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Abstract

Poxviruses enter cells using the most complex binding and fusion machinery identi-

fied to date. Studies indicate that vaccinia virus fusion relies on eleven, and binding

on at least four, distinct proteins. Understanding, and subsequently blocking, vi-

ral entry is the first and most effective line of defence we have against infection.

Therefore, in-depth knowledge of this complex process is paramount.

The development of new and effective tools to aid the study of virus entry is

important. To this end, I developed a minimal model system based on cell-derived

membrane blebs. Blebs are advantageous due to their smooth surface, small size and

the fact that they retain the original cell surface composition. Using this system, I

found that VACV virions bind in a side-on orientation, and that this can be altered

to become more tip bound by removing a subset of the binding proteins. Blebs also

enabled the identification of a novel VACV, cellular membrane remodelling mecha-

nism. Under low-pH conditions the binding protein D8 induces cellular membrane

invagination. During virus entry via low-PH dependent macropinocytosis this mem-

brane remodeling promotes productive infection by increasing the contact between

the limiting membrane of the macropinosome and the viral fusion machinery which

is found exclusively at the tips of the virion. From these findings, I conclude that

VACV binding and fusion are more intimately linked than first thought.

Furthermore, I characterised VACV binding to an unprecedented degree re-

vealing hierarchies and redundancies between the four binding proteins. The high

level of redundancy and the ability of the virus to adapt to the binding environment

presented on target cells is likely to account for the cell-type and host promiscuity

displayed by VACV.



Impact Statement

Viral disease represents one the world’s greatest socio-economic burdens. Increased

international travel, population growth and climate change resulting in shifting viral

vectors all contribute to the emergence of new, and often deadly, viruses. What’s

more, the deliberate introduction of viral disease through bioterrorism remains a

large threat. At the same time, viruses are becoming increasingly important in

biotechnology as vaccine vectors and in gene and cancer therapies. Therefore, de-

tailed understanding of the complexity of viral particles and the development of new

model systems to study them is important.

Poxviruses are highly significant in terms of both disease burden and biotech-

nology. Variola virus, the causative agent of smallpox, remains the deadliest in

human history accounting for more than 500 million deaths worldwide. To date, it

is the only viral disease to be successfully eradicated thanks to a mass vaccination

campaign by the World Health Organisation (WHO) (World Health Organization,

1980; Barquet et al., 1997). Vaccinia virus (VACV) was used as the immunolog-

ical agent of the smallpox vaccine and, in more recent times, has gained clinical

significance as a promising anti-cancer therapy. Its relative safety has lead it to be

used as the model poxvirus in the lab. Due to the ongoing threat of smallpox re-

emergence through bioterrorism and outbreaks of zoonotic poxviruses, the study of

VACV remains vital.

Due to host cell complexity, minimal membrane systems are widely employed

to study viral binding and fusion. These systems are easily generated, readily per-

turbed and, in comparison to cells, are very small enabling imaging of thousands of

events in a single frame. Here, I developed a novel minimal model system based on
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cell-derived membrane blebs to study viral binding and fusion and demonstrated its

effectiveness with VACV. Blebs as a model system enabled me to study the bind-

ing orientation and membrane remodelling activity of the virus under biomimetic

conditions. This system is expected to have impact in the wider virus research com-

munity through its use with other viral pathogens, leading to exciting and novel

discoveries in their entry mechanisms.

In addition to the development of this new tool, this thesis also characterises

VACV binding to an unprecedented degree. Using the Mercer lab’s large toolbox

of mutant viruses and cell lines, the interplay between the four known viral binding

proteins and their association with the cell surface was thoroughly examined. These

findings highlight the degree of complexity involved in VACV-cell surface associ-

ation and will be highly informative in anti-viral drug design. Further, this study

could provide insight into the binding patterns of other complex viruses.
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Chapter 1

Introduction

1.1 A general overview of the poxviruses
Poxviruses represent some of the largest and most complex viruses known. They

are divided into two subfamiles: the vertebrate infecting Chordopoxvirinae and

the insect infecting Entomopoxvirinae. The Chordopoxvirinae contain eight gen-

era: Orthopoxvirus, Parapoxvirus, Avipoxvirus, Capripoxvirus, Leporipoxvirus,

Suipoxvirus, Molluscipoxvirus and Yatapoxvirus, with only the Orthopoxvirus,

Parapoxvirus, Molluscipoxvirus and Yatapoxvirus able to infect humans. The Or-

thopoxvirus are the most well studied and contain several poxviruses capable of

infecting humans: vaccinia virus (VACV) - the subject of this thesis, variola virus

(VARV) - the causative agent of smallpox, monkeypox virus (MPXV), molluscum

contagiosum virus (MOCV) and cowpox virus (CPXV) (Figure 1.1). Interestingly,

although it was once thought that host and poxvirus have co-evolved (Fenner and

Kerr, 1994), phylogenetic analysis based on the amino acid sequence of 29 con-

served poxvirus genes suggests that transfer from one host to another has been a

recurrent feature in the evolution of the Chordopoxvirinae (Hughes et al., 2010)

(Figure 1.1).

Poxviruses contain linear, double stranded DNA genomes with the two strands

connected at their termini (Geshelin and Berns, 1974; Baroudy and Moss, 1982).

The DNA ranges from 130 to 350 kilobase pairs (kbp) and encodes for 130-328

genes (Fields et al., 2007). Among these, over 100 genes are conserved in the chor-
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Figure 1.1: Phylogenetic tree of the poxvirus family. The phylogenetic tree based on
concatenated amino acid sequences from 29 conserved genes. The numbers
on the branches represent percentages of 1000 bootstrap samples supporting
each branch. Red boxes signify the primary human pathogens. Adapted from
(Hughes et al., 2010)

.
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dopoxviruses and 66 genes are conserved in all poxviruses (Fields et al., 2007).

Differing from most other DNA viruses, poxviruses replicate entirely in the cyto-

plasm independently of the nucleus. However, the host cell nucleus is still needed

for productive infection, seemingly for the maturation stage and later (Prescott et al.,

1971; Hruby et al., 1979b,a; Silver et al., 1979). Accordingly, the genome encodes

for factors involved in both transcription and DNA replication (Fields et al., 2007).

