studies such as those involving antigen-

mapping, MD simulations or vaccine design.
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SAT3 structure analysis

4.1 Chapter summary

The SAT2 cryo-EM structure has been published previously (5ACA), with a sta-
bilising mutation at VP2-residue 93 [103]. Once the high-resolution SAT1 and
SAT3 cryo-EM structures with fitted atomic models were determined, a compari-
son to understand the structural variability among the three SATs was performed.
The novel SAT3 structure was also compared to serotypes O and A, for antigenic
properties, as it is a novel structure with no antigenic data available for it. Using
these comparisons, some speculations of the antigenic properties of SAT3 were

made and are presented here.
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Figure 4.1: PaSTRy assay showing thermal stability of different FMDV serotypes (from Abhay
Kotecha) [32] .

4.2 Methods and Results

The FMDYV serotypes vary in their thermostability considerably, as shown by
the results in this section. Subsequently, computational approaches were used to
compare the SAT3 structure to other serotypes in order to explain this difference
in structural stability and speculate on its antigenic consequences. Each method
and its results are presented in separate sections and explained in the Discussion

section.
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4.2.1 SAT3 vs. serotypes SAT1 and SAT2
4.2.1.1 Thermostability

Thermal stability is a crucial factor for the research or design of vaccine candi-
dates [102,103,161]. How thermally stable the vaccines are determines how long
a shelf life they might have, or how susceptible to fluctuation of temperature in
the cold chain they might be. The stability of the capsids is important, because
the more structurally intact the particles in the vaccines, the better the antigenic
immune response generated [36]. FMDV capsids dissociate at low pH or high
temperatures into non-potent pentamers; the temperature at which this happens
varies between different serotypes [36]. Inactivation protocols further reduce the
stability of the capsids [32,36,162]. FMDV SAT serotypes are prevalent in sub-
Saharan Africa, where the warm weather puts even higher demands on the cold
chain in storage and handling. The vaccines, especially in such cases, have a much
higher chance of success if they are thermally stable. Therefore, when solving a
novel FMDV structure, it was of interest to know how stable it was in comparison

to the other FMDV serotypes.

To check the thermostability of the FMDV capsids, the thermofluor assay PaSTRy
(Particle Stability Thermal Release Assay), was used [32,163]. The assay relies
on the virus dissociating (melting) at high temperatures and exposing the RNA
in the process. The genome then becomes accessible to the fluorophore, and their
binding is detected by the release of a fluorescent signal. For the results shown
in Figure 4.1, 0.4 ug of each virus serotype was used. The dye used was SYTO9

(Molecular Probes, Invitrogen, final dilution 1:100) and the plates were read out
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Figure 4.2: Multiple sequence alignment of SAT1, 2 and 3. (A) VP1, (B) VP2 and (C) VP3
proteins were aligned against the secondary structure of SAT1 (2WZR) to check for consensus.
VP4, almost entirely conserved between the three serotypes, is not shown here. Green stars
represent the experimentally determined antigenic sites for SAT1, blue stars SAT2, and pink
stars the sites that were shown to be antigenic in both SAT1 and SAT2 [91].
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using an Agilent MX3005 PCR machine. The temperature was increased from
25°C to 94°C with a step size of 0.5°C every 10 seconds, and fluorescence was
read at the wavelength of 490 nm for excitation and 516 nm for emission. The
data obtained were visualised in MxPro software (Strategene, UK) and the min-
ima of the negative first derivative of the fluorescence curves were taken to be the

RNA-release temperatures in each case.

Figure 4.1 shows that the SAT serotypes were relatively more unstable compared
to the other FMDV serotypes. The SAT2 strain used here had a stabilising mu-
tation at VP2 residue 93 (from Serine to Tyrosine) [103], which rendered it much
more thermally stable (discussed in the next section). Native SAT2 has a lower
melting temperature of 46.3°C [32], which is nevertheless higher than the melt-
ing temperature of SAT1 (44.2°C). SAT3 SAR/2/06 is the most unstable SAT

serotype as confirmed by the lowest melting temperature of 34.3°C.

4.2.1.2 RMSD

SAT1, 2 and 3 have a sequence-identity of over 60% in the capsid proteins (Figure
4.2), yet there is still a difference in their structural stability as shown by the
thermal stability results in Figure 4.1. The differences in sequences can be consid-
erable between the three capsid proteins, as shown by Figure 4.4; VP4 is largely
conserved (over 95% sequence identity between the three serotypes), as it faces the
inside of the capsid and does not encounter selection pressure. SAT1 and SAT3
structures were expected to be the most similar, based on their highest sequence

similarity.
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Figure 4.3: RMSD deviation curves between (A) SAT3 and SAT1 and (B) SAT3 and SAT2.
Residues 1-172 represent VP1, 173-379 VP2, 380-600 VP3, and 601-624 VP4 overlay respectively;
marked at the bottom by blue, green, red and yellow lines respectively. Residues shown to be
antigenic (Figure 1.9) in other serotypes are marked with a red asterisk. The two blue asterisks
mark the peak at the site near the missing GH loop.
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66.8%
76.0% 70.9% 3

Figure 4.4: ClustalW [164] was used to compare the sequence identity of the three viral proteins
(VP1-3) between SAT1, SAT2 and SAT3, shown in a tabular form here.

It is worth bearing in mind that even small structural changes and point mu-
tations may lead to dramatically different stability and antigenic variation. Fig-
ure 4.2 shows the antigenic sites for SAT1 (marked with green stars) and SAT2
(marked with blue stars) that were determined experimentally, via escape-mutant
studies, by Grazioli et al., 2006 [85,91]. There were some sites that were common
between the two serotypes (marked with pink stars), and are possibly conserved in
SAT serotypes. The antigenic properties are covered in greater detail in a separate

section.

The structure of SAT3 was completely novel, therefore as the first comparison,
its core structure was superposed, in Coot (and verified with SHP), on to SAT1
and SAT?2 respectively. This showed a sequence identity of about 68% and 65%
respectively. A pair-wise RMSD plot was generated to see where the two struc-

tures differed most significantly; Figure 4.3 shows the results. The overall RMSD

88



Chapter 4. SAT3 structure analysis

between the pairs of structures were not structurally significant, except in the
vicinity of the disordered regions, confirming that the core structures of the three
serotypes were almost identical. The average RMSD between SAT3 vs. SAT1
and SAT2 was roughly 1.3 A and 1.6 A respectively, which did not indicate large
structural differences. However, where the residue-wise RMSD plots showed that
there were a few pairs where the RMSD exceeded 4 A (VP2-131 for SAT1 and
VP2-130, VP3-64 and VP3-193 for SAT2), the overlaid structures were inspected
manually to see whether the secondary structure folds might be different at these
positions, leading to different structural properties. These results are discussed in

the Discussion section.

4.2.1.3 PISA

The inter-protomer interface for each SAT serotype was analysed in PISA [165].
As PISA detects and analyses interactions between each chain recognised in the
PDB file supplied, the interfacing proteins (VP2 and VP3) for each protomer were
re-labeled to a single chain using a python script, such that the final file contained
only two chain labels (one for each protomer) instead of four. Figure 4.5 (B)
shows the structure after re-labelling the chains, that was input into PISA. The
interactions between adjacent protomers were thus analysed in terms of hydrogen-
bonding and interacting surface area. The interacting surface area (Interface Area
highlighted in Figure 4.5 (A)) was shown as roughly the same between the three
serotypes; this may be expected, as the secondary structure is widely conserved in
the SAT serotypes. Whereas, the hydrogen-bonding (Ngp highlighted in Figure
4.5 (A)) varied significantly between the three serotypes, with SAT1 having the

most extensive hydrogen bonding of the three SAT serotypes, and SAT3 the least.
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Figure 4.5: PISA analysis of VP2-VP3 interfaces from adjacent pentamers. (A) SAT1, SAT2 and
SATS3 inter-protomer interfaces compared. (B) VP2-VP3 were relabelled as a single chain for
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Figure 4.6: (A) Number of hydrogen-bonds and (B) interface area shown in correlation to the
melting temperature of each SAT serotype.

This may be explained due to the differences in sequences and thus the interacting
side chains at the interface for each structure. Figure 4.6 highlights the correlation
between the melting temperature and the number of hydrogen bonds (A) or the
interacting interface area (B) for each SAT serotype. A general positive correlation
between the extent of hydrogen-bonding and the structural stability indicated by
the melting temperature may be seen. However, the lack of correlation between

the interface area and the melting temperature was unexpected.

4.2.1.4 Electrostatics

The SAT serotypes have a higher than 65% sequence similarity, and very different
structural stability. Structural differences and different charge distribution at the
surface may lead to different binding properties to receptors such as Integrin and
Heparin Sulfate (HS), and therefore different selection pressure from the host cells’

immune system.

Here, Pymol (APBS) was used to perform a comparison of the charged (elec-
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Figure 4.7: Electrostatic surface representation of (A) SAT1, (B) SAT2, (C) SAT3, (D) A10-61,
(E) O1BFS and (F) Cs8cl biological protomers. The A10-61 and O1BFS protomers were cell-
culture adapted (1ZBA and 1QQP respectively [30,33]), whereas the Cs8cl protomer was from a
low-passage field isolate (1FMD [33]), for comparison against the SATs. The table below shows
the residues at VP3-56, the site known to influence Heparan Sulfate binding and the location of
this HS-binding site is marked with white ovals.
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trostatic) surface of biological protomers from each SAT serotype, as shown in
Figure 4.7 (red: most negative, blue: most positive). The charge distribution
on the exposed surface of the capsid was quite different between the three SAT
serotypes. The distribution of charged residues on the SAT3 surface (C) appeared
more similar to that of SAT1 (A) than SAT2 (B), suggesting that its surface prop-
erties might also be more similar to SAT1, with which it shares higher sequence

similarity than SAT2 (68% vs. 65%).

Figure 4.7 also shows the tissue-culture adapted biological protomers of A10
(1ZBA) and O1BFS (1QQP) (panels D and E respectively), that have been shown
to have a strong affinity for HS, a negatively-charged molecule [30,33]. In com-
parison, the low-passage SAT3 protomer (Julian Seago, personal communication)
was closer to a field isolate. For comparison, the Cs8cl protomer (1IFMD), a low-
passage field isolate is also shown. As seen, the tissue-culture adapted protomers
had a large positive-charge distribution at the interface of VP1,2 and 3, the site
implicated in HS binding, marked by white ovals. The field isolates, like Cs8cl
and SAT3, have a more balanced charge distribution and do not appear to have a

large positively-charged surface near the HS-binding site.

The VP3-56 residue is specifically implicated in HS-binding, and is known to
mutate from a histidine in the field-isolate to an arginine in the tissue-culture
adapted isolate for FMDV serotype O [30,33]. None of the three SAT serotypes
had an arginine residue at VP3-56, as shown by the Table in Figure 4.7, but the
general distribution of positive charges on the surface indicated that SAT1 may be

adapting to the tissue-culture, by virtue of being a high-passage isolate, whereas

93



Chapter 4. SAT3 structure analysis

SAT2 and SAT3 have largely negatively-charged surfaces.

4.2.1.5 Surface difference

The different SAT serotypes may also have different antigenic properties owing
to differences in the shape of their solvent-exposed surfaces. To compare how
different the SAT3 capsid surface was, in comparison to SAT1 or SAT2, it was
compared to each of them separately, using a protocol established in the group by

Dr. Jingshan Ren [166].

The reference structure, SAT3 protomer, was optimally superposed onto the test
structure (in this case SAT1 or the SAT2 protomer) using SHP [167]. Subse-
quently the solvent-accessible surface atoms were located for each protomer, using
Areaimol program from the CCP4 suite [168-170]. For each of these atoms in the
reference structure, the nearest solvent-accessible atoms of the test structure were
located by the surffdiff program (courtesy Jingshan Ren). The distance between
the two atoms was then stored in the B-factor column of the reference structure’s
PDB file, which could be coloured by B-factor in Pymol to highlight the variability
in the surface-exposed or solvent-accessible surfaces between the two structures in

each case, as shown in Figure 4.8.
As observed in Figure 4.8, the SAT3 protomer appeared to have a capsid sur-

face more similar to that of SAT1, than SAT?2, in line with the sequence similarity

mentioned before.
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Figure 4.8: Depth-cued surface difference representation between (A) SAT1 and SAT3, and (B)
SAT2 and SATS3, highlighted in a blue-red colour scheme in Pymol. Blue areas are the most
similar between the two structures and the red areas the most variable. Pentamers shown as
seen from outside the capsid.
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4.2.2 SAT3 vs. serotypes SAT1, SAT2, A and O

Despite their economic importance in sub-Saharan Africa, the SAT serotypes are
not very well-studied FMDV serotypes, structurally or antigenically. Thus far, no
experimental studies have elucidated the locations of any antigenic sites on the
SAT3 surface. Some information is available on the SAT1 and SAT2 antigenic
sites [85,91]. To make the comparison of the antigenic surfaces more comprehen-
sive, the O and A serotypes were included in this section, as there is more much

experimental evidence available for the antigenic sites of these serotypes.

4.2.2.1 Antigenic variation

Using Pymol and the information available from literature, the main antigenic
residues and sites were mapped on to the pentamer of SAT3. Figure 4.9 depicts
the surface-exposed antigenic sites of O1K (A), A10-A12 (B) and SAT1, SAT2 (C)
in white, pink and yellow respectively [85,86,89-91]. The last panel (D) depicts
all the sites from the four serotypes mapped onto a single pentamer of SAT3 to

highlight overlaps, and therefore possibly conserved antigenic sites.

The most well-studied antigenic site (site 1), on the VP1 G-H loop, was common
to all the serotypes depicted here. Furthermore, the well-known RGD antigenic
sequence was conserved between all three SAT-serotypes. However, this site could
not be highlighted on the pentamers shown in Figure 4.8, as in almost all the
crystal and cryo-EM FMDV structures, it was too flexible and disordered to be
well-resolved. Figure 1.9 in Chapter 1 listed the residues that are known to be

antigenic in the serotypes shown in this section, and were used for the annotation
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Figure 4.9: Surface representation of a SAT3 pentamer with antigenic sites from (A) O1K
[86,89], (B) A10-A12 [89,90], (C) SAT1 and SAT2 [85,91], mapped on in white, pink and
yellow respectively. (D) shows all the sites from the other three panels mapped on to the SAT3
pentamer. Pentamers shown as seen from outside the capsid.
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Figure 4.10: Conserved residues between five FMDV sequences from different serotypes
(SAT1:2WZR, SAT:5ACA, SAT3, O1K:1BBT and A10:1ZBE), shown on a SAT3 protomer using
the ConSurf server [171,172]. Figure shows the (A) outside and the (B) inside surface of the
capsid

in Figure 4.9. Taken together, the antigenic site mapping showed that despite the
high variability in the protein sequences between the different FMDV serotypes,
there were some antigenic regions in common between all the serotypes. This is
shown by the overlap of the three colours (white, pink and yellow), in panel (D)
of Figure 4.9, close to the five-fold axis and near the two-fold axis on VP2-VP3

interfaces.

4.2.2.2 ConSurf

ConSurf is an online bioinformatics web-server that calculates the likelihood of
the conservation of protein residues in a given structure, based on its homolo-
gous sequences and the structural importance of each residue. The conservation

scores may provide an insight into the importance of each residue for its struc-
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Figure 4.11: Conserved residues on a SAT3 pentamer, shown from the (A) outside and (B) the
inside of the capsid. (C) The side view of the pentamer is also shown. Colour coding using
conservation score, depicting the least variable regions in blue and the most variable in red.

tural function. It might also help determine how related given structures might be.

Here, ConSurf was used to determine how conserved the structures of the five-
serotypes analysed in the antigenic comparison were. A multiple-sequence align-
ment of the sequences of the five serotypes depicted above (2WZR, 5ACA, SAT3,
1BBT, 1ZBE), generated using MultAlign [173], was input along with the struc-
ture of SAT3. The server mapped the sequence conservation information of each
residue, by modifying the B-factor in the SAT3 PDB file. The output from the
server is graphically depicted in Figure 4.10, where the most variable residues are
depicted in cyan, and the most conserved in maroon. As expected, the outer sur-

face of the capsid is far more variable than the inner surface.

To demonstrate in a clear fashion, where the most- and the least-variable regions
on the pentamers were, the PDB output file from Consurf with the SAT3 protomer

was reconstructed into a pentamer in Chimera and displayed in Pymol, colouring
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by the conservation scores in the B-factor column. Figure 4.11 shows the resultant
images, where the least variable regions are coloured in blue and the most variable

in red.

As expected, the outer surface of the capsid (Figure 4.11 (A)) was generally a
lot more variable than the inner surface (B). Furthermore, on the outer surface of
the capsid, the residues close to the five-fold axis and at the VP2-VP3 interface
near the two-fold axes appeared the most variable, as highlighted in orange and

red.
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Figure 4.12: A structure-based phylogenetic tree of all the FMDV serotypes, created using
Phylip [174] and SHP [167]. The serotypes (blue) and their PDB codes, where available (black),
are shown.

4.3 Discussion

The different FMDV serotypes vary in their structure and sequence similarity.
Phylip [174] and SHP [167] were used to plot a phylogeny inference tree (Figure
4.12), based on protein structures, for the seven different FMDV serotypes, to
show the variation among them and especially highlight the evolutionary differ-
ence of SAT3 from other serotypes. The RMSD between SAT3 and the other
serotypes was comparatively quite different, compared to the RMSD among the
other serotypes. As this was a structure-based phylogenetic analysis, it should
be noted that this may also be due to regions of the SAT3 structure not fitting
well into the EM density well, due to the low-resolution of the electron density in
some loop regions, therefore leading to higher RMSD with other serotypes in those
regions. The RMSD scores between the protomers from the different serotypes,

and the evolutionary distances derived from that, are included in Appendix D.
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Picornavirus Melting temperature (°C)

FMDV-SAT1 44
FMDV-SAT2 46
FMDV-SAT3 34
FMDV-O 46
FMDV-Asia1 53
FMDV-C 42
FMDV-A22 53
Ljungan virus 60
Poliovirus 45
Equine Rhinitis A Virus 55
Bovine Entero Virus 58
Hepatitis A Virus 80

Figure 4.13: Melting temperatures of different picornaviruses, including the different serotypes
of FMDV [32,163,175,176].

4.3.1 Stability

The FMDV SAT serotypes are among the least stable picornaviruses (Figure 4.13).
The various FMDV serotypes vary in their thermostability as well. Doel et al. [36]
had showed early on that among the FMDYV serotypes, SATs dissociate the fastest
at high temperatures (Figure 1.5), and among the SAT serotypes, SAT3 is the
most structurally unstable. Our results confirm these observations. SAT1 dissoci-
ates at a temperature of roughly 44 °C, SAT2 at 46 °C and SAT3 being the most
unstable, at 34°C. This poor stability underscores the difficulties in producing

stable vaccines for the SAT serotypes, particularly SATS3.

There are specific residues at the inter-protomer interface of the capsids, that
interact to determine the stability of the capsid structure. For a close comparison
to previous structural studies involving SAT serotypes, the study by Kotecha et

al. [103] was referred to. Kotecha and colleagues investigated several residues at the
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Figure 4.14: (A) Two symmetry related protomers of SAT2 shown; VP1 is shown in blue, VP2
in green, VP3 in red and VP4 in yellow; the black box highlights the location of VP2 residue 93.
(B)-(D) Zoomed in views of the highlighted area for SAT1, SAT2 and SAT3 with VP2-93 shown
in pink, indicating residues Glutamine, Tyrosine and Alanine respectively, at this position.
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protomer-protomer interface of SAT2 through MD simulations, and experimentally
tested the most promising candidate mutants, thereby showing that certain muta-
tions did indeed improve structural and thermal stability of the capsids, without
compromising the antigenicity of the virus capsid. They showed that residue 93 in
VP2 interacted with its symmetry-related counterpart and influenced the capsid
stability significantly. The mutant they created, with a stabilised interaction of
two tyrosines (instead of two serines) at the VP2-93 position, dissociated at 51 °C
instead of 46 °C. Figure 4.14 shows the residues (in pink) present at the VP2-93
symmetry-related positions for the different SAT serotypes. Here, the SAT2 mu-
tant with two stabilising tyrosines at the interface (Figure 4.14 (C)), showed the
pi-stacking of the aromatic rings that lead to improved structural stability. Panel
(B) shows two glutamines interacting at the SAT1 interface, that stabilised the
structure with hydrogen-bond interactions. While these electrostatic interactions
lent structural stability to the interface, they were not as strong as the pi-stacking
shown for SAT2 (C). SAT3 was the least stable of all the SAT serotypes. This
might have been, in part, due to the presence of non-polar amino acids (alanines)
at the interface (D), that were unable to participate in hydrogen-bonding or confer

significant hydrophobic interactions.

The PISA results alone could also not fully explain why SAT2 was the most stable
structure, followed by SAT1 and then SAT3, if the number of hydrogen bonds
was the greatest in SAT1. However, as discussed, the stability lent to the SAT2
structure was likely to be a result of the pi-bond stacking of the aromatic rings
at the protomer interface (Figure 4.14 (C)). These results might also be explained

by the fact that not all hydrogen-bonds are equal in strength. While these results
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suggest how more extensive hydrogen-bonding in SAT1 could have helped to make
it more stable than SAT3, which had a fewer number of hydrogen bonds at the
protomer interface, the far higher stability of SAT2 could not be explained just by
the number of hydrogen bonds. It was quite likely that the much stronger pi-bond
stacking in SAT2 compensated for fewer number of bonds present in total, thereby
making it the most stable structure in this comparison. The correlation between
the interfacing area of each serotype and their melting temperature (Figure 4.6,
(B)) appeared negatively-correlated, against expectation. This may be because
not all the residues at the interface form strong interactions, and therefore the in-
terfacing area is perhaps not a good measure of structural stability. It is therefore
perhaps the type of interactions and not necessarily the number of them, that in-
fluences structural stability significantly. The resolution of the structures analysed
here might also be too low to define the positions of the side chains with certainty,
leading to potential errors in the number of hydrogen-bonds calculated by PISA.
It should, however, also be noted that PISA results are merely suggestive and not
always entirely accurate; they should be considered as insights rather than defini-

tive explanations.

Hydrogen-bonding and inter-protomer interactions at the two-fold axis may influ-
ence the stability of the capsid particles. However, another indicator of stability
might be the VP4 disorder. SAT3 has a slightly more disordered VP4 of all the
FMDYV serotypes compared in this thesis. Along with the VP4 N-terminus, which
is disordered for all the structures analysed here, SAT3-VP4 also has a region of
disorder between residues 39 and 64. This stretch of 25 missing residues is longer

than that of SAT1 (24 residues missing), SAT2 (23 missing), A10 (21 missing)
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Figure 4.15: Zoomed in views of VP2-131 and neighbouring residues, in (A) backbone and (B)
atomic representation. SAT1 (green) and SAT3 (yellow) structures are highlighted in the EM
density map of SAT3 (blue mesh, sigma level = 3.4 RMSD) to indicate the region with high
RMSD between the two structures. VP2-130 Cysteine is also highlighted in SAT1, and is shown
to be absent from the SAT3 structure.

and O (24 missing). As the cleavage of VPO resulting in the formation of VP2
and VP4 leads to improved stability, required for capsid maturation, the disorder
in VP4 might be another contributor to lower capsid stability. The multiple se-

quence alignment of all the sequences of the serotypes mentioned here is included

in Appendix C.

4.3.2 RMSD between SAT serotypes

Most positions with a high RMSD were in the vicinity of disordered (terminal or
loop regions) or N-terminal regions and were thus not considered in the analysis
of structural difference between the given structures. Some regions with a high
pair-wise RMSD were located around antigenic sites (as shown by the asterisks in
Figure 4.3) and even if the RMSD values did not exceed 4 A, this might be an

indicator of structural flexibility due to immunogenic pressure from the host cells.
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In the RMSD comparison of SAT3 and SAT1, the position that stood out with a
high RMSD (around 4 A) was at the antigenic site around VP2-131 [86]. Figure
4.15 shows two different representations of this region. While the structure fold
and the residue (lysine) at VP2-131 were the same in both cases, the RMSD may
have resulted from the difference in the sequence among the neighbouring residues.
For instance, VP2-130 had a cystine residue in SAT1, whereas SAT3 had a histi-
dine instead. This also indicated that the formation of the di-sulfide bond between
VP2-130 and VP1-134 would not be possible in SAT3, but would be in SAT1. This
could not be verified in the structure, as the VP1-134 is part of the flexible G-H
loop and was missing from the structure, but may be another contributing factor
to the lower capsid stability of SAT3. This resulted in a slightly different loop
structure in each structure, as shown from the backbone fitting in the EM density

map (Figure 4.15 (A)), and thus a high RMSD.

Similarly, the high-RMSD positions for the SAT3 vs. SAT2 comparison were of-
ten based around disordered regions or at the loops in VP2 and VP3. Three of

these regions coincided with the location of antigenic sites and are shown in Figure

4.16 [86,90].

Between SAT2 and SAT3, VP2-130 - VP2-131 showed an RMSD around 3.7 A
(Figure 4.16 (A)), and as in the case of the SAT3 vs. SAT1 comparison, may have
been due to the sequence difference. Like SAT1, SAT2 also had a cystine residue
at VP2-130, whereas SAT3 had histidine, indicating another structural difference

that set SAT3 apart from SAT1 and SAT2. This site was also present at a VP2

107



Chapter 4. SAT3 structure analysis

Figure 4.16: Zoomed in views of regions containing (A) VP2-130 and (B) VP3-193 in superposed
SAT2 (green in A and yellow in B) and SAT3 (yellow) backbone structures shown in the EM
density map of SAT3 (blue mesh). Areas of interest are highlighted by the dashed white box.

loop, but good density was observed. This was expected based on the less than 4

A RMSD, indicating that the site was not as flexible as the loops in VP3.

The flexibility of the loops in VP3 is shown by the poor density in the regions
around VP3-64 - VP3-68 (lower loop) and VP3-192 - VP3-193 (upper loop), as
highlighted by the white box in Figure 4.16 (B); both fitted structures corre-
sponded well to their respective EM density. The flexibility of these antigenic
loops may be due to selection pressure from the host’s immune system, therefore

presenting a high RMSD.

4.3.3 Antigenic variation

Taking into account the comparative analyses of the surface structure of the dif-

ferent serotypes, the variability of protein residues on the capsid surface and the
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location of antigenic sites from previous studies, a few educated guesses might be

made about the antigenic properties of SAT3.

The conservation analysis (Figure 4.11) showed that the outer surface of the cap-
sid is more variable compared to the inner, between the five serotypes compared
here. This may have been a result of the selection pressure, as the virus mutated
to continue evading the host immune system. Given this continuous evolution of
the virus, the antigenic sites and the sequences at the most variable sites differ
considerably between the different serotypes. The regions with the antigenic sites
and therefore the highest selection pressure are most likely to mutate and therefore
vary between the different serotypes. Nonetheless, as shown by the comparison of
antigenic sites in serotypes O, A, SAT1 and SAT2 (Figure 4.9), some of the anti-
genic sites (especially the functional domains within them) may be conserved (for
example the conserved RGD sequence in the G-H loop in the antigenic site 1, ar-

eas close to the five-fold and at the VP2-VP3 interface near the two-fold axes, etc.).