Poxviruses are highly successful pathogens, due in part to their broad host

range. They can infect many cell types from many different species (Hruby, 1990;

McFadden, 2005). For vaccinia, exceptions appear to be natural killer cells and rest-

ing T cells (Chahroudi et al., 2005). In host organisms, poxvirus infection can occur

through the airway (VARV), skin lesions (MOCV), or ingestion (entomopoxviruses)

(Mitsuhashi et al., 2007; Fields et al., 2007). Further, the spread and pathogenesis

caused depends on the immune response of the host which, in turn, is strongly ma-

nipulated through the many virus encoded immunomodulatory genes (Seet et al.,

2003; Bidgood and Mercer, 2015). Interestingly, although many poxviruses show

strict species specificity in terms of their zoonotic host, this can differ in vitro - in

cell culture some poxviruses show a host-cell specificity unique from its in vivo

host range (McFadden, 2005). An example of this is the rabbit-specific poxvirus,

myxoma, which replicates well in transformed human cell lines (Stanford et al.,

2007).

VARV, the causative agent of smallpox, is the most notorious member of the

Poxviridae. Smallpox is regarded as the most deadly infectious disease known,

causing the death of over 300 million people in the 20th century alone (Geddes,

2006; Li et al., 2007). The breakthrough in combating smallpox came in the 18th

century when Dr. Edward Jenner found that inoculation with CPXV could protect

against smallpox infection. Subsequently, smallpox was eradicated by vaccination

in 1977 following the most successful global eradication program in history (World

Health Organization, 1980; Barquet et al., 1997). Eradication was enabled by the

fact that there is no animal reservoir, the time from exposure to the appearance of

the first symptoms is fairly short and infection with the virus or with the smallpox
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vaccine induced life long immunity.

Vaccinia virus is the immunological agent of the smallpox vaccine and is now

widely used as the laboratory prototypic poxvirus. The origin of VACV has been

controversial, however it is now thought to have been derived from horsepox (Es-

parza et al., 2017). The study of VACV remains relevant today due to the potential

use of poxviruses in bioterrorism (Selgelid, 2004), the importance of poxviruses as

therapeutic vectors (Sánchez-Sampedro et al., 2015) and the use of VACV as tool

for technological advancements (Bidgood, 2019).

1.2 Vaccinia virus morphology
VACV, as with other poxviruses, produce two types of infectious particles: intra-

cellular mature virions (MVs or IMVs) and extracellular virions (EVs). EVs can

be released from the cells as cell associated (CEVs) or extracellular (EEVs). MVs

are brick-shaped particles with the approximate dimensions of 360x270x250 nm

(Cyrklaff et al., 2005). EVs are MV-like particles surrounded by a second mem-

brane which contains at least 6 viral proteins unique to the EV (Figure. 1.2, (Payne,

1978, 1979; Smith et al., 2002)).

Vaccinia virus was the first animal virus to be visualised with electron mi-

croscopy (EM) (Nagler and Rake, 1948), with later studies revealing a more detailed

view of the core, which houses the DNA, and the lateral bodies (LBs), small struc-

tures sitting adjacent to the core (Dales and Siminovitch, 1961; Peters and Muller,

1963) (Figure. 1.2). The MV membrane became a source of controversy with some

studies claiming that it was in fact a double membrane (Roos et al., 1996) and others

that the core itself was surrounded by a membrane (Sodeik et al., 1993) or palisade

layer (Dubochet et al., 1994). Variations in the interpretation of the VACV struc-

ture most likely arose from the use of different preparation techniques. To this end,

cryo-preparation began to be used as vitrification helps avoid artefacts. Cryo-EM

methods were first used in 1994 (Dubochet et al., 1994) and, more recently, Cyrklaff

et al. (2005) and Heuser et al. (2005) have used cryo-preparation to show a clearer

picture of the structure (Cyrklaff et al., 2005; Heuser, 2005). Additionally, atomic
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force microscopy (AFM) has been used to compliment the EM data as, although the

resolution is theoretically lower, you gain topographical features of the surface and

do not rely on homogeneous samples (Kuznetsov et al., 2008).

Figure 1.2: VACV structure. The structure of VACV as seen by A) electron microscopy
(image courtesy of Dr. Jason Mercer) and B) as a graphical representation of
an MV and EV particle.

Eventually it was established that the virion consists of a central, biconcave

core in which the genome is densely packaged (Figure. 1.2, (Cyrklaff et al., 2005;

Heuser, 2005; Condit et al., 2006)). The core contains multiple organised protein

layers which, in the past, have been misinterpreted as a membranous layer (Sodeik

et al., 1993).

The LBs are proteinacious structures (Ichihashi et al., 1984) which sit within

two concavities in the core (Figure 1.2). Their full function still remains to be de-

termined, however it has been shown that they deliver immunomodulators to the

cytosol (Schmidt et al., 2013a). The particle is surrounded by a single lipid mem-

brane containing at least 25 highly cross-linked proteins (Heuser, 2005; Szajner

et al., 2005; Cyrklaff et al., 2005; Fields et al., 2007). The combined treatment of

detergent and reducing agent is needed to solubilise them fully (Easterbrook, 1966).

Various methods have been used to analyse the composition of the virion. 1-D
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and 2-D gel electrophoresis were the first techniques used (Holowczak and Jok-

lik, 1967; Sarov and Joklik, 1972; Stern and Dales, 1976; Essani and Dales, 1979),

which separated the polypeptides based on size and gave some basic information

such as relative abundance. Later, fractionation studies made it possible to dis-

cern core and membrane proteins (Ichihashi et al., 1984; Jensen et al., 1996). Vari-

ous mass spectrometry approaches have aided a more complete virion composition

(Chung et al., 2006; Yoder et al., 2006; Resch et al., 2007) and immuno-EM has

been used to confirm the broad localisation of various proteins (Roos et al., 1996;

Schmidt et al., 2013a). To this end, super-resolution imaging techniques have been

used to map viral proteins more accurately and this revealed a distinct polarisation

of the fusion and binding proteins on the MV membrane (Gray et al., 2016, 2019).

Additionally, the interactions between proteins in the virion have begun to be under-

stood (Matson et al., 2014; Novy et al., 2018; Mirzakhanyan and Gershon, 2019).

The consensus now is that particle contains upwards of 80 different viral proteins,

as well as some 63 cellular proteins (Ngo et al., 2016).

1.3 A general overview of viral entry

1.3.1 Viral binding and uptake

The cellular membrane presents as the first barrier between the viral particle and the

intracellular environment. The very first step in viral entry is binding and fusion, the

overarching topic of this thesis. This section aims to deliver a general discussion on

mechanisms toward viral entry using relevant examples and establishes principles

that have shaped the interpretations of the data presented in this thesis.

Primary attachment of the virus to the cell surface is often mediated by non-

specific binding with glycoconjugates or lipids (Young, 2001) and the requirements

for this vary greatly between viruses. This primary attachment allows the viral par-

ticle to move toward the cell body using actin retrograde flow (such as in the case of

herpes simplex virus (HSV) (Clement et al., 2006; Dixit et al., 2008), VACV (Mer-

cer and Helenius, 2008), human papillomavirus-16 (Schelhaas et al., 2008), hepati-

tis C virus (HCV) (Coller et al., 2009) and human immunodeficiency virus (HIV)
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(Lehmann et al., 2005)), or to just simply diffuse across the cell surface until it en-

counters its specific receptor(s) or is able to signal for endocytosis or fusion (Marsh

and Helenius, 2006; Mercer et al., 2010b; Grove and Marsh, 2011; Yamauchi and

Helenius, 2013; Boulant et al., 2015; Ketter and Randall, 2019). Therefore, this

movement is highly important to the entry process of the virus. However, move-

ment of virus on the cell surface is difficult to study. Single-particle tracking (SPT)

with total internal reflection microscopy (TIRFM) has been used successfully in

some cases. TIRFM uses an evanescent wave to selectively illuminate and excite

fluorophores in a thin region, usually less than 200 nm from the coverslip. This

functions to remove out-of-focus fluorescence and enhance the signal to noise ratio.

Thus TIRFM is a good choice for single molecule studies. TIRFM and SPT have

been used to study the movement of Mouse Polyomavirus (mPy) on the cell surface

and it was found that mPY randomly diffuses on the plasma membrane for 5-10s

before confinement in a cortical actin dependent manner (Ewers et al., 2005). This

random diffusion was cholesterol dependent and essential for infectivity. After con-

finement, mPy signals to induce endocytosis. Confinement and endocytosis were

not directly linked, as the tyrosine kinase signalling needed for endocytosis was not

needed for confinement (Ewers et al., 2005).

The movement of viral particles on the plasma membrane can also function

to bring the viral particle to the endocytic pit directly (Johannsdottir et al., 2009;

Cureton et al., 2012). This was first shown with Vesicular stomatitis virus (VSV)

(Johannsdottir et al., 2009). VSV was shown to utilise two methods of associating

with clathrin coated pits: it could remain immobile on the surface and induce the

formation of the pit beneath it, or it could move laterally along the membrane and

become trapped in a preformed clathrin-coated membrane domain (Johannsdottir

et al., 2009). Canine parvovirus (CPV) was shown to actively diffuse across the

membrane before rapid interaction with a pre-formed clathrin coated pit. The inter-

action of CPV with the transferrin receptor (TfR) was essential to the highjacking of

the preformed pit: weak binding of CPV to the TfR aided viral diffusion across the

membrane and the interaction was broken prior to viral uptake by the pit (Cureton
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et al., 2012).

In some cases, a co-receptor is also required alongside the primary receptor.

HIV-1 displays transient interactions with the plasma membrane before immobil-

isation in a heparan sulphate dependent manner (Endreß et al., 2008). This is hy-

pothesised to allow the virus to find its specific primary receptor CD4 (Endreß et al.,

2008). The co-receptors, CCR5 or CXCR4, are then required to facilitate the con-

formational change leading to efficient virus-cell membrane fusion (Chen, 2019).

These examples demonstrate that the, often overlooked, primary attachment

of virus is highly complex and can reveal novel and important information on viral

entry. Moreover, studying entry with SPT is important as it collects real time, single

virion data which can highlight dynamics lost in bulk measurements.

After primary attachment, the virus can bind to the cell surface via its spe-

cific receptor. Receptor binding may be multi-valent and lead to the formation of

receptor rich domains that can activate cellular signalling pathways or cause struc-

tural rearrangements in the virus which directly facilitates endocytic uptake or direct

penetration (Figure. 1.3) (Greber, 2002; Mercer et al., 2010b; Thorley et al., 2010;

Grove and Marsh, 2011; Boulant et al., 2015). For direct penetration, enveloped

viruses, such as HIV-1 (Stein et al., 1987), can fuse directly with the plasma mem-

brane (Figure. 1.3) (HIV-1 has also been reported to enter by endocytosis (Fackler

and Peterlin, 2000; Daecke et al., 2004; Maurin et al., 2007)), whilst non-enveloped

viruses such as poliovirus, disrupt the plasma membrane or form a pore to gain

entry (Dunnebacke et al., 1969; Bubeck et al., 2005). For endocytic entry, some

viruses take advantage of receptors with known endocytic receptor function, such

as HCV and the LDL receptor (Agnello et al., 1999), whilst many other viruses use

receptors whose role in viral entry is still unknown (Boulant et al., 2015).
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Figure 1.3: Strategies for viral entry. Viruses employ two main strategies for entry into
the host cell: endocytic entry (left) and direct penetration of the plasma mem-
brane (right; shown for an enveloped virus). Virus binds first to non-specific
attachment factors and then to specific receptors which mediate cellular sig-
nalling, facilitating virus uptake.

Endocytosis appears to be the dominant route of viral entry, even if plasma

membrane fusion is possible (Mercer et al., 2010b; Nicola et al., 2013). This is

most likely because endocytosis offers many advantages to incoming pathogens: it

allows the virus to bypass the actin cortex and cytoplasmic crowding whilst exploit-

ing cellular molecular motors, the lowering of the pH within the endosome allows

escape at specific locations and virus is protected from immunosurveillance within

the endosome (Marsh and Helenius, 2006; Mercer et al., 2010b). Most, if not all,

forms of endocytosis are exploited by viruses and, indeed, many were discovered

by studying viral entry. Clathrin-mediated endocytosis, caveolar/raft-dependent en-

docytosis, phagocytosis and macropinocytosis are just a few examples of which

multiple viruses take advantage (Mercer et al., 2010b).