This comparison may prove useful in designing targeted mutants for these anti-
genic sites to experimentally validate the findings presented here. We also know
from the comparison of SAT3 to SAT1 and SAT2, that the antigenic sites of SAT3
are likely to be more similar to those of SAT1, than of SAT2, owing to their larger

shared sequence similarity and surface structure (Figure 4.8).

The various structural differences between SAT3 and the other serotypes discussed
here may explain its low structural stability, which in turns leads to the larger

RMSD between SAT3 and other FMDV serotypes, and causes it to be an outlier
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on the phylogenetic tree (Figure 4.12). A more detailed analysis of the changes
between SAT3 and other serotypes, together with the results from subsequent
chapters that highlight flexible regions of a dissociated pentamer, may allow the
pinpointing of areas that are implicated in capsid uncoating. Stabilising these re-
gions with mutations (as in [103]) may create viable vaccine candidates, effectively
circumventing the problem of extremely low thermostability of SAT3, that hinders

stable vaccine design.

4.4 Conclusions and future directions

In conclusion, the determination of a high-resolution SAT3 structure has facilitated
the comparative analyses of this serotype against other known FMDV structures
and their structural properties. We showed that SAT3 is the most thermally un-
stable of the FMDV serotypes and therefore might present the greatest challenges
in vaccine design. Some insights into the antigenic properties of SAT3 were also

presented.

It is important to note that the SAT3 sequence fitted into the structure came
from SAT/01/06 strain (except VP1), whereas the strain used for structure deter-
mination was SAR/02/06. As shown by the results in thesis together with those
of Doel et al.; the thermal stability of different FMDV strains may vary signif-
icantly. Therefore, the minor sequence variation between these two strains may
lead to different thermostability and antigenic sites in each case. It would be key

to obtain a full sequence of SAR/02/06 for subsequent analyses.
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While these analyses may serve as a good starting point in understanding the anti-
genic properties of SAT3 and why they vary across the serotypes, and therefore
eventually lead to the design of a better FMDV vaccine, experimental validation is
still required. Furthermore, though some antigenic sites might be shared between
the serotypes, there are likely to be completely different sites for each serotype and
strain as well, as the viruses evolve to escape detection by the host cells’ immune
response. This might especially be true for SAT3, a serotype that appears to be
quite different from the other FMDV serotypes phylogenetically. Escape-mutant
studies may be required to validate the conclusions drawn from the computational
approaches used in this study, but we hope that the results presented here offer a

good starting insight into the antigenic properties of SAT3.
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A mis-assembled FMDYV particle

5.1 Chapter summary

Upon infection, FMDYV releases its genome in the host cell in an acidic environ-
ment, such as the endosomes, and disassembles into pentamers in the process.
This disassembly or uncoating process is poorly understood. While several studies
structurally characterising disassembly intermediates of enteroviruses are avail-
able [59,60,64,66], the aphthoviruses are less well-studied. This chapter presents
results on the structural characterisation of an FMDV particle that we initially
thought might be a disassembly intermediate, and later concluded was a product
of the mis-assembly of dissociated pentamers. In this chapter, the possibility of
the ERAV structure being a product of re-assembled pentamers is also discussed,

and a comparison between the two aphthovirus structures is provided.
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5.2 Methods

The virus production for the experiments in this section was performed by our
collaborators Amin Asfor and Sarah Gold, in Toby Tuthill’s group, at the Pirbright
Institute. The BEI inactivated samples were then brought to Oxford and treated
in accordance with the electron microscopy protocols at the Division of Structural
Biology. All subsequent structure determination and data analyses were performed
at Oxford. As these samples were obtained from a different lab that worked with
a different serotype of FMDV (A10), the results in this chapter focus on A10-61,
not the SATs.

5.2.1 Virus growth and harvest

The virus growth and purification protocol was similar to the one described in
Chapter 3 for the SAT serotypes. In brief, BHK-21 cells were grown to confluence
and infected with FMDV A10-61 in the high-containment laboratories at Pirbright.
Upon seeing full cytopathic effect, the cells and the supernatant were harvested.
The cells in the mixture were lysed by freeze-thawing at —20 °C to ensure that all
the virus was released into the supernatant. The supernatant was subsequently
clarified of the cell debris by low-speed centrifugation at 3500xg and a concentrated
virus pellet was obtained by precipitation with ammonium sulphate. This virus
pellet was purified through a 30% sucrose cushion and fractionated in a 15 - 45%
sucrose gradient to ensure that the virus particles separated from large impurities.
The band containing concentrated FMDV particles was treated further to produce

intermediate particles.
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5.2.2 Low-pH treatment to capture intermediates

Three different treatments were tried, to induce a disassembly intermediate in
the FMDV particles. The virus samples had a timed exposure of 125 seconds at
room temperature, to low-pH (6.3) 50mM citric acid plus 107mM NaCl buffer, be-
fore neutralising with 1M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid), pH 8.0. The exposure was performed either in the presence of 0.2%, 0.5% or
no formaldehyde at all. The formaldehyde conditions were used to attempt cross-
linking of the virus particles during the uncoating stage, as we predicted that such
particles might be quite unstable or transient. The sample without formaldehyde
was expected to have only pentamers, produced as a result of rapid dissociation
of the virus particles. A sample with untreated purified virus particles was used

as a control.

5.2.3 Enzyme Linked Immunosorbent Assay (ELISA)

After the low-pH treatments of each fraction, 50 ul. of each was used to coat
ELISA (Enzyme Linked ImmunoSorbent Assay) plates (Maxisorp-Nunc) overnight
at 4°C. After washing the plates with Phosphate Buffered Saline (PBS) and
blocking with 5% skimmed milk, the plates were washed with PBS containing
0.1% Tween-20 to remove any contaminants, and incubated for an hour with pri-
mary antibodies against FMDV A22-Traq (that cross-react with serotype A10) at
37°C. After washing the primary antibody away with PBS, a 1:1000 solution
of rabbit anti-mouse Horseradish Peroxidase (HRP) conjugated secondary anti-
body was added to the plates for an hour at 37°C. At the end, a SigmaFast

o-Phenylenediamine dihydrochloride (OPD) (Sigma) solution, a soluble substrate
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Figure 5.1: Gradient profile (from the top fraction to the bottom of the gradient, as indicated)
of the virus samples treated with 0.2% and 0.5% or no Formaldehyde to trap any intermedi-
ate particles formed. The control sample with virus only and the three other treatments are
shown in the key. Circles highlight the fractions that were pooled (per circle) for subsequent
electron microscopy and structure determination. Figure modified from Amin Asfor (personal
communications).

to detect peroxidase activity, was added to the well until a colour change was
observed (10 minutes), before stopping the reaction using 2.5 M sulphuric acid

(Fischer Scientific). The absorbance or OD at 490nm was measured for each sam-

ple, using Synergy 2 spectrophotometer (Biotek).

The results are shown in Figure 5.1. It shows the fractions collected going down the
gradient. The heavier the particles, the further towards the bottom they travel in
the sucrose gradient. The virus-containing sample (blue line) showed a peak in ab-
sorbance towards the end of the gradient, indicating the presence of virus particles
in fractions 14-17 . The FA treated samples were expected to contain intermediate
particles, that would be lighter than full virus particles due to the absence of the

genome but heavier than the pentamers, and therefore settle around the middle of
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Batch 1 Batch 2

Virus purification 11.04.2014 25.06.2015
Virus concentration - 0.35mg/treatment
pH treatment 04.11.2014 02.07.2015
Innocuity testing 14.11.2014 29.07.2015
Samples shipped to Oxford 13.04.2015 06.08.2015
Samples imaged 11.06.2015 29.09.2015

Figure 5.2: A timeline showing the steps and time required for the A10 samples, from preparation
to imaging.

the gradient. Thus the peaks detected in 0.2%- (green line) and 0.5%-FA treated
samples (purple line), in fractions 7-10 and 8-10 respectively, were consistent with
expectations and pooled separately. The low-pH treated sample containing no FA
was expected to produce only dissociated pentamers, that do not travel far down
the sucrose gradient, and therefore the fractions producing an absorbance peak
for these samples (red line) in fractions 1-3 were pooled as a control. The circles
in Figure 5.1 indicate the fractions with peak absorbance that were pooled (per
treatment condition) and BEI inactivated (as in Chapter 3) to be sent to Oxford

for structure determination.

5.2.4 Scale-up and shipment

The virus preparations from Pirbright were sent to Oxford in two batches, sep-
arated by several months. In the first batch, the purified virus samples were
subjected to a 15 - 30% sucrose gradient after the low-pH treatments, to have a
clearer separation of the altered particles from the pentamers and other debris. As
these samples were very dilute (shown in the Results section), the next batch was
scaled up 10x in terms of virus growth protocols, and also not further purified on a

sucrose gradient after the low-pH treatment. These samples appeared much more
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concentrated, as shown later. The time line from sample preparation to sample
imaging is shown in Figure 5.2. The samples were always kept in dry ice during
shipment. They were stored at —80°C between reception at Oxford and imaging

at the EM.

5.2.5 Desalting and concentration for EM

After receiving the samples at Oxford, they were desalted using 7TKDa Molecular
Weight Cut-Off (MWCO) 5-mL Zeba spin-desalting columns (ThermoScientific
Fischer). The columns were first equilibrated using a 50mM Hepes, 200mM NaCl
buffer, by a two-minute centrifugation at 1000xg twice, in an Allegra bench-top
centrifuge (Beckman Coulter). The sucrose-containing virus sample was then ap-

plied to the columns and centrifuged at 1000xg for two minutes for desalting.

Once desalted, 2 - 3 mL of these samples were concentrated in batches, to a
volume of roughly 50 pL. 0.5 mL 100kDa MWCO Amicon concentrators (Merck
Millipore Ltd.) were used for this step, at a centrifugation speed of 5000xg for one

minute at a time, until the volume was reduced to the desired levels.
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————— 100 nm

Figure 5.3: Control fraction from the A10 virus preparation. This sample was not subjected to
low-pH or formaldehyde treatment. Virus particles (red asterisk) and a few pentamers (yellow
circle) can be seen.

5.3 Results

5.3.1 Negative-stain electron microscopy

The samples from Pirbright were received containing high quantities of sucrose,
as they were purified on sucrose gradients and sucrose helps in the stabilisation of
the virus particles. Initially these samples were tested in negative-stain EM after
a desalting step. As those samples proved too dilute and hardly any particles
could be observed, the samples were concentrated as explained in the Methods
and subsequently checked in negative-stain EM. The results are described in this

sub-section.
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5.3.1.1 Control fraction with untreated virus

To ensure that the virus preparation protocol had worked and that the samples
were not damaged by shipment, storage at —80 °C, and subsequent thawing, the
control fraction was tested first for each batch. It was also crucial to check if the
desalting and concentration steps introduced any deformities in the virus particles
or if there were significant losses of biological material during these steps; therefore
the control fraction was checked using negative-stain EM. As seen in Figure 5.3,
the virus particles were intact with just a few pentamers indicating virus disassem-
bly. Assured that the sample preparation techniques were consistently functioning
as expected, the formaldehyde treated samples were observed for FMDV altered

particles next.

5.3.1.2 Low-pH treatment in the presence of Formaldehyde

Concentrated samples were used to prepare negative-stained grids with uranyl ac-
etate, as explained in the protocols described in Chapter 2: Electron microscopy.
Figure 5.4 shows the results from the 0.2% and 0.5% formaldehyde-treated sam-
ples. As shown by the micrographs, there were quite a few pentamers in the
sample (yellow circles), but virus particles were sparse (red squares). These re-
sults were consistent for both the batches of samples shipped to Oxford, thereby
indicating that this could either be a result of unsuccessful fixation such that all
the virus fell apart into pentamers each time, or the altered particles clumping
together and sticking to the filters during the desalting and concentration steps.
The concentration of the potentially altered particles in these samples was far too

low to attempt cryo-EM on them.
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Figure 5.4: Negative-stain electron micrographs showing (A-C) 0.2% or (D-F) 0.5%
formaldehyde-treated FMDV samples, followed by desalting and concentration, before grid
preparation. Different views show very sparse population of potential altered virus particles
(red squares) and top-views of pentamers (yellow circles). Aggregation and debris can also be
observed (red arrows). Scale bar = 100nm.
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Figure 5.5: (A) Negative-stained and (B) cryo-EM images showing low-pH treated FMDV parti-
cles with no formaldehyde treatment, from the first batch. Empty-looking FMDYV particles were
observed (red square). Pentamers in negative staining appeared predominantly in top-views (yel-
low circle) but rarely also in side-views (red circles). There were not many pentamers observed
in the cryo-EM samples in this batch

5.3.1.3 Low-pH treatment in the absence of Formaldehyde

First batch: We then checked the second control fraction that had no formalde-
hyde added to it during the low-pH treatment. Figure 5.5 (A) shows the results
of negative-stain EM for this sample. Where we were expecting just pentamers,
the sample, interestingly, also had some empty-looking, potentially altered parti-
cles (red squares) as indicated by the presence of stain inside them. Also present
was an abundance of pentamers in top-views (yellow circle), while a few were also
seen in side-views (red circle). This sample was plunge-frozen in liquid nitrogen
to collect data in cryo-EM; Figure 5.5 (B) shows a typical cryo-EM micrograph
from this dataset, collected using a K2 detector (FEI Company) at the Polara

microscope. While there were on average 2 - 3 particles per grid hole, there were
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not many pentamers seen in this sample and data collection was tedious.

To boost the resolution of the structure solved from this data, a more concen-

trated sample was arranged from Pirbright.