1.3.2 Viral fusion

As discussed above, all enveloped viruses must fuse with the cellular membrane, ei-

ther at the cell surface or within the endosome, in order to enter the cell. Catalysis of

virus-cell membrane fusion is necessary as, although fusion is thermodynamically

favourable, there is a high kinetic barrier to overcome (Chernomordik and Kozlov,
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2003; Chernomordik et al., 2006). The cellular and viral membrane must overcome

the repulsive ‘hydration force’ caused by the interaction of water layers with the

polar heads of the lipids (Boden and Sixl, 1986). To this end, viruses must display

on their surface a glycoprotein able to catalyse fusion - the fusion protein. The fu-

sion protein is held in a native, prefusion conformation until being triggered in some

way, most likely by engagement with a cellular receptor or in response to lowering

of pH. In the case of low pH, the proton acts as a trigger. This triggering acts to ex-

pose the fusion peptide on the protein (Harrison, 2015). Unlike intracellular fusion

proteins such as SNAREs which show reversible priming, viral fusion proteins are

almost all ‘suicide proteins’ - their priming is irreversible. The G protein of VSV

appears to be the exception to this rule. G protein can undergo an reversible con-

formational change (Roche et al., 2006). The pre-fusion and post-fusion states are

in thermodynamic equilibrium, with the equilibrium shifted towards the post fusion

state at low-pH (Roche et al., 2006).

The conformational change of the fusion protein liberates free energy which is

then used to bring the membranes together. The widely accepted pathway toward

the merging of viral and cellular membrane is as follows: the fusion protein is trig-

gered and enters its ‘active’ conformation, the ‘active’ fusion protein forms a bridge

between the cellular and viral membrane, a hemistalk is formed, the hemistalk opens

to form a transient pore and the fusion protein then refolds to render the open pore

state irreversible (White et al., 2008; Harrison, 2009; Cooper and Heldwein, 2015)

(Figure. 1.4).

Viral fusion proteins fall into a number of structural classes. Class I fusion

proteins are typified by influenza virus HA (Skehel and Wiley, 2000) and HIV gp41

(Chan and Kim, 1998). These proteins are trimers of a single chain precursor, and

cleavage forms two fragments, one generating a hydrophobic fusion peptide char-

acterised by an trimeric α-helical domain in the post-fusion complex. The sec-

ond class of fusion peptide is found on flaviviruses, bunyaviruses and alphaviruses

(Kielian, 2006). They are genetically and structurally different from class I proteins

but use the same principle and topology to trigger fusions. Class II proteins are usu-
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ally beta-sheets and primed by cleavage of a second viral protein (Guirakhoo et al.,

1991; Lobigs and Garoff, 1990). Their conformation change involves a change in

oligomeric state from prefusion dimers to postfusion trimers. The third class of

fusion proteins are found on rhabdo-viruses (G protein), herpesviruses (gB), and

group 1 alphabaculoviruses (gp64). This class combines features of the first two

proteins: a central trimeric coiled-coil (a hallmark of class I proteins) and three

beta-sheet domains with an internal fusion peptide (a hallmark of class II proteins)

(Backovic and Jardetzky, 2009).

Figure 1.4: Steps of viral membrane fusion. 1. The fusion protein is triggered and fusion
peptide exposed. 2. The fusion peptide inserts into the cellular membrane.
3. The fusion peptide folds back on itself bringing the opposing membranes
together and a hemifusion intermediate is formed. 4. The fusion protein refolds
to its most energetically stable conformation and a pore is formed. Adapted
from (Cooper and Heldwein, 2015)

Viruses vary greatly in the number of separate glycoproteins encoded on their

surface needed for fusion. Many encode only one protein, which is the fusion pep-

tide. For example, the HIV Env protein (Doms and Moore, 2000). In other cases

accessory proteins are essential, such as in the case of the HSV. Four of the twelvec

HSV surface glycoproteins are essential for fusion. gB, the fusion protein, is acti-

vated by accessory proteins gH and gL, which in turn are activated by the receptor

binding protein gD (Cooper and Heldwein, 2015). VACV also requires many pro-

teins for fusion - at least 11 with none known to be the specific fusion protein (Moss,

2012). This will be discussed in more detail in Section 1.4.
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1.3.3 Cellular membrane remodelling activity of viruses

As discussed above, the requirements for the receptors involved in binding and fu-

sion are fairly well understood. However, less well studied is the remodelling of

the cellular membrane topology, composition and shape in response to viral bind-

ing and fusion. It is known that, in some cases, viral binding can alter the lipid and

glycoprotein availability as well as the physical membrane curvature of the cellular

membrane. In the following section, this remodelling is explored and the emerging

understanding that viral binding is a highly active process leading to large-scale cell

surface modification to support entry is highlighted.

HSV-1 provides an example of viral induced cellular lipid remodelling. HSV-

1 binding activates phospholipid scramblase-1 (PSCR1) to flip cellular phos-

phatidylserine and Akt from the inner to outer leaflet (Cheshenko et al., 2018).

This induces the Akt1 signalling cascade needed for HSV-1 endocytosis. HSV-1 gL

protein then binds PSCR1 to promote the relocalisation of phosphatidylserine to the

inner membrane, preventing the cell from being marked as apoptotic and subsequent

phagocytic uptake (Cheshenko et al., 2018).

Virus binding can also remodel the plasma membrane through the recruitment

of secondary, specific receptors. However, its very difficult experimentally to show

whether virus binding to the primary receptor recruits the specific secondary recep-

tors, or if the secondary receptors move toward the virus/primary receptor complex

(Boulant et al., 2015). The model suggested for reoviruses is that the virus binds

its primary receptor, sialic acid, allowing it to bind its specific receptor β1 integrin.

This binding reaction then recruits and induces the clustering of the junctional ad-

hesion molecule A (JAM-A). JAM-A mediates the internalisation of the reovirus

particle (Barton et al., 2001; Maginnis et al., 2006; Cera et al., 2009; Boulant et al.,

2015).

Remodelling of the membrane to induce curvature to support viral entry is

common, both in endocytosis and in supporting fusion. The curvature induction

can be negative or positive. Positive curvature induction has been studied in detail

with influenza A virus (IAV) using cryo-EM (Lee, 2010; Gui et al., 2016). Cryo-
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EM is the only technique at present which allows high resolution of membrane

leaflets, fusion proteins and other features of virus ultrastructure under near-native

conditions. Using liposomes as a membrane model system that supports fusion,

four separate intermediates leading to fusion were visualised. One of these steps

involves the puckering of the target membrane in response to low-pH, drawing the

dimple toward the unperturbed viral membrane through the refolding action of a

small number of clustered HA spikes (Figure. 1.5A) (Lee, 2010; Gui et al., 2016).

Localized dimpling is hypothesised to minimise the initial penalty from dehydration

of the two membranes, allowing a small contact zone to form (Gui et al., 2016).

Negative curvature induction is more common and well studied. Simian virus

40 (SV40) was shown to induce dramatic membrane curvature on the plasma mem-

brane (Figure. 1.5B) as well as on artificial membranes (Figure. 1.5C) (Ewers et al.,

2010). This directly induces its endocytic uptake, which differs from viruses which

rely on cell driven processes. The invagination depends on the multivalent interac-

tion between capsid VP1 pentamers and the GM1 receptor molecule, leading to the

clustering of GM1 on the membrane (Ewers et al., 2010). In a similar manner, hu-

man norovirus binds and clusters glycosphingolipids to induce tubular invaginations

on artificial membranes (Figure. 1.5D) (Rydell et al., 2013).

Both of these pieces of work demonstrate, using minimal systems, that cellu-

lar factors (e.g receptors) are not always needed for curvature induction leading to

endocytic internalisation. In these cases, the interactions leading to curvature occur

on the external side of the membrane, differing from receptor-mediated endocy-

tosis where the intracellular domains of trans-membrane proteins provide sites for

coatomers to bind to and to deform membrane (Ewers and Helenius, 2011). There-

fore, the virus must generate the force to deform the membrane itself. This is likely

to arise from the binding energy generated from the multi-valent interactions be-

tween the coat protein and the membrane lipid (Ewers and Helenius, 2011). The

virus can ‘wrap’ itself in the membrane using a zipper-like mechanism. Moreover,

it is likely that the viral induced clustering of lipids on the membrane creates a

lipid domain with a distinct composition from the bulk membrane. This creates line
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Figure 1.5: Viral remodelling leading to cellular membrane curvature. A) 3.2 nm think
computational slice of a cryo-EM tomograph of IAV induced invagination with
liposomes at pH 5.5 for 30 min. Yellow arrows point to pinching of liposome
membrane. Scale bar, 50 nm. Adapted from (Gui et al., 2016). B) Elec-
tron micrograph showing SV40 virus like particles (VLPs) inducing caveolin-
independent invagination in the plasma membrane of CV-1 cells after 30 min
incubation. Black arrows show viral particles. Scale bar, 200 nm. Adapted
from (Ewers et al., 2010). C) Confocal section showing tubule invaginations
induced by SV40 VLPS bound to GUVs. Scale bar, 5 µm. Adapted from (Ew-
ers et al., 2010). D) Confocal sections showing tubule invagination produced
by human norovirus VLP on GUVs. Scale bar, 2 µm. Adapted from (Rydell
et al., 2013)
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tension which can lead to membrane invagination (Ewers and Helenius, 2011).

Despite these examples highlighting the importance of viral-induced cellular

membrane remodelling in infection, its role in many cases is lacking and understud-

ied. This step of entry must be studied to fully understand viral entry. It is important

to revisit the information we have on the entry processes of specific viruses and re-

examine these first steps with cellular membrane remodelling in mind. Key to this

will be the use of minimal systems and state-of-the-art high-resolution microscopy

techniques. Moreover, SPT at high temporal and spatial resolution of virus and

lipid on the plasma membrane will be indispensable to dynamic information on the

nanoscale level.

1.4 Vaccinia virus life cyle
Having described a general overview of viral entry, I will now focus on the specifics

of VACV MV binding, uptake and fusion - the topics of this thesis. Post-fusion

steps will then be outlined. The majority of this section will focus specifically on

MV entry, as opposed to EV entry.

The complex life cycle of VACV takes place entirely in the cytoplasm of in-

fected cells and, accordingly, the VACV genome encodes for factors involved in

both transcription and translation (Fields et al., 2007). In terms of VACV infection,

a single-virion single-cell study has shown that 52% of viral particles are blocked

at the entry stage of infection and 90% are arrested prior to early gene expression

(Stiefel et al., 2012), highlighting how critical the early steps in infection are. In ad-

dition to this, VACV was shown to display cooperative behaviour in the early stages

of infection, likely acting to increase the chance of productive infection (Stiefel

et al., 2012).

1.4.1 Binding

The replication cycle starts with binding of VACV to the host cell surface (Figure

??) through the interaction of cellular glycosaminoglycans (GAGs) and viral mem-

brane proteins. The degree of interaction with specific GAGs appears to vary with

cell type, virus strain and experimental condition (Carter et al., 2005; Bengali et al.,
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2009; Whitbeck et al., 2009).

The viral proteins known to be involved in binding are A27, H3, D8 and A26.

A27, the first VACV binding protein to be identified, binds to the GAG heparan

sulfate (HS) (Figure. 4.1) (Chung et al., 1998). This was evidenced by the fact

that soluble A27 could bind to BSC40 (Chung et al., 1998; Hsiao et al., 1998) and

HeLa cells (Ho et al., 2005); that soluble HS specifically inhibited VACV binding

to BSC40 cells (Chung et al., 1998) and that soluble HS can compete with soluble

A27 for binding to the cell surface (Chung et al., 1998). However, this data does

not categorically prove that the A27-HS interaction is important in VACV binding.

For example, there has been no published data showing that A27(-) virions bind less

well to cells than WT, or that A27(-) virions show reduced heparan binding activity.

In addition to its role in viral binding, A27 was first thought to be a viral fusion

protein. A27(-) virus was reportedly unable to induce syncytia when bound to cells

and treated with low-pH (Vázquez et al., 1999). What’s more, the co-expression

of A27 protein and its membrane anchor, A17, in both mammalian and insect cells

triggered cell-cell fusion (Kochan et al., 2008). However, the contradictory observa-

tions that virus lacking A27 had no defect in MV production (Vázquez et al., 1999;

Gray et al., 2019) and the discovery of 12 distinct proteins needed for VACV fusion

(Moss, 2012) led to the conclusion that A27 does not have a direct role in fusion.

A27 is also needed for the microtubule dependent transport of MVs from viral

factories to the trans-golgi network (Sanderson et al., 2000) and subsequently for

the wrapping of the intracellular mature virion (IMV) (Ward, 2005). More recently,

Gray et al. (2019) have shown that A27 is needed for the polarisation and clustering

of the fusion proteins and suggest that it is this role in protein organisation which

aids the efficient fusion of the virus, explaining why A27(-) virus cannot induce

syncytia to the levels of WT (Gray et al., 2019).

The protein H3 is a VACV membrane protein, inserted into the membrane post-

translationally and tethered by the C-terminal hydrophobic domain during particle

maturation (da Fonseca et al., 2000a). It was shown to bind to HS (Figure. 1.6) (Lin

et al., 2000). Evidence for this is that soluble H3 was shown to inhibit binding and
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infection of VACV in a dose dependent manner (Lin et al., 2000); soluble H3 was

shown to bind to BSC40 cells and that competition with heparin, but not chondroitin

sulfate (CS), inhibited this binding. Additionally, soluble H3 bound poorly to gro2c

cells which lack HS on the cell surface, although it should be noted that there was

some binding (Lin et al., 2000). Although Lin et al. (2000) suggested that H3 plays

key a role in binding, da Fonseca et al. (2000) suggested that its role as a binding

protein was not so important. They showed that ∆H3 virus and WT had similar

rates of binding in an infectious-centre assay. However, this assay only compares

binding of infectious particles so, arguably, does not fully assay binding capacity.