Second batch: This second batch appeared much more concentrated, as shown
in Figure 5.6, and pentamers were visible even in cryo-EM (Figure 5.6 (B)), which
would prove useful for the later aspects of the project that are described in the
next chapter. Even though the particles did not disperse evenly in the grid holes,
the data collection for this sample was slightly easier, as the clusters of larger
number of particles could be seen in Search mode at low-magnification a bit more

easily.
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Figure 5.6: (A) Negative-stain and (B) cryo-EM images showing low-pH treated FMDV particles
from the second batch. Full (red asterisk) and empty (red square) FMDV particles were observed.
Pentamers in negative-staining appeared in predominantly top-views (yellow circle), whereas in
cryo-EM most of them were observed in side-views (red circles).
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Figure 5.7: PaSTRy assay showing results of the native virus in comparison with the poten-
tially altered particles. An RNA-detection dye, SYTO9, and a protein-melting or denaturation-
detection dye, SYPRO red, were used for this assay. Distinct peaks for RNA uncoating using
SYTO9 could be seen between 45°C and 50 °C for the native virus samples (purple and red),
whereas no such peaks were observed for the potentially altered particles (orange and pink). All
the samples had denaturation peaks in the SYPRO red test, between 70 °C and 80 °C.

5.3.2 Thermofluor assay

As a quick check to confirm that the empty-looking particles were actually devoid
of any RNA, they were compared to the native particles in the PaSTRy ther-
mofluor assay [32,163], as introduced in Chapter 4. Native virus samples were
used as a control and two different quantities of the preparation were checked.
Either 5 or 10 uL of sample was used for the virus and the potentially altered par-
ticles. Two different dyes, SYTO9 and SYPRORed (SYPred) (Molecular Probes,
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Invitrogen, final dilution 1:100), were used to check for RNA-binding detection
and protein-melting respectively. As before, temperature was increased in 0.5°C
intervals every 10 seconds, in the range of 25°C to 94°C. The fluorescence de-
tected at 516 nm for emission (Agilent MX3005 PCR machine) was used to obtain
the first negative derivative, and the first minimum was used as the temperature
reading for RNA release via uncoating and protein-melting accordingly in each
case. The data was visualised in MxPro (Strategene, UK) and is shown in Figure

D.7.

There were clear SYTO9 peaks for the RNA uncoating between 45°C and 50 °C
in case of the native FMDV virus samples (purple and red), whereas no RNA-
melting peak was detected for the potentially altered particles samples (orange
and pink), confirming that these particles did not contain any RNA and were in-
deed empty. All the samples denatured between 70°C and 80°C, as confirmed
using the SYPRed dye.

5.3.3 Cryo-EM data collection and processing

As high-magnification exposure delivers a high dose of electrons to the specimen,
the grid holes were always screened in low-magnification, in the Search mode.
Only once the object of interest, the potentially altered particles in this case, were
found in a specific part of the grid hole, was the high-magnification image acquired.
Finding the location of 2 - 3 particles in order to collect a high-magnification image
proved extremely difficult and only 572 movies could be acquired over 48 hours of

microscope time for the samples from the first batch. Initially, this small dataset
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from the first batch was used to determine the structure as a proof-of-principle,
making sure the particles seen in the micrographs represented a novel finding.
In this case a total of 2372 particles were collected from the initial 572 movies.
This resulted in a 3D class with 521 particles producing a 5.9-A structure that
appeared dramatically different from the native FMDV particle. Therefore, more
data were collected on the more concentrated samples in the second batch to boost
the resolution. The final structure was obtained from 1572 movies collected on
the Polara. Some 14,800 particles were collected for this purpose. The further

processing was performed as follows.

5.3.3.1 2D classification

Particles were picked manually and 2D classified into 40 classes using Relion [128],
to ensure good separation of full or native (Figure 5.8, red asterisk) from poten-
tially altered particles. As particles were manually picked and none of the 2D
classes appeared damaged or contaminated by ice all but four classes, with a rota-
tional angular accuracy of worse than 0.7 (marked with yellow asterisks on Figure

5.8), were merged (roughly 12,700 particles) and 3D classified.

5.3.3.2 3D classification

All the picked particles were 3D classified into four classes. A previous structure of
FMDV [30] was used as an initial template after a low-pass filter was applied to it
to bring it to a resolution of 50 A, at which no high-resolution features were visible.
After one round of 3D classification, the class most resembling an empty particle
was chosen as a template, and low-pass filtered, to be used for a second round of 3D

classification. The final results of 3D classification are shown in Figure 5.10, where
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Figure 5.8: Central slices through the 2D classes of the altered particle. Red asterisk indicates
what appears to be a class with full particles and yellow asterisks mark the classes that were
excluded from subsequent analyses due to poor rotational angular accuracy.
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Figure 5.9: 2D projections of the four 3D classes of the potentially altered particle. The number
of particles in the classes was (A) 4953, (B) 1053, (C) 4990 and (D) 1731 respectively.

Figure 5.10: 3D rendering of the 3D class averages in Chimera, in the same order as in Figure
5.9.
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Class A has 4953, Class B 1053, Class C 4990 and Class D 1731 particles. Based
on how the classes appeared in 3D, as seen in Chimera (Figure 5.10), the most
similar looking classes with good rotational angular accuracy of sampling (classes

A, C and D in this case) were combined for structural refinement in Relion [128].

The final structure (Figure 5.11) had 11,674 particles and was resolved to 5.19 A.
An optional step of re-classifying the particles contributing to the final structure,
based on their orientation only, was performed to see if a better separation of
the altered particles could be obtained and whether it would result in a better
resolution of the EM map. This resulted in a new classification where the majority
of the particles (8,077) went into one class. The structure resolved from this class

however did not have a higher resolution.

The final structure was thus resolved from 8,077 particles after iterative 3D clas-
sification and refinement. The resolution of 5.19 A was obtained at the FSC of
0.143, the gold-standard in the field. ResMap was then used to highlight the ar-
eas with the highest and lowest resolution. As seen in Figure 5.13, most of the
structure was between 3 - 4 A (additional ResMap statistics, Appendix B), and

the outer-most parts of the structure went up to 9 A
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Figure 5.11: The refined 5.19-A structure of the (A) mis-assembled FMDV capsid and (B) its
cross section showing gaps at the pentameric interfaces and a collapsed five-fold axis. Coloured
by radial-depth, cueing from red (innermost) to blue (outermost) in Chimera.
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Figure 5.12: (A) Resolution determination to 5.19 A, using the gold-standard FSC cut-off at
0.143. (B) Thon rings from an example micrograph’s CTF showing the extent of useful infor-
mation up to 4 A.
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Figure 5.13: Resolution determination of the final FMDV mis-assembled particle structure, on
the scale shown, using ResMap.
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5.3.3.3 Refinement and model fitting

Once a map was obtained, the crystal structure from the native A10 FMDV parti-
cle (PDB 1ZBE [30]) was rigid-body fitted into the density using Coot [146]. The
quality of the model fitting into the density is shown in Figures 5.14 and 5.15, in
wall-eyed stereo representations and can be viewed in 3D. As the full model of the
native virus did not seem to fit well into the density, and it appeared that the pro-
teins had re-arranged in this particle (discussed in later sections), the three capsid
proteins were separated and fitted individually. In some regions of the structure,
manual fitting of the chains to ensure they were well-fitted into the density was
performed. The medium resolution of the map allowed us to do this for the protein
backbone with high confidence; the density for the protein side chains could also
be identified in some cases as shown in representative areas here. At this stage it
became apparent that VP2 and VP3 were switched and that the pentamers were
assembled inside-out. In this orientation, the native pentamer fitted into the EM

density rather well.

Following this initial fitting, Phenix [147] was used to perform a global minimisa-
tion and real-space refinement to ensure that there were no rotamer clashes in the
structure. As a result, the model fitted into the map with a high cross-correlation
of over 77% in the unit cell, and the cross-correlation around the atoms was higher
than 80%. Figure 5.16 shows the final refinement statistics from Phenix real-space

refinement, as well as the Ramachandran plot of the final structure.

The regions of the atomic model from 1ZBE, for which no electron density was

132



5.3. RESULTS 133

Figure 5.14: Wall-eyed stereo view of the atomic model of native A10 FMDV from a crystal
structure (1ZBE [30]) docked into the electron density map obtained from cryo-EM at a resolution
of 5.19 A. (A) Backbone and (B) atomic representations are shown in left and right panels,
showing the fitting of the model in the density of the VP1 loops (some residues labelled to
provide context). Sigma level = 4.00 RMSD.
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Figure 5.15: Wall-eyed stereo view of the atomic model of native A10 FMDV from a crystal
structure (1ZBE [30]) docked into the electron density map obtained from cryo-EM at a resolution
of 5.19 A. (A) Backbone and (B) atomic representations of two different chains (red and yellow)
are shown. Sigma level = 4.00 RMSD.
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A10 refinement measure Final
figures
Map cross-correlation (whole unit 77.2%
cell)
Map cross-correlation (around 81.1%
atoms)
All-atom clash score 24.52
Ramachandran outliers 0.00%
Ramachandran allowed 16.37%
-184 -

Ramachandran preferred 83.63% i L PR
Rotamer outliers 0.00%

In Preferred Regions: 465 (83.63%)
C-beta deviations 0 In Allowed Regions: 91 (16.37%)

Outliers: 0 (0.00%)

Figure 5.16: Refinement statistics and the Ramachandran plot of the final structure of the FMDV
mis-assembled particle.

visible in the altered particle, were removed. The final model comprised residues

27 - 208 of VP1, 29 - 210 of VP2 and 1 - 221 of VP3. VP4 was entirely missing.

5.3.4 Polara vs. Titan Krios

At this stage of the project, the Titan Krios electron microscope (FEI Company)
had become available at eBIC (electron Bio-Imaging Centre), at the Diamond
Light Source. In an attempt to use automated data collection and make use of the
higher stability and the superior electron optics of the Titan Krios to improve the
resolution of the structure, three days of data collection time were awarded to us
at the Titan Krios. Using automated data collection in EPU (FEI Company), as
mentioned in the EM methods chapter earlier, 4451 movies were collected using
the K2 direct electron detector (Gatan Inc.). Unfortunately, as the sample was
not concentrated or distributed in the grid holes uniformly enough, a lot (1608) of

these movies were found empty and thus discarded. As previously, the particles
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Polara, attempt 1 Polara, attempt 2 Titan Krios

Total movies 686 1572 4451

collected

Empty movies 14 - 1608

No. of movies 572 1572 2843

Particles in 2D ~2300 ~14000 ~5866

classes

Particles in the 521 Cl1C4 = 06684 C1=2079

final 3D class C1C3C4 = 11,674 C1C2 = 4359

C1C3C4 refined = 8077

Final Resolution 5.9 A 519 A Cl=57A

C1C2=53A

Figure 5.17: Comparison of data collection strategies between the manual collection at the Polara
vs. the automated collection at the Titan Krios, both equipped with the a K2 direct electron
detector. C1-C4 = classes 1-4.

were 2D and 3D classified. Of the four 3D classes, one or two were picked, with

2079 and 4359 particles respectively, to refine the final structure. These generated

structures at 5.7 A and 5.3 A respectively.

As the previous structures (both at 5.9 A and 5.19 A) were solved using man-
ual data collection, those datasets had fewer unusable movies. On the other hand,
those data collections consumed several days and nights of manual work at the
microscope. Figure 5.17 summarises the number of movies and particles picked
from each dataset and highlights how many of those particles were used to pro-
duce a final structure at the shown resolutions in each case. The image processing
pipeline was kept consistent. The attempt to obtain a higher resolution structure
from the Titan Krios data was unsuccessful due to a much lower number of parti-

cles in the collected movie frames. It is interesting to note however, that roughly
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the same resolution of the final structure could be achieved using half the number
of particles from the Krios dataset. A more homogeneously distributed sample on
the grids would therefore dramatically benefit from automated data collection at

the Titan Krios.

5.3.5 A novel FMDYV mis-assembly structure

The final structure of the potentially altered particle was drastically different from
the native (1ZBE) crystal structure (Figure 5.18). The particles appeared slightly
expanded compared to the native capsids (312.12 A in diameter, compared to
296.69 A). The potentially altered particles contained no RNA, and the pentamers
were inverted such that their natural curvature gave rise to the appearance of
depressions at the five-fold axis (Figure 5.19). The pentamer structure of the
mis-assembled pentamer (B) and curvature was broadly the same as in the native
capsid structure (A), but the orientation had reversed (Figure 5.20). VP4 was
also missing and the N-termini of VP1 and VP2 were disordered (the first 26 and
28 residues respectively), consistent with previous picornavirus studies of empty
particles [59-62,64,66]. VP3 showed large-scale disorder and there were large gaps
at the two-fold axes; the distance between the backbone Cas of the two symmetry-
related proteins at the interface being 20 A at the widest and 9 A at the narrowest
point, as measured in Coot. Consequently, the structure on the whole appeared

loosely-held together.

Upon superimposing the individual protein chains from the mis-assembled particle

on to those from the native (1ZBE) (Figure 5.21), the largest differences in the
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structures were seen at the inter-pentameric loop regions. The core structures of
the proteins superimposed well and had not changed dramatically between the na-
tive and the mis-assembled particle, but the -sheets of VP2 near the C-terminus
showed a large translation. The N-terminus hairpin structure was also missing, in

the mis-assembled particle.

Similarly, S-sheets and loops in VP3 showed some translation, but more notably
when the full protomers were superposed only using VP1, to allow maximum dif-
ference between the inter-pentameric regions to be visualised, the three loops (BC,
HI, and DE) showed a 4.6° rotation with respect to the native (discussed in later
sections). The VP1 structure did not appear drastically different between the two

particles.

5.3.6 Inter-pentameric interfaces of the mis-assembled par-

ticle

Once a well-resolved structure was available, the aim was to study the structural
interactions holding the particles together. It was clear that the pentamers were
loosely-held together so efforts were made to understand the key interactions re-
sponsible for this. PISA [165] was used as an initial analysis tool. VP2 and VP3
from each of the two opposing protomers at the inter-pentameric interface were
used, for the native and the altered particle, as shown in Figure 5.22. Even on
visual inspection, the interactions at the interface of the altered particle appeared
dramatically reduced compared to the native virus. This was confirmed by PISA,

which showed 8 hydrogen bonds and no salt bridges at the interface for the altered
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particle, whereas there were 38 hydrogen bonds and 6 salt bridges for the native
(Figure 5.22 (C)). The predicted interactions in the output, that hold the pen-
tamers together, were between VP2 Lys64 - VP3 Asp70, VP2 Phe65 - VP3 Arg67,
VP2 Tyr200 - VP3 Asp69 and VP2 Lys198 - VP3 Glul96 and each interaction
was present twice across the interface (Appendix A). The interacting surface area
of the interface was also reduced from 2772.9 A? in the native to 927.0 A? in the

altered particle.

As the structure was not at a high enough resolution to fit all the side chains
unambiguously, PISA results may not be entirely reliable. Therefore, the inter-
pentameric interface was also inspected manually in Coot, observing the fitted
protein structure backbones in the electron density. Figure 5.23 shows the regions
that were observed to be in close proximity to each other in order to form hy-
drogen bonds. The BC loop (residues 68-73) and the adjacent EF loop (residues
135-136) of VP3 interact with the 5B strand of VP2 (residues 62-68) and the CD
loop (residues 85-88), of VP2 in the opposing pentamer, to stabilise the assembly
(Figure 5.23 (B)). It is hard to accurately predict the interactions between the side
chains, but the fitting suggests that there might be stacking hydrophobic interac-
tions between VP3 Arg72 and VP2 His88. VP2 Lys63 also appears likely to form

hydrogen bonding with the main chain of VP3 Asp70 or VP3 Thr71.

The three-fold axis also shows the symmetry-related copies of VP2 from three
pentamers in close proximity to each other (Figure 5.23 (C)). While the Cas of
VP2 are more than 8 A apart, there might be some weak Van der Waals interac-

tions between the side chains.
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Figure 5.18: A comparison of the structure of the (A) native (1ZBE) and the (B) mis-assembled
FMDV particles. An icosahedral protomer with VP1 (blue), VP2 (green) and VP3 (red) is
highlighted with a black triangle in each case. Note the gap at the two-fold axis and the re-
verse arrangement of VP2 and VP3 in the mis-assembled particle, indicating the orientation of
pentamers as inside-out.
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Figure 5.19: A wall-eyed stereo view of the altered particle to highlight the curvature of the
pentamers.

Figure 5.20: A comparison of the structure of the (A) native (1ZBE) and the (B) mis-assembled
FMDYV pentamers in the same orientation, shown in stereo wall-eye representation. VP1 is shown
in blue, VP2 in green, VP3 in red, and VP4 in yellow where it is present.
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Figure 5.21: Individual protein chains (A) VP1, (B) VP2 and (C) VP3 of the native (green) and
the mis-assembled (red) particle superposed for comparison.
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VP2-VP3 interface Interface area (A2)  No. of Hydrogen bonds No. of salt bridges
Native (1ZBE) 21129 38 6

Altered particle 927.0 8 0

Figure 5.22: The inter-pentameric interfaces of the (A) native and the (B) altered particles, as
viewed from outside the particle, and the (C) PISA interaction statistics for the two interfaces.
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Figure 5.23: Highlighting the stabilising interactions at the inter-pentameric interfaces of the
(A) mis-assembled particle at (B) the two-fold and (C) the three-fold axes. VP1 is shown in
teal, VP2 in green and VP3 in red.
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5.4 Discussion

5.4.1 Native vs. mis-assembled FMDYV particles

The mis-assembled particle clearly had inverted pentamers, as shown by the re-
versed positions of VP2 and VP3 at the interfaces (Figure 5.18). The depressed
five-fold axis observed in the electron density (Figure 5.11) was therefore a result
of the reversed curvature of the pentamers and not due to any significant confor-
mational changes of VP1. VP1 was however missing density for the N-terminus.
There was also no observed electron density for VP4 or the N-terminus of VP2
in the mis-assembled pentamers. Such observations have been reported for the
disassembly intermediates from different picornaviruses [59-62,64,66]. The ab-
sence of the N-terminus of VP2 in particular, on top of missing VP4 and VP1
N-terminus, was an indication that the structure might have re-assembled from

dissociated pentamers.

5.4.1.1 Structural changes in VP2

Furthermore, when compared to the native crystal structure (1ZBE), large shifts
were observed in VP2 and VP3 (Figure 5.21 (B)), the proteins that form inter-
pentameric interfaces in the capsids. The VP2 (-sheets showed significant struc-
tural conformation changes (Figure 5.24); residues 29 - 52 were shifted in the range
of 3-7 A (A), resulting in a relaxation of all the 3-sheets (B). It is plausible that
the absence of VP4 and the N-terminus of VP1 (yellow and dark blue chains in
the Figure 5.24) facilitated this translation. This translation of the S-sheets would

not be possible due to steric hindrance from VP4 in the native structure.
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Figure 5.24: Two different views of the VP2 electron density (blue mesh) at the interface, with
the atomic structure of the mis-assembled particle and the native particle overlaid. (A) VP2 from
the mis-assembled particles (green) is shown shifted down by 3 - 7 A, in comparison to where it
is in the native particle (purple). VP4 (yellow) from the native structure and VP3 (red) from
the mis-assembled particle can also be seen. (B) All the S-sheets in case of the mis-assembled
particle’s VP2 (green) can be seen shifted in comparison to the native’s (purple). The electron
density for VP4 (yellow) and the VP1 N-terminus (dark blue in the background) from the native
structure are missing in the mis-assembled particle.
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Figure 5.25: Depth-cued structures, after VP1 superposition, of native (yellow) and mis-
assembled particle protomers (purple), to highlight the large conformational changes in VP3
(red circles). (A) The large shift in VP3 -sheets in the mis-assembled particle is highlighted.
(B) The 20° y-axis rotated protomers emphasise the 4.6° rotational shift in VP3 (red arrow).

5.4.1.2 Structural changes in VP3

Interestingly, the largest changes in the mis-assembled particle appeared in VP3
(Figure 5.25). Upon superposing the native capsid structure (1ZBE) and the fitted
model from the mis-assembled particles in SHP [167], the average RMSD between
the two structures was roughly 2 A. VP3 was rotated by 4.6° and the S-sheets
close to the interface had shifted down compared to the native structure by 4 - 9
A, thereby changing the inter-pentameric interactions significantly. This perhaps

explains why the pentamers were unable to re-assemble correctly.

To check this, after the protomer from the mis-assembled particle was superposed
on to the one from the native virus, a full-virus capsid was generated in Chimera
using the mis-assembled protomer but the symmetry operators of the native pro-
tomer. This showed how the pentamers would have appeared, had they tried to

assemble in a native-like capsid.
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Figure 5.26: Two opposing pentamers showing the arrangement of VP2 and VP3 at the interfaces
in the (A) native protomers from 1ZBE (yellow) and the (B) mis-assembled protomers (purple).
The structural clashes between the purple protomers at the VP2-VP3 two-fold axis, had they
assembled in the same orientation as the native, are highlighted by the black circles.
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Figure 5.26 shows two protomers in this virus generated in Chimera, from the
interface of two opposing pentamers. A comparison of the native and the mis-
assembled particle is shown here to demonstrate the differences. The protomers
from the mis-assembled particle were oriented in reverse, as they would be if they
were to assemble correctly. The steric clashes between the opposing VP2 and
VP3 are marked with black circles on Figure 5.26, panel (B). It is therefore very
likely that these clashes prevented the pentamers from assembling correctly, but
whether these changes occurred before or after the disassembly of the pentamers
is harder to conclude. Either the rotation and translation of VP3 resulted in the
destabilisation and consequent disassembly of the whole capsid, or these changes
took place once the pentamers had dissociated from each other and had the room
to relax due to the absence of VP4 and the VP1 N-terminus, as suggested by

Figure 5.24.

In the native capsid formation in-vivo, the cleavage of VPO results in the for-
mation of VP2 and VP4 for the maturation of the capsid; VP4 is thus likely to
play a role in capsid stabilisation. In the case of the mis-assembled particles, the
capsids were unable to assemble correctly in the absence of VP4, it may therefore
be the case that VP4 or its precursor, VPO, is involved in the correct assembly

and genome packaging into the native capsids.
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Figure 5.27: A comparison between the (A) FMDV mis-assembled particle at 5.19 A and (B)
the ERAV expanded capsid structure at 17 A. The atomic structure from the native and the
mis-assembled particles are fitted into the electron density in both cases. Adapted from Bakker
et al., 2014 [42].

5.4.2 Comparison with other aphthoviruses

FMDV belongs to the aphthovirus genus and the closest relative, for which this
dis-assembly process has been studied, is Equine rhinitis A virus (ERAV) [42].
The low-resolution (about 17 A) structure mooted to be an intermediate stage
of apthovirus disassembly was published in 2014 and there have been no higher-

resolution structures for aphthovirus intermediates since.

Upon discovering the empty-looking particles in the sample and solving their struc-
ture, it appeared that they resembled the ERAV expanded particle in several ways.
The VP4 density was missing, the particles were slightly expanded and loosely-
held together with large holes between pentamers (Figure 5.27) and there was no
genome inside them. Had the FMDYV particle not been resolved to a high enough

resolution to fit in the protein backbone of the atomic structure from the native
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Figure 5.28: A comparison of inter-pentameric interfaces (black rectangles) between the FMDV
mis-assembled and the ERAV expanded particle. (A - B) FMDV and (C - D) ERAV pentamers
are shown. While the (A) FMDV native pentamer interface resembles the (C) ERAV native
pentamer interface quite closely, the (B) FMDV mis-assembled pentamers arrange dramatically
differently from the (D) ERAV re-assembled pentamers. Adapted from Bakker et al., 2014 [42].
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Figure 5.29: A superposition of the FMDV (purple) and ERAV (green) protomers in SHP [167]
to show similarities between the two. The red circle highlights the positions of VP2 Phel16 for
FMDV and VP2 Phell8 for ERAV, which was presumed to form inter-pentameric interactions
in case of the expanded particle for the latter [42].

particle (1ZBE), it would not have been immediately obvious that the particle was

indeed a loosely-held re-assembly of the dissociated pentamers.

There were also numerous key differences between the expanded ERAV and the
mis-assembled FMDV particle structures. As shown in Figure 5.28, the native
pentamers of FMDV (A) and ERAV (C) appear similar. However, assuming that
in both cases the pentamers dissociate and re-assemble, they do so in dramatically
different conformations. The FMDV mis-assembled particle interface (B) was
observed to be larger and have more interactions than that of the ERAV expanded
particle (D). The particles were nevertheless not as compactly assembled as the
native capsids and formed only a few key interactions that held the pentamers

together, hence the expanded size.
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Bakker et. al hypothesised that the ERAV expanded particle was formed by key
interactions between pentamers, by symmetry-related copies of VP2, in partic-
ular Phell8 (highlighted by the black rectangle in Figure 5.28). To investigate
whether such interactions might be common between the ERAV and the FMDV
mis-assembled capsids, a structural alignment of the ERAV and FMDYV protomers
was performed in SHP [167]. A sequence similarity of 36.5% and an average RMSD
of roughly 2 A was found between the two protomers. The two superimposed struc-
tures are shown in Figure 5.29. As shown by the stick representation, the FMDV
protomer also had a Phe residue (VP2 Phel16) in roughly the same region as the
ERAV protomer did. The sequence alignment showed that FMDV VP2 GInl15
aligns against ERAV VP2 Phell6. In either case, both these positions were not
even close to the inter-pentameric region for the FMDV mis-assembled particle.
Figure 5.30 shows the large (around 25 A) distance between Cas of the symmetry-
related VP2 Phel16 residues in the FMDV mis-assembled capsids; GIn115 is shown
next to one of them. It was hard to say if any of the residues were involved in
any significant interactions at the three-fold axis for the FMDV particle, as it can
be seen that the protein backbones were at least 8 A apart, even at the narrowest

points, at the three-fold axis.
Therefore, it was clear that the FMDV mis-assembled particle had formed in a dif-

ferent way to the ERAV expanded particles. These results were also reproducible

and consistent between several sample and grid preparations.
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Figure 5.30: EM density (blue mesh) of the FMDV mis-assembled particle at the three-fold
axis shown with the backbone of fitted atomic structure, with VP3 in red and VP2 in green.
Distances between the VP2 Phell6 residues, that were implicated in ERAV expanded particle
inter-pentameric interactions, are shown. Distances between other residues in close proximity to
their symmetry-related counterparts at the three-fold axis are also shown.
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Figure 5.31: Negative-stained EM on purified and inactivated FMDV particles after low-pH
exposure. The pH was dropped to 6.3 for one minute before the sample was washed and stained
for imaging. The majority of the virus particles appear dissociated into pentamers already.

5.5 Conclusion and future direction

The FMDV mis-assembled particle, which was initially thought to be an uncoating
or a disassembly intermediate, was in fact a loosely-arranged product of pentamer
re-assembly. The medium-resolution of the structure allowed for unambiguous fit-
ting of the backbone structure, but the side-chains were not always fully visible
in the EM density. To improve the resolution, more high-quality data collection
would be required. The sample preparation may also benefit from the use of
graphene-oxide coated grids, that provide a (almost electron-transparent) support

surface for the particles to adhere to, thus allowing more of them to remain in
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vitreous ice instead of adhering to the carbon-support surface of the holey-grid.
These optimised grids, with homogeneously distributed particles in vitreous ice,

may be much more amenable to automatic data-collection at the Titan Krios.