This is especially true for the ∆H3 virus which, in the same paper, is reported to

have a defect in maturation (da Fonseca et al., 2000b).

In addition to a role in viral binding, virus lacking H3 shows a small plaque

phenotype (Lin et al., 2000; da Fonseca et al., 2000b), growth after 24 hours was

shown to be about 10-fold less and EV yield was reduced, suggesting H3 has an

important role in infection. This was shown to be during conversion of immature

virion (IV) to IMV (Lin et al., 2000; da Fonseca et al., 2000b). Moreover, H3 is

highly immunogenic in mice, rabbits and humans (Wilton et al., 1986; Zinoviev

et al., 1994; Housawi et al., 1998; Davies et al., 2005; Meng et al., 2011; Crickard

et al., 2012). H3 also plays a role as a central hub for a sub network of binding and

fusion proteins, as determined by protein-protein crosslinking mass spectrometry

(XL-MS) (Mirzakhanyan and Gershon, 2019).

D8 binds to the GAG CS (Figure. ??) (Hsiao et al., 1999). Hsiao et al. (1999)

demonstrated this by showing soluble D8 bound to BSC40, HeLa and L cells and

acted as a competitor of VACV binding. Additionally, the authors showed that virus

lacking D8 had a higher particle to plaque forming unit (PFU) ratio than parental

virus, which was attributed to reduced cell binding capacity (Hsiao et al., 1999).

D8 has been crystalised and shows a carbonic anhydrase fold which houses a pos-

itively charged crevice, hypothesised to be the CS binding pocket (Matho et al.,

2012). It exists as a non-covalent hexamer, with dimerisation mediated through a

C-terminal cysteine (Matho et al., 2014). The optimal CS ligand for D8 binding
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was shown to be CSE (Matho et al., 2014). Moreover, chondroitin sulfate proteo-

glycan 4 (CSPG4) was shown to be one of the most statistically significant binding

partners of VACV western reserve (WR) strain using ligand-receptor capture (Frei

et al., 2012).

VACV also encodes membrane proteins implicated in virus-cell attachment but

do not bind GAGs. The best characterised of these is A26, which binds extracellular

laminin (Figure. ??): WT virus is inhibited by soluble laminin and this effect is not

seen when virus lacks A26 (Li et al., 2007). Soluble A26 was also shown to bind

soluble laminin by surface plasmon resonance (SPR) analysis (Li et al., 2007). A26

does not have a transmembrane domain and attaches to the virus through binding

to A27 (Howard et al., 2008). A26 acts a fusion suppressor bound to the A16-G9

subcomplex and dissociates from the virus at low-pH (Chang et al., 2010, 2012,

2019), however this fusion suppression mechanism seems to be cell type specific

(Chang et al., 2010; ?). In addition to A26, the entry fusion complex protein L1 has

been shown to bind to an unknown, non-GAG receptor on cells (Foo et al., 2009)

and soluble H3 and A27 can bind to GAG-deficient cells (Lin et al., 2000; Foo et al.,

2009) suggesting additional affinity for non-GAG receptors.

Despite understanding a GAG dependence of VACV binding, few studies have

looked directly at specific binding receptors. It seems that cholesterol containing

lipid rafts are critical for entry (Chung et al., 2005), as well as the association with

integrin β1 (Izmailyan et al., 2012; Schroeder et al., 2012). VACV also appeared

to bind lung surfactant phospholipid DPPG (Perino et al., 2011). Preincubation

with DPPG significantly reduced binding of virus to cells and showed a protective

effect in mice (Perino et al., 2011). Moreover, the epidermal growth factor receptor

may or may not be utilised in virion binding (Eppstein et al., 1985; Orynbayeva

et al., 2007). More specifically, on keratinocytes the scavenger receptor MARCO

is used for attachment (Macleod et al., 2015). However, the main study toward

understanding VACV receptors comes from Frei et al. (2012), who utilised ligand

receptor crosslinking to show that the cell surface proteins AXL, M6PR, DAG1,

CSPG4 and CDH13 are all VACV binding factors on HeLa cells (Frei et al., 2012).
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Figure 1.6: Vaccinia virus binding interactions. VACV utilises 4 known interactions
for plasma membrane binding. D8 binds chondroitin sulfate proteoglycans
(CSPG). A27 and H3 binds heparan sulfate proteoglycans (HSPG) and A26
binds extracellular laminin.

Thus, there appears to be a high level of redundancy in the MV binding pro-

teins and their cellular counterparts. This is thought to partially account for the

ability of VACV to infect many different cell types and organisms. Much detail

around VACV binding remains unknown: the effect of each individual binding pro-

tein on entry should be elucidated to build a picture of how they work together.

The strong GAG-dependence of binding suggests that movement of the virus on the

plasma membrane may be highly important as GAGs are highly abundant. More-

over, the interplay between the differently polarised binding and fusion proteins

must be studied.

1.4.2 Uptake

VACV binds to filopodia and undergoes retrograde flow, moving the MVs toward

the cell body (Mercer and Helenius, 2008; Huang et al., 2008). The entry pathway

of VACV has been controversial, and may be strain dependent (Bengali et al., 2009;
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?), with both endocytic entry (Huang et al., 2008; Mercer and Helenius, 2008; Mer-

cer et al., 2010a; Laliberte and Moss, 2009; Moser et al., 2010; Schmidt et al., 2011)

and direct plasma membrane fusion (Armstrong et al., 1973; Chang and Metz, 1976;

Doms et al., 1990; Carter et al., 2005) suggested. It is now widely accepted that the

main and most physiological route of entry for both MVs and EVs is macropinocy-

tosis (Townsley et al., 2006; Mercer and Helenius, 2008; Sandgren et al., 2010;

Mercer et al., 2010a; Schmidt et al., 2011) (Figure. 1.8).