Furthermore, a detailed analysis of the final mis-assembled structure revealed that
the dissociated pentamers were quite different from the native (also discussed in
the next chapter) and loose interactions at the two-fold axis predominantly, held
the particle together. These changes, especially the loss of VP4 and the shifts
in VP2 and VP3, are likely to be responsible for the incorrect re-assembly of the
pentamers. Whether the shifts in VP2 and VP3 lead to the dissociation of the
capsid, or they took place once the pentamers had lost their VP4 and dissociated
already, remains unclear. The results further indicate that the ERAV structure,
mooted to be an aphthovirus disassembly intermediate [42], is likely to also be a
result of the re-assembly of dissociated pentamers. If this is the case, then there is
thus far no structural evidence supporting the argument that aphthoviruses have
an intermediate stage, as enteroviruses do, in the uncoating process at all. The

structure we see is unlikely to have any biological significance.

We have been unable to capture an intermediate particle, if it does indeed exist, by
temporary lowering of the pH environment around live, purified capsids. Perhaps
if they do exist, the particles in an intermediate stage had exposed charges and
thus stuck to filter membranes during concentration or desalting. Alternatively,
it is also possible that they dissociated too fast for a two-minute experiment and
could thus benefit from a much shorter pulse of low pH in order to be trapped.

The transient nature of such intermediates is the more likely explanation in our ex-
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perience, as our attempts to treat inactivated capsids with a low-pH buffer shortly
before plunging did not produce any altered conformation in virus particles ei-
ther. Figure 5.31 shows the negative-stained EM results of these experiments. A
one-minute exposure to pH 6.3 just before the grid preparation already appeared
to be too long, as all the virus particles were observed to have dissociated into
pentamers. Thus a faster pH drop for a shorter time, to capture the potentially

transient intermediate stages of the disassembly of the particle, might be necessary.

To overcome the two potential obstacles noted above and to test whether an
FMDV uncoating intermediate exists at all, an alternative experimental set-up
is proposed as follows: Purified FMDYV capsids may be applied to a cryo-EM grid
in a buffer containing NPE-caged ATP (Sigma Aldrich) that releases protons upon
cleavage by a laser pulse of 360 nm. The laser pulse on the sample just before it
is plunge-frozen should ensure that the reaction time between steps is minimised
and the sample plunged on a sub-second time scale after low-pH exposure, to try
to capture the transient intermediate stages. This should reduce the timescale of
the experiments required to capture any intermediates and also remove the need
to filter and purify any charged particles in the process. The system, however, is

still being established in the lab.
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FMDYV pentamer structure

6.1 Chapter summary

Each FMDV capsid comprises of twelve pentamers. As introduced in Chapter 1:
Introduction, the virus infects the cells and dissociates into its pentamers in an
acidic compartment, such as the endosomes. Not only is this dissociation process
not well-characterised, there are also no published structures of the dissociated
FMDV pentamers, the building units of the virus, which might give an insight
into the disassembly process. This chapter aims to provide some understanding of
how these dissociated pentamers might differ from the conformation they are in the
native virus and how they compare to the structure in the mis-assembled particles
described in the previous chapter. These structural studies contribute to our
understanding of the virus disassembly and the structures determined here are the

first when it comes to the standalone dissociated pentamers of any picornavirus.
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6.2 Methods

6.2.1 Sample preparation

To obtain a cryo-EM structure of a standalone pentamer, the first step was to
prepare a sample for cryo-EM that contained dissociated pentamers. For the vast
majority of sample preparation described here, this was performed by heating a
sample of purified FMDV capsids in buffer at 55°C for 10 minutes. The heat
treatment disrupted the inter-pentameric interactions in the capsids and lead to
the formation of dissociated pentamers. The sample was then throughly mixed
using a pipette and initially checked in negative-stain EM for the presence of
pentamers. Sample preparation for this was performed as explained in Chapter 2:

Electron Microscopy.

6.2.2 Negative-stain electron microscopy

Negative-stain electron microscopy, using uranyl acetate stain, showed that the
heat treatment produced well-separated dissociated pentamers. There were no
large aggregates observed in the samples and pentamers could be observed pre-
dominantly in top- but also in side-views, as shown in Figure 6.1. All samples were
checked and subsequently plunge-frozen for data collection in cryo-EM. FMDV
Asia-1 or O1K capsids were used (due to sample availability issues) for the initial
experiments to optimise the cryo-EM conditions for obtaining well-distributed dis-
sociated pentamers in vitreous ice; however the data collection for final structure
determination was performed on A10 capsids (explained later). This was essen-

tial for high-resolution structure determination, in order to determine how the
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Figure 6.1: Heat treatment to generate dissociated pentamers worked successfully as shown
using negative-stain EM. Pentamers were observed mostly in top-views (yellow circle), but some
side-views (red circle) could also be seen.
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Figure 6.2: A 1:10 dilution of the samples for cryo-EM. Yellow arrows indicate aggregates of
pentamers in vitreous ice, while the red circles show the rare, dissociated pentamers nicely
separated in ice for imaging.

dissociated pentamers might differ from those in a native capsid.

6.2.3 Attempts at cryo-electron microscopy

While the negative-stain EM did not show any problems with the sample, cryo-EM
data collection was faced with a few challenges. The pentamer samples did not
seem amenable to vitrification in ice, and were consistently observed aggregated or
mostly stuck to the hydrophobic carbon support of the cryo-EM grids, where they
could not be imaged. The following sub-sections highlight the different conditions

and grid supports that were tried, to force the pentamers into vitreous ice.
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Figure 6.3: A 1:20 dilution of the samples for cryo-EM. Red circles show the dissociated pen-
tamers.

6.2.3.1 1:10 dilution

Initially, different dilutions of the pentamers used for negative-staining were screened
in cryo-EM. As per experience, a 1:10 dilution compared to what is used in
negative-staining was attempted first; the results are shown in Figure 6.2. All
the dilutions were performed in the Hepes buffer (50mM Hepes, 400mM NaCl,
pH 8.0) as used for virus capsid purification. As shown, most of the pentamers
were present on the carbon grid support. The ones present in vitreous ice had
aggregated (yellow arrows). Rarely, a few separate pentamers could also be seen

in vitreous ice (red circles).
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Figure 6.4: A 1:20 dilution of the samples for cryo-EM, applied and blotted away once, before
re-applying samples to the same grids and blotting for plunging.

6.2.3.2 1:20 dilution

In an attempt to reduce aggregation, the sample was diluted further to 1:20. This
did not appear to get rid of the aggregation problem in the sample preparation,
and as before only a few pentamers were seen nicely distributed in vitreous ice

(Figure 6.3).

6.2.3.3 1:20 dilution, double-blotted grids

In order to increase the concentration of dissociated pentamers seen in vitreous
ice in the 1:20 diluted samples, the double-blotting technique was used before
plunging. In this case, a 3 uL aliquot of the 1:20 diluted sample of pentamers was
applied to the grids, allowed to incubate for 30 seconds and blotted gently from

one side, such that the grids may not dry out. These grids were then used for
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Figure 6.5: A 1:10 dilution of the samples for cryo-EM in the presence of (A) 0.005% or (B)
0.01% TWEEN-20. Arrows indicate aggregates of pentamers on the carbon (red) or in vitreous
ice (yellow).

sample loading, blotting and plunging as normal in the Vitrobot (FEI Company).
This was an attempt to increase the number of pentamers in the vitreous ice layer
suspended between carbon support layer holes to consequently have more particles
for imaging. As shown by Figure 6.4, the number of particles in the vitreous
ice (red circles) did increase, but not significantly. The aggregates of pentamers
(yellow arrow) prevented a good distribution of the sample in ice. These imaging
conditions were not considered ideal for large-scale data collection, as there were
not enough separated pentamers to solve a high-resolution structure. Thus sample

optimisation was continued.

164



Chapter 6. FMDV pentamer structure

Figure 6.6: A 1:20 dilution of the samples for cryo-EM after soaking in 0.003% DMNG detergent
on (A) glow discharged grids, or on (B) grids that were not glow discharged. Almost all the
pentamers were seen on the carbon support (red arrows).

6.2.3.4 1:10 dilution with TWEEN-20

A series of detergents was investigated to see if they could prevent the pentamers
from forming large aggregates. TWEEN-20 (Sigma Aldrich), a common detergent
in most laboratories, was tried first, in two different concentrations: 0.005% and
0.01%. As shown by two representative images in Figure 6.5, these attempts were
unsuccessful. Almost all the sample was seen sticking to the carbon grid support
(red arrows) and in occasional cases, some pentamers were seen next to the carbon

support rim, in ice (yellow arrow), but aggregated nevertheless.

6.2.3.5 1:20 dilution with DMNG

The next detergent attempted in order to prevent sample aggregation, which was

suggested by colleagues in Radu Aricescu’s group for cryo-EM grid preparation,
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was DMNG (Decyl Maltose Neopentyl Glycol) (Generon Ltd. UK). Their group
had shown that soaking grids in 0.003% DMNG for 15 minutes before applying
the sample to them, introduced a charge on the carbon surfaces and thus pre-
vented samples from attaching to the support film. The concentration of DMNG
used was just under its Critical Micelle Concentration. This treatment was thus
attempted with the pentamer sample, with and without modifications such as
glow-discharging of grids (Figure 6.6 (A)), or the lack thereof (B), before the
DMNG soak. Neither of these attempts generated successful grid preparations. In
most of the cases, the samples did not adhere to the grids at all. In some good
preparations, the pentamers could be seen, but only on the carbon support film,
as shown in Figure 6.6. Keeping in mind, that every cryo-EM sample preparation
is different and what works for one sample might not always work for another, this

was not an uncommon result.

6.2.3.6 1:20 dilution with NP-40

The last attempt to prevent the pentamers from clumping was by the use of the
non-ionic detergent NP-40 (Thermo Fischer Scientific). 0.01% NP-40 was used
(just under Critical Micelle Concentration) in the sample preparation, with 1:20
dilution of pentamers. As Figure 6.7 shows, this did not improve the sample
distribution in the ice at all, and all the pentamers were found to prefer adhering
to the carbon support film as before. The detergent screening was abandoned at

this point.
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Figure 6.7: A 1:20 dilution of the samples for cryo-EM in the presence of 0.01% NP-40 detergent.
Red arrows show the majority of the pentamer sample on the carbon support, and the yellow
arrow indicates the occasional aggregate of pentamers near the carbon rim in vitreous ice.

Figure 6.8: A 1:30 dilution of the samples for cryo-EM applied to lacey-carbon support grids.
Large aggregates of pentamers were observed in vitreous ice (red arrows) and there were also
the occasional standalone pentamers (yellow circle) near them.
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6.2.3.7 Lacey-carbon support grids

As most of the conditions showed that the pentamers had a preference for carbon,
lacey-carbon support grids (Electron Microscopy Sciences) were tested. The ra-
tionale behind this was to reduce the surface area of the carbon support, so that
the pentamers would be forced into vitreous ice. A reduced concentration (1:30)
of pentamers was applied to the grids in an attempt to prevent large-scale aggre-
gation. This, as shown by Figure 6.8, did not help significantly. The pentamers
were almost always seen as large aggregates near the edges, next to the carbon
support, leaving most of the holes largely empty. A few dispersed pentamers could
sometimes be observed next to the large aggregates, which was nevertheless not

enough for large-scale data collection.

In parallel to the screening for a good sample preparation condition, micrographs
containing any standalone pentamers were combined and particles picked from
them. This was attempted from both the negative-stained and cryo-EM datasets.
The outcome from these attempts is detailed in the Results section. Eventually,
the FMDV A10-serotype samples from Pirbright containing altered particles and
some pentamers were used to determine the final standalone pentamer structure

at roughly 8 A, as explained in the following section.
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6.3 Results

6.3.1 Structure determination from negative-stained EM

Roughly 500 micrographs were collected from the negative-stained pentamer sam-
ples. About 23,000 particles were picked from these and put through the image

processing pipeline for a rough structure determination.

6.3.1.1 2D classification

All the picked particles were classified into 20 classes. There were very few side-
views (1076 particles) of the pentamers seen in this dataset. Nonetheless, they
were classified into a class (Figure 6.9, yellow asterisk) which was included in
subsequent analyses. Some classes appeared to have damaged pentamers (red

asterisk) and were removed from the subsequent classification steps.

6.3.1.2 3D classification

The remaining particles (roughly 18,000) were classified into 5 classes, as shown
in Figure 6.10. There were 2790 particles in Class A, 1 in Class B, 8228 in Class
C, 2495 in Class D and 4695 in Class E respectively. As it was hard to determine
which class looked the best based on the 2D projections in Relion, they were

examined in Chimera in 3D.

Due to the particles being on a carbon support surface for the negative-stain
grid preparations, the particles appeared smeared in the direction of the electron
beam, as shown by their side-views in Chimera (Figure 6.11). Based on the 3D

representations, Class D appeared to have the least smearing and was therefore
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Figure 6.9: 2D classification of the standalone dissociated FMDV pentamers into 20 classes,
in a negative-stained EM dataset. The side-views of the pentamers were observed separated
into a class of their own (yellow asterisk), and included in subsequent analyses. Some particles
appeared damaged (red asterisk) and were separated into a class which was excluded from the
analyses.
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Figure 6.10: 3D classification of about 18,000 FMDV pentamers into 5 classes, in negative-
stained EM. Class A had 2790, Class B 1, Class C 8228, Class D 2495 and Class E had 4695
pentamers respectively. The orientation sampling of each class is also shown; the height and
density of the blue-red bars represent the frequency and the distribution of the views sampled
respectively. As seen, most classes only had top views contributing to them.

picked for subsequent refinement. The other classes had more particles, but the
noise from the smearing effect seemed to distort the structure too much in those
cases. As this was not an attempt to solve a high-resolution structure but only to
get a first rough idea of the structure, the processing was continued with the class

with the least amount of noisy data (Class D).