Macropinocytic entry involves large scale actin rearrangements and is primar-

ily used by cells for the non-selective internalisation of fluid, membranes and parti-

cles (Mercer and Helenius, 2010). For VACV strain WR, these actin rearrangements

are in the form of large, transient plasma membrane blebs (Mercer and Helenius,

2008). Alternatively, the strain International Health Department-J (IHD-J) induces

filopodia (Mercer et al., 2010a). Phosphotidylserine (PS) on the MV membrane ac-

tivates receptors which trigger the downstream cascade leading to these actin rear-

rangements (Ichihashi and Masayasu, 1983; Mercer and Helenius, 2010). PS marks

apoptotic bodies for clearance via macropinocytosis in many cell types (Henson

et al., 2001; Albert, 2004) and, importantly, does not lead to an immmune response.

Therefore, it seems that VACV utilises apoptotoc mimicry for its uptake (Mercer

and Helenius, 2008; Laliberte and Moss, 2009; Mercer and Helenius, 2010).

1.4.3 Fusion

VACV WR strain fusion is pH dependent: when MVs are bound to cells both di-

rect plasma membrane fusion and syncytia formation can be driven by lowering

the pH of the media. Inhibitors of endosomal acidication inhibit entry (Townsley

et al., 2006; ?). The A25-A26 complex has been shown to mediate the pH de-

pendence on some cell lines (Li et al., 2007; ?; Chang et al., 2019). Additionally,

as the treatment of MVs with low-pH before binding accelerates entry but virions

remain bafilomycin sensitive, there are two pH dependant steps leading to VACV

entry (Townsley and Moss, 2007). More recently, it was shown that the MV mem-

brane is proton permeable - low-pH treatment quenched A4-EGFP fluorescence and

fluorescence was able to recover at physiological pH (Schmidt et al., 2013b). This
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suggests that low-pH treatment may be important in core activation, separate from

low-pH activation of the EFC.

The macropinosome undergoes maturation, resulting in VACV being released

from the late stage macropinosome or lysosome in response to the low-pH envi-

ronment (Rizopoulos et al., 2015) (Figure. 1.8). The fusion of VACV is thought

to be one of the most complex mechanisms in the virus world. This is because it

requires at least 11 distinct fusion proteins which make up the entry fusion com-

plex (EFC). These are: A16 (Ojeda et al., 2006a), A21 (Townsley et al., 2005a),

A28 (Senkevich et al., 2004), F9 (Brown et al., 2006), G3 (Izmailyan et al., 2006;

Senkevich and Moss, 2005), G9 (Ojeda et al., 2006b), H2 (Senkevich et al., 2005),

J5 (Wolfe et al., 2012), L1 (Bisht et al., 2008), L5 (Townsley et al., 2005b) and

O3 (Satheshkumar and Moss, 2009). Mutants in any of these 11 proteins fail to

infect cells due to a lack of full fusion, however A28(-), L1(-) and L5(-) mutants

are still able to hemifuse (Laliberte et al., 2011), suggesting that these function in

pore formation. There are 3 known sub-complexes within the EFC: A28 and H2

(Nelson et al., 2008), A16 and G9 (Wagenaar et al., 2008) and G3 and L5 (Wolfe

and Moss, 2011). The fusion suppressors, A26 and A25, bind to the A16-G19 sub-

complex (Chang et al., 2012). Figure. 1.7 shows a diagrammatic depiction of all the

known interactions between the binding proteins, fusion suppressors and EFC pro-

teins. Data for these interactions come from immunoprecipitation studies and whole

virion protein-protein XL-MS (Wagenaar et al., 2008; Nelson et al., 2008; Howard

et al., 2008; Ching et al., 2009; Laliberte et al., 2011; Wolfe and Moss, 2011; Chang

et al., 2012; Mirzakhanyan and Gershon, 2019). Understanding these interactions

can help our understanding of the organisation of the EFC and membrane protein

architecture.

The work in this thesis considers only MVs, therefore EV binding and en-

try is not studied. The EV membrane contains at least 6 viral proteins unique to

the EV (Smith et al., 2002) and thus EV binding differs from MV binding. EV

entry, however, follows a similar route to MV entry: the EV is taken up into a

macropinosome, acid-activated membrane rupture within the macropinosome re-
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Figure 1.7: VACV membrane protein interactions The known interactions between the
EFC proteins, fusion suppressors and binding proteins on the VACV mem-
brane. Blue lines represent interactions. Experimental evidence comes from
protein-protein XL-MS and immunoprecipitation studies (Wagenaar et al.,
2008; Nelson et al., 2008; Howard et al., 2008; Ching et al., 2009; Laliberte
et al., 2011; Wolfe and Moss, 2011; Chang et al., 2012; Mirzakhanyan and
Gershon, 2019).
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moves the outer membrane revealing the MV membrane and EFC, the MV-like

particle can then fuse and the core is released into the cytoplasm (Schmidt et al.,

2011). The inner, MV-like particle of the EV differs slightly from the MV mem-

brane in that it lacks the MV fusion regulatory complex A25-A26 (Howard et al.,

2008). Therefore, this may act as a mechanism to regulate EV formation. EVs con-

tain their unique fusion suppression machinery in the form of the A56-K2 complex

(Turner and Moyer, 2008) which binds the A16-G9 sub-complex (Wagenaar et al.,

2008). This prevents syncitia formation of infected cells. The A56-K2 complex

also prevents superinfection by its expression on the cell surface and binding to

A16-G9 of incoming MVs, inhibiting fusion of the viral membrane and the cellular

membrane (Moss, 2006; Turner and Moyer, 2008).

1.4.4 Post-fusion

After fusion, the core separates from the lateral bodies, which remain associated

with the macropinosomal membrane and are degraded in a proteasome-dependent

manner (Figure. 1.8) (Schmidt et al., 2013a), and is released into the cytoplasm.

The core expands taking on an ovoid shape and the disulphide bonds are reduced

(Locker et al., 2000; Cyrklaff et al., 2007; Schmidt et al., 2012). The core houses

its own transcription machinery (Kates and McAuslan, 1967), thus early gene tran-

scription begins immediately after core release. Approximately 80 different early

proteins are translated on host ribosomes in the cytosol (Zhang et al., 1994; Yang

and Moss, 2009). The core is then disassembled (Schmidt et al., 2012) and the vi-

ral DNA genome is released to the cytoplasm (Joklik and Becker, 1964) where it

is accessible to viral DNA replication machinery. Electron micrographs have been

observed showing VACV DNA adjacent to remnants of open or empty cores, sug-

gesting that the core does not need to be completely disassembled for DNA release

(Dales et al., 1978; Pedersen et al., 2000).

For viral DNA replication to happen the genome must be uncoated. This re-

quires the early protein D5, a multifunctional AAA+ ATPase (Kilcher and Mercer,

2014). Although the virus encodes its own DNA replication machinery, it appears

that VACV also recruits host proteins during the replication process, such as ATR
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Figure 1.8: VACV life cycle VACV binds the cellular membrane and is taken up
by macropinocytosis. The MV/IMV membrane then fuses with the
macropinosome membrane under low-pH conditions. The core enters the cy-
toplasm, is uncoated and the DNA is replicated and IVs formed in replication
sites. MVs/IMVs are formed after morphogensis. Wrapped virions (WVs) can
then be generated and can fuse with the plasma membrane forming extracellu-
lar enveloped virions (EEVs) or cell-associated enveloped virions (CEVs).
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and RPA (Oh and Broyles, 2005; Postigo et al., 2017). The successfully replicated

DNA genome then provides the template for intermediate and late gene expression,

accounting for 93 open reading frames (Fields et al., 2007).

1.4.5 Morphogenesis

MVs are assembled in a highly complex process that is still relatively unknown

(Condit et al., 2006). After infection is established, viral factories are formed. Vi-

ral factories are highly electron-dense, organelle free areas of the cytoplasm tran-

siently surrounded by cellular endoplasmic reticulum (ER)-derived cisternae (Tolo-

nen et al., 2001; Cepeda and Esteban, 2014), where viral DNA and late proteins ac-

cumulate. The first morphologically distinct structures are crescents (Figure. 1.8),

which are comprised of a smooth inner layer and an external layer of D13 trimers,

the crescent scaffold protein (Dales and Mosbach, 1968; Hollinshead et al., 1999;

Risco et al., 2002; Szajner et al., 2005; Bahar et al., 2011). It has recently been

established that crescents derive from ER (Weisberg et al., 2017; Moss, 2018) and

are not synthesised de novo (Dales and Mosbach, 1968).

Crescents eventually close on themselves to form spherical immature virions

(IVs) (Figure. 1.8) (Condit et al., 2006). The viral DNA is packaged into the IV

before its closure, along with viroplasm which contains viral core proteins (Morgan,

1976; Chlanda et al., 2009). Once the DNA is packaged, the IVs become immature

virions with a nucleoid (IVNs). Although the details around how the viroplasm

and DNA is incorporated into the IV are unclear, it is known that the seven-protein

complex and protein E9 are essential (Liu et al., 2014).

IVNs then mature into MVs (Figure. 1.8). The viral core and lateral bodies

are formed within the membrane. The transition from IVN to MV requires prote-

olytic cleavage of many core and membrane proteins by the viral protease I7. This

includes the proteolytic processing of A17, the protein which binds D13 to the IV

membrane, resulting in the loss of the D13 scaffold (Bisht et al., 2008). Addition-

ally, the viral redox proteins A2.5, E10 and G4 are essential for maturation and

control the disulphide bond formation in many of EFC proteins (Senkevich et al.,

2000; White et al., 2002; Senkevich et al., 2002).
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During the maturation process, additional surface proteins are added to the MV

membrane. These are mostly involved in attachment and in mediating infection.

For example, A17 acts as the anchor for the addition of A27 and A26 (Howard

et al., 2008). MVs accumulate in the cytoplasm and are released when the cell lyses

around 72 hours post infection.

A subset of MVs go on to form EVs. These MVs are transported out of the vi-

ral factory using the microtubule network, and are wrapped in two additional mem-

branes derived from the trans-golgi or early endosome. At least 6 unique EV mem-

brane proteins are incorporated during this process. Virion wrapping is known to

require the viral proteins A27, B5 and F13 (Roberts and Smith, 2008). These virions

are wrapped virions (WVs) (Figure. 1.8). The WVs are transported to the plasma

membrane where they fuse their outer envelope, releasing the double-membraned

EVs. Here, they can be released as extracellular enveloped virion (EEV) or main-

tained on the cell surface as cell-associated extracelluar enveloped virion (CEV)

(Figure. 1.8). Signalling of viral proteins induces the formation of actin tails

beneath CEVs, which function to drive them into neighboring cells (Smith et al.,

2002).

1.5 Cell free systems in virus research
Having described in detail viral binding and entry in section 1.3, it is important now

to look toward the techniques useful in studying this. As the work described in this

thesis utilises a minimal model system based on cell-derived membrane blebs, I will

briefly introduce alternative model systems used in virus research and explain the

rationale behind utilising cell-derived membrane blebs for this project.

Artificial membrane systems have been used widely to study the earliest in-

teractions between virus and host. They provide a platform to explore the host

requirements for viral binding and fusion without the complexities found in cellular

assays, where decoupling the contribution of the cell surface factors from the mul-

titude of other cellular factors is difficult. Moreover, due to their smaller and more

defined size and shape, many artificial membranes can provide a system amenable
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to quantifying significant numbers of events in imaging studies.

The most simple way to investigate virus-cell receptor interactions is via the

immobilisation of a cellular receptor on a sensor surface and characterisation of

the interaction kinetics. These biosensor assays rely on SPR technology, which

measures refractive index changes of photons hitting a metal surface (Figure. 1.9).

The change in refractive index is proportional to the mass on the surface. Therefore,

the cellular receptor can be captured on the surface, the viral binding partner flowed

over (or vice versa) and the specificity, affinity and kinetic parameters between them

determined. This is very powerful in characterising binding interactions and has

been used widely in the virus field. For example, the binding sites of both influenza

HA and HSV gD have been determined and the kinetics to different cellular binding

partners characterised using SPR technology (Bertucci et al., 2003; Takahashi et al.,

2013). In the VACV field, SPR has been used to determine the binding kinetics of

A26 to laminin (Chiu et al., 2007) and mutated forms of A27 to heparin to determine

functionality behind the structure (Ho et al., 2005).

SPR has many advantages: it gives label-free, specific and accurate informa-

tion on the kinetics of binding using very little sample. However, removing the cel-

lular receptor from its natural lipid environment can alter its functionality (Dowhan

and Bogdanov, 2012). In addition, SPR platforms rely on the prior knowledge of

the components involved in virus binding and are not well suited to studying the

multivalent and complex interactions which are common to virus-cell membrane

interactions (Mammen et al., 1998; Rankl et al., 2008; Grove and Marsh, 2011).

In this direction, supported lipid bilayers (SLBs) are model membranes in

which one can incorporate receptors of interest, allowing for mobility of the receptor

in the membrane (Figure. 1.10A). SLBs allow for control of the surface properties,

whilst