6.3.1.3 Final structure from negative-stained EM

The final structure obtained from the negative-stained dataset was reported to be
at 30 A in Relion (Figure 6.12). This was obtained from roughly 2500 particles
and had no high-resolution information. The curvature and the five-fold symmetry
could, however, be seen clearly. For negative-stained EM, this number of particles
is too low to result in any meaningful high-resolution structural interpretation.
The particles from all the classes could have been combined to attempt a better
resolution but as the attempts to get a cryo-EM structure were underway in paral-

lel, this was not deemed necessary. The only reliable information obtained out of
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Figure 6.11: The five 3D classes of the negative-stained pentamers rendered in Chimera. The
three panels in each row indicate the view of the pentamer from outside a native virus, the
side-view of the pentamer and the view from inside a native virus particle respectively. The
side-views show how noisy and smeared negative-stained EM data can be.
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A o

Figure 6.12: The final structure from the negative-stained EM data. Three different views
represent the pentamer as might be seen from (A) outside a native virus particle, (B) side-view
of the pentamer, (C) view from inside a native virus particle. Here, blue indicates the part of
the pentamer closest to the centre of the particle and red indicates the parts furthest away.

this small exercise was a confirmation of the identity of the pentamers seen in the

negative-stained EM samples and the general curvature of the pentamer structure.

6.3.2 Structure determination from cryo-EM

The cryo-EM sample optimisation proved difficult initially. In some experimental
conditions, isolated pentamers were observed in the micrographs, but these were
too few to perform large-scale data collection on said samples. Most of the pen-
tamers in the samples had aggregated or preferred to stick to the carbon support
surface. Nevertheless, the micrographs from all the conditions were combined to
confirm the identity of these particles in cryo-EM micrographs and to see if enough
pentamers could be picked to obtain a low-resolution structure that would serve
the purpose of our studies such that we could compare the pentamer assembly

discussed in Chapter 5 to the stand-alone dissociated pentamers.
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Figure 6.13: 280 particles from the initial cryo-EM data were classified in three 2D classes as a
rough attempt to solve a low resolution cryo-EM structure. Class A had 130, Class B 45 and
Class C had 109 particles.

6.3.2.1 2D classification: first attempt

The picked pentamers from several hundred movies amounted to roughly 280.
These were classified in 2D, as shown in Figure 6.13, and the particles were found
in side-views predominantly. Class A had the most particles (130), followed by
class C (109) and B (45). The number of particles, even after combining Class A
and C, was too low for cryo-EM processing, and this dataset was not processed

any further.

Luckily, at this stage, the FMDV samples for the potentially altered particles
from Pirbright had arrived. Even though the majority of the pentamers were
found on the carbon support in the grid preparation from those samples as well,
there were nevertheless quite a few isolated pentamers seen in vitreous ice. Mostly
side-views (Figure 6.14, red circles) of the pentamers were observed in the new
samples. The altered particle samples were used for large-scale data collection to
determine the structure of the potentially altered FMDV particle anyhow; as a

positive consequence, the same dataset with 1500 movies could be processed for
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Figure 6.14: A representative micrograph showing the low-pH treated sample with pentamers,
received from Pirbright, that was used for the second attempt at cryo-EM structure determi-
nation of a dissociated pentamer. Red circles show the pentamers in side-views. Scale bar =
50nm.
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Figure 6.15: Roughly 4800 particles were manually picked and 2D-classified into 10 classes. As
shown here, most of the particles were in side-views and the top-views were not separated out
into any separate classes.

the isolated pentamers as well.

6.3.2.2 2D classification: second attempt

The second attempt at 2D classification, was performed on the pentamers picked
from the altered particle grid preparations mentioned above. Roughly 4800 pen-
tamers were manually picked and classified in 2D. These particles were mostly in
side-view orientations, as expected from previous cryo-EM screening of the sam-
ples. The 2D classes obtained are shown in Figure 6.15. As none of the classes
appeared to contain damaged particles, they were all were combined and the par-

ticles classified in 3D.
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Figure 6.16: 3D classification of roughly 4800 pentamer particles into 3 classes. The 2D projection
of each 3D class (top panels) and the 3D rendering in Chimera (at the same threshold for each
class) accordingly (bottom panels) are shown here. Class A had 226, Class B 354 and Class C
had 4260 particles.

6.3.2.3 3D classification

Using a pentamer cut-out from the native FMDV virus capsid (1ZBE), a low-pass
filtered template at 50 A was generated as described previously in Chapter 2, and
used to classify all the picked pentamers into 3 classes. Class A had 226, Class
B 354, and Class C had 4260 particles. Figure 6.16 shows the 2D projection of
the class average of each 3D class in the top, and the 3D rendering from Chimera
in the bottom panels. As most of the particles were clustered in Class C and it
appeared to be the least noisy when seen in Chimera, it was selected for the final

structural refinement.
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Figure 6.17: The resolution of the final structure was determined using the gold-standard FSC
cut-off of 0.143 at 8.2 A.

6.3.2.4 Final structure from cryo-EM

The final structure of an FMDYV dissociated pentamer was thus generated from
4260 particles, at 8.2 A. The resolution post-refinement was determined at the

gold-standard FSC cut-off of 0.143 (Figure 6.17).

Figure 6.18 shows the final structure rendered in 3D in Chimera, where the blue
parts of the structure are closest to the centre of the particle and the red the fur-
thest towards the outside, as they would be in the context of a native virus capsid.
The curved shape of the pentamer, as expected based on the low-resolution struc-
ture from negative-stained EM (Figure 6.12), as well as the density for secondary

structural elements could clearly be observed.

Furthermore, ResMap was used to show the varying resolution of the different parts
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Figure 6.18: The views of the final 8.2A-structure of the dissociated FMDV pentamer from (A)
inside and (B) outside a native virus particle, shown at a slight tilt to highlight the curvature of

the structure. The red areas correspond to the outermost and blue the innermost towards the
centre of the capsid, in a native arrangement.

Resolution (A)

Figure 6.19: Resolution determination of the final pentamer structure in Resmap.
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Figure 6.20: Stereo views of the orientations (angular distribution) of the pentamer contributing
to the final structure of the dissociated pentamer is shown using the length of the bars, in
Chimera. The taller, redder and more densely packed the bars, the higher the contribution from
those angles to the final structure. As shown, the side-views contributed the most significantly
to the final structure.

of the pentamer structure, as shown on the scale in Figure 6.19. Even though the
overall resolution of the pentamer, according to the FSC cut-off was around 8.0

A, most of the core structure was determined to a resolution of 6 A, as shown in

the ResMap results in Figure 6.19 (additional details: Figure B.4 Appendix B).

The analysis (displaying Relion angdist.bild files in Chimera) of the orientation
sampling in the final structure of the dissociated pentamer also showed that the
side-views of the pentamers contributed the most heavily to the structure (Figure
6.20). This was expected, as most of the pentamers in the cryo-EM preparation
were oriented on their sides in vitreous ice. To boost the resolution of the final

structure, a larger variety of orientations needs to be sampled.
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Figure 6.21: Two different wall-eyed stereo views of the EM density of the standalone pentamer
shown with the model from the mis-assembled particle fitted in, to demonstrate the quality of
the fitting.
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6.3.2.5 Atomic-model fitting into the EM structure

The medium resolution of the structure was encouraging for the fitting of the
atomic model of a dissociated pentamer obtained from the mis-assembled pen-
tamers introduced in Chapter 5. It was not high enough to refine single atoms,
but a rigid-body docking could easily be performed. The structure did not contain
any density for VP4, which was therefore removed from the atomic model fitted

in the density.

The rigid-body fitting was performed using the Fit-to-Volume program available in
Chimera. The atomic structure fitted into the EM density with a cross-correlation
(CC) of 88% in Chimera. As shown by Figures 6.21 and 6.22, the fit into the
density was especially well observed at the inter-pentameric edges. The helices
at the inter VP2-VP3 interface can be seen corresponding especially well to the
EM density mesh. The side-view shown in Figure 6.22 (C) showed that the cur-
vature of the atomic model matched that of the density extremely well and that
there were no structural components of the atomic model that did not have any
electron density to account for them. Also vice versa, no part of the density was
unaccounted-for by the atomic model fit. It was therefore confirmed that the
atomic model that had been built into the mis-assembled pentamer electron den-
sity in Chapter 5 corresponded well with that of the dissociated pentamers. The
comparison of the dissociated pentamers against the native ones, is covered in the

Discussion section.
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Figure 6.22: The atomic model obtained from the mis-assembled particles (Chapter 5) shown
fitted into the EM density (mesh) of the standalone pentamer. The views of the pentamer as
seen from (A) outside and (B) inside a native virus are shown, along with the (C) side-view of
the dissociated pentamer, to show the arrangement of the atomic structure and its curvature.
VP1 is shown in blue, VP2 in green and VP3 in red. No density for VP4 was observed.
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6.4 Discussion

6.4.1 Difficulties with sample preparation for pentamers

Obtaining a homogeneously-distributed pentamer sample in vitreous ice proved
challenging at the outset of this part of the project. The difficulties mentioned
here are commonly encountered in cryo-EM preparations and the reasons are not
always obvious. In this case, comparing the samples that did and did not have
pentamers in vitreous ice, it was tempting to speculate that the hydrophobic air-
water interface was not amenable to the distribution of the pentamers in the water
film in holes in the carbon support. In the samples from Pirbright, with the mis-
assembled capsids, the thickness of the vitreous ice film was thicker than in our
initial samples with just pentamers. This increased distance between the air-water
interfaces on both sides of the vitreous ice may have allowed more pentamers to
go into the water layer during grid preparation. Additionally, the samples from
Pirbright contained FMDV serotype A10, whereas the pentamer sample optimi-
sation attempts, as previously mentioned, were performed using serotypes O1K
(cryo-EM attempts) and Asia-1 (negative-stained EM). Different structural prop-

erties of different serotypes may also influence the sample distribution on the grids.

Another potential reason for the difference in the quality of grid preparations
could have been due to the different methods of producing the pentamers: low-pH
treatment in one case versus high-temperature exposure in the other. The proto-
nation of Histidine residues at the edges of the dissociated pentamers in the former
might have lead to different electrostatic properties compared to the pentamers

that were formed by the dissociation of the capsids at a high temperature. These
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Figure 6.23: Segmentation of a pentamer (green density) out of the electron density for the
mis-assembled FMDV particle (gray), performed using Chimera.
differences were not thoroughly tested in this case, due to lack of time, and could

be investigated further in the future.

6.4.2 Pentamer from the mis-assembled particle

Ultimately, once the electron density for a standalone pentamer was obtained from
the low-pH treated samples, the next question to address was whether the native,
or the altered structure from the mis-assembled particles from Chapter 5, would
fit better into the electron density. As shown in the Results, the atomic model
from the mis-assembled particle pentamer did fit well into the electron density of

the standalone pentamer. But when the structure of the mis-assembled particle
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Figure 6.24: Two different views showing the fitting of the 5.19 A pentamer density (cyan) from
the mis-assembled particle into the observed density of a standalone, dissociated pentamer at
8.2 A (purple) for comparison in Chimera.

was being resolved, the fitting of the atomic model into the particle density had
proved extremely challenging. It had not been obvious at first, as the structure

was not high-resolution, that the pentamers were flipped inside out and therefore

it took a while to get the fitting right.

While waiting for an accurate atomic model fitting in the mis-assembled parti-
cles, an initial comparison was performed between the standalone and the mis-
assembled pentamers, based only on the EM density. To this end, the Segmenta-
tion tool in Chimera was used to select the density corresponding to an individual

pentamer from the mis-assembled particles, as shown in Figure 6.23.

Both the structures were brought to a contour level where the most structural

features were visible, just before noisy data appeared at the edges. The segmented
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density at 5.19 A showed more features than the pentamer map at 8.2 A and when
docked into the EM map of the standalone pentamer, a good fit could be observed.
The curvature of both the structures was almost exactly the same and the high-
resolution density docked into the pentamer density well enough at the edges that
no empty spaces or extra density could be observed at the edges of the pentamers.
Figure 6.24 shows the fitting of the 5.19 A density into the 8.2 A density shown
from the two different sides of the pentamers. It was therefore considered likely
that the atomic model from the mis-assembled pentamers would fit well into the
standalone pentamer density. To compare the two structures in atomic detail,
the atomic models from the native and from the fitted mis-assembled particle

pentamer were compared next.

6.4.3 Dissociated vs. pentamers from the native particle

Once a good atomic model fitting into the mis-assembled particle was obtained,
the structure of one of the pentamers was cut out of the model for comparison
against the native structure, in Chimera. Figure 6.25 shows this model, where
VP1 in shown in blue, VP2 in green, and VP3 in red. For the comparison, the
structure of the native pentamer from 1ZBE (yellow) was overlaid onto our struc-
ture, in the electron density. As there was no density for VP4 observed in the EM
map for the standalone pentamer, it was removed from the models and the three

capsid proteins were fitted into the EM density map.

The pentamer from the mis-assembled particle fit into the pentamer density with a

cross-correlation of 88%, higher than that of the native pentamer structure fitting
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Figure 6.25: Native pentamer atomic model (yellow) in comparison to the fitted structure from
the mis-assembled particle which shows VP1 (blue), VP2 (green) and VP3 (red). (A) View of
the pentamer as from outside the native virus particle. (B) Structure from (A) tilted by 45°.
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(81%). It was clear, on manual inspection, that the density corresponded to the
former structure much better than to that of the latter, as shown in Figure 6.25.
None of the structural elements in the density were unaccounted for when the pen-
tamer from the mis-assembled particle, with a removed VP4, was fitted into the
electron density. However, in comparison, the native structure did not fit as well.
VP3 from the mis-assembled pentamer model fitted much better into the density
of the standalone pentamer; it was seen rotated and translated by several degrees,
which allowed a visibly better fitting into the EM density. Furthermore, there was
no density for VP4, which is known to be lost during picornavirus disassembly, or
for the VP2 N-terminal hairpin loop (Figure 6.25 (B)). This is consistent with what
is previously known about picornavirus disassembly intermediates [59-62, 64, 66].
The structural changes in VP2 and VP3 were conclusive evidence for the confir-
mation that the structure of the pentamers in the mis-assembled particles, was

that of dissociated pentamers that had re-assembled in the wrong orientation.

6.5 Conclusion and future direction

With the results in this chapter, a novel structure of a standalone FMDV pen-
tamer was presented at a resolution of 8.2 A. The resolution could be improved
by acquiring more data, but for the purpose of this study, a medium resolution
was enough. These results were used to confirm that the mis-assembled particle
was in fact an assembly of dissociated pentamers. These pentamers differed from
the native significantly, as explained in the previous chapter, and the fitting of the
structure into the pentamer map, in comparison to the native, showed that the

density was unambiguously that of a dissociated and not a native pentamer.
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Chapter 7

Contributions and prospects

This main contributions of the projects in this thesis to the area of structural
biology of picornaviruses are highlighted in this concluding chapter. Some areas

that have a scope for further studies are also discussed here.

7.1 A complete SAT structural repository

With the high-resolution (3.1 A) cryo-EM structure of FMDV SAT3 now de-
termined, the repository of sub-nm structures for FMDV SAT serotypes is now
complete. The SAT serotypes are prevalent in sub-Saharan African FMDV out-
breaks and there is a dire need for thermostable and cross-protective vaccines for
such warm climates, in countries with often inadequate cold-chains. The cryo-EM
structure of SAT1 at 3.8 A also ensured that there are now cryo-EM structures
available for all SAT serotypes, as previously only a crystal structure was avail-
able for it. These high-resolution structures are crucial to the structural studies

of thermostable vaccines for FMDV being actively researched and developed at
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Figure 7.1: Hlustrating the overview of the FMDV disassembly process.

the moment. There is a scope for in-depth analyses and comparison of the three
SAT structures now available, such as escape-mutant studies complemented by
MD simulations, to compare the different antigenicities and structurally stable
mutants of FMDV SAT serotypes. The structural comparison between SAT3 and
other serotypes (SAT1, SAT2, O1K and A10) in terms of antigenic properties and
the high-resolution structures presented here may help with the design of such

experiments and offer a good starting point.

7.2 Insights into FMDYV disassembly

The question of FMDV disassembly has been an elusive area of research so far.

Studies of other closely-related (aphthoviruses [42]) or distantly-related picor-
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naviruses (enteroviruses [59-62]) have not shed any light on the FMDV disas-
sembly process thus far. In this study, by solving the structure of a mis-assembled
FMDV particle and comparing it to the native FMDV capsids, some insights
into the disassembly process were presented. VP3 was shown to play a poten-
tial role in the disassembly process, by possible structural destabilisation of the
capsid. The missing VP4 and the translation of the beta-sheets of VP2 and VP3
were implicated in the relaxation of the general capsid structure, as shown by
the structure of the dissociated pentamers. The same changes indeed prevented a
normal re-assembly of the capsids into a native-like capsid structure (Figure 7.1)
and therefore indicated that all four viral proteins might play a role in the correct

assembly of the pentamers into mature capsids.

In future studies, a comparison of the pentamers (containing VP0) from natu-
rally empty capsids produced during an FMDYV infection, the pentamers in the
mature particles, and the standalone pentamers after disassembly may provide

further insight into the FMDYV assembly and disassembly mechanisms.

7.3 Questions about aphthovirus intermediates

The methods used in this thesis did not succeed in capturing a true FMDV dis-
assembly intermediate, but they did indicate that if an aphthovirus intermediate
does exist, it is likely to be very transient or charged, or perhaps both. It is,
on the other hand, also possible that aphthoviruses disassemble into pentamers
directly and such an intermediate does not exist. The results here further showed

that the expanded ERAV particle structure previously published is likely to be
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a result of pentamer mis-assembly rather than a true intermediate, as suggested
by the results shown in Chapters 5 and 6. While these structures certainly con-
tribute to our understanding of how aphthoviruses disassemble, the search for a
true intermediate is not yet over. Experimental set-ups that allow quicker low-
ering of the pH in the surrounding of the purified FMDV capsids are needed. A
potential way of doing this was discussed at the conclusion of Chapter 5, i.e the
use of caged-protons that are released by a laser pulse shortly before the sample
is plunge-frozen, and is an avenue worth exploring. It might also be worthwhile to
repeat the experiments producing the altered particles with a range of pH values,

in case the uncoating in the endosomes takes place at a slightly different pH value.

7.4 The first high-resolution standalone pentamer

FMDYV is a well-studied picornavirus; even so, the building blocks of the virus cap-
sid, the standalone pentamers, had thus far not been structurally characterised.
Here, the first cryo-EM structure of a standalone, dissociated FMDV pentamer
was presented. The comparison of these pentamers to the native FMDV structure

allowed for some conclusive insights into the disassembly process.

As the structure of the standalone pentamer presented here is at a medium-
resolution of roughly 8 A, there is room for improvement of the resolution to
uncover finer details of the structural differences between the dissociated and the
native pentamers. For further attempts to prepare cryo-EM samples with stan-
dalone pentamers in the future, several conditions could be tried, based on the

lessons learnt from this study. The use of EM grids coated with a layer of (al-
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most electron-transparent) graphene-oxide might provide a support surface for the
pentamers to adhere to. This might help with the collection of more top-views in

cryo-EM and help improve the resolution of the final structure.

As the pentamers appear to avoid the air-water interface and more of them ap-
pear in vitreous ice if the thickness of the ice is increased, further samples could
be attempted with a mixture of purified capsids and the dissociated pentamers,
such that the layer of water containing the sample, in the holey-carbon support, is
thicker before the grid is plunge-frozen. This might allow for a higher concentra-
tion of the pentamers in vitreous ice and consequently more particles for imaging

and structure determination.

Furthermore, dissociated pentamers produced by the low-pH treatment, instead
of high-temperature exposure, were used for the structure determination in this
case. This is a closer-to-native treatment of the sample, as the pentamers in in-
fected host cells are produced in the endosomes in an acidic pH at a physiological
temperature. Therefore, further experiments with standalone pentamers might
benefit from low-pH treatment to produce pentamers and it might also be helpful
in preventing aggregation due to exposed charges. RNase treatment may also fa-
cilitate a better dispersion of the pentamers in vitreous ice, to prevent any RNA
released during capsid disassembly sticking to the pentamers and causing them to

clump together.
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7.5 Concluding remarks

Overall, the different parts of this thesis highlight the importance of structural
biology in contributing to the understanding of the functional aspects of biological
assemblies, such as viruses. It also demonstrates the increasing power of cryo-
EM as a structural biology tool, in combination with other biological assays, and
shows the long way the technique has come due to the advancement of detector

technology and computational capabilities.

I immensely enjoyed working on these projects and hope they were equally in-

teresting for the readers of this thesis to learn about.
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Appendix A

PISA: FMDYV mis-assembled

particle interface

The results from the PISA server [165] for the FMDV mis-assembled particle
inter-pentameric interface are included here. Below is the table with a summary
of the interface statics, followed by the interaction prediction between individual
residues of VP2 and VP3 at the interface and the images from Coot showing the

said residues.
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Interface Summary XML
Structure 1 Structure 2
Selection range 2 1
class Protein Protein
symmetry operation XY,Z X,Y,Z
symmetry ID 1_555 0_555
Number of atoms
interface 104 3.4% 105 3.4%
surface 2445 80.2% 2457 80.6%
total 3047 100.0% 3047 100.0%
Number of residues
interface 30 7.8% 29 7.5%
surface 387 100.0% 387 100.0%
total 387 100.0% 387 100.0%
Solvent-accessible area, A
interface 931.0 3.4% 923.1 3.3%
total 27570.3 100.0% 27793.5 100.0%
Solvation energy, kcal/mol
isolated structure -305.2 100.0%  -303.8 100.0%
gain on complex formation 1.5 -05% 1.0 -0.3%
average gain -5.0 1.7% -5.1 1.7%
P-value 0.975 0.968
Hydrogen bonds  xwmL
#H Structure 1 Dist. [A] Structure 2
1 2:LYS 64[ N ] 3.21 1:AsP 70[ 0D2]
2 2:LYS 198[ NZ ] 3.52 1:GLU 196[ O ]
3 2:TYR 200[ OH ] 3.35 1:ASP 69[ OD1]
4 2:ARG 67[ NH2] 3.60 1:PHE 65[ O ]
5 2:PHE 65[ O ] 3.60 1:ARG 67[ NH2]
6 2:ASP 70[ OD2] 3.21 1:L¥YS 64[ N ]
7 2:GLU 196[ O ] 3.51 1:LYS 198[ NZ ]
8 2:ASP 69[ OD1] 3.35 1:TYR 200[ OH ]
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Figure A.1: A summary of the PISA statistics for the inter-pentameric interface of the FMDV

mis-assembled particles.
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Figure A.2: Inter-pentameric interactions between VP2 Lys64 and VP3 Asp70 as predicted by
PISA.

Figure A.3: Inter-pentameric interactions between VP2 Phe65 and VP3 Arg67 as predicted by
PISA.
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Figure A.4: Inter-pentameric interactions between VP2 Tyr200 and VP3 Asp69 as predicted by
PISA.

Figure A.5: Inter-pentameric interactions between VP2 Lys198 and VP3 Glul96 as predicted by
PISA.



Appendix B

ResMap stats

The additional statistics and figures generated by ResMap, by calculation of res-
olution per voxel, for all the structures (SAT1, SAT3, A10 mis-assembled particle
and the dissociated pentamer) included in this thesis are presented in this Ap-

pendix.
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Slices Through ResMap Results
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Figure B.1: Figures and additional statistics for the SAT1 structure, generated using ResMap.



Slices Through ResMap Results
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Figure B.2: Figures and additional statistics for the SAT3 structure, generated using ResMap.
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Slices Through ResMap Results
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Figure B.3: Figures and additional statistics for the FMDV mis-assembled structure, generated
using ResMap.
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Slices Through ResMap Results

Slice 66 Slice 88

0 T T 0 T 10.0
50 g 50 F J 9.6
9.2
100} 1 100 1
418.8
150} 1 150 1
18.4
0 50 100 150 0 50 100 150 180
Slice 111 Slice 133 ’
o} T r T 0 - -
17.6
50 1 50 .
7.2
100 1 100 1
6.8
150} 1 150 . 6.4
L A . . . 6.0
0 50 100 150 0 50 100 150

Histogram of ResMap Results

180000 T T T T

160000

140000

120000

100000

80000

Number of Voxels

60000

40000

20000

6.0 7.0 8.0 9.0 10.0
Resolution (Angstroms)

Figure B.4: Figures and additional statistics for the FMDV standalone pentamer, generated
using ResMap.



Appendix C

Multiple sequence alignment

Multiple sequence alignment of VP1-4 of SAT3 against those of serotypes O
(1BBT), A (1ZBE), SAT1 (2WZR) and SAT2 (5ACA). Mean sequence identity

was shown to be 44%.
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Appendix D

RMSD between FMDYV serotypes

The output from Phylip [174] and SHP [167], in phylogeny determination, showing
the RMSD and the structure-based evolutionary distances between the different

FMDV serotypes is included here.
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1BBT 1FMD 1ZBE PAVIZA Y 5ACA AS-1 SAT3
1BBT 0.00 0.50 0.43 0.73 0.76 0.64 1.24
1FMD 0.50 0.00 0.53 0.76 0.80 0.68 1.29
1ZBE 0.44 0.53 0.00 0.72 0.80 0.69 1.27
2WZR 0.71 0.76 0.71 0.00 0.70 0.89 1.19
5ACA 0.77 0.79 0.79 0.70 0.00 0.84 1.23
AS-1 0.64 0.68 0.68 0.89 0.83 0.00 1.32
SAT3 1.25 1.29 1.27 1.20 1.24 1.31 0.00

Figure D.1: Phylip/SHP output showing the RMSD, in A, between the different FMDV
serotypes.

1BBT 1FMD 1ZBE PAVYA 5ACA AS-1 SAT3
1BBT 0.0000 0.1060 0.0840 0.1970 0.2350 0.1170 0.4710
1FMD 0.1060 0.0000 0.1180 0.2220 0.2630 0.1680 0.5120
1ZBE 0.0840 0.1180 0.0000 0.2110 0.2460 0.1530 0.5050
2WZR 0.1970 0.2220 0.2110 0.0000 0.1660 0.2630 0.4240
5ACA 0.2350 0.2630 0.2460 0.1660 0.0000 0.2590 0.4710
AS-1 0.1170 0.1680 0.1530 0.2630 0.2590 0.0000 0.5270
SAT3 0.4710 0.5120 0.5050 0.4240 0.4710 0.5270 0.0000

Figure D.2: Phylip/SHP output showing the structure-based evolutionary distances between the
different FMDV serotypes.
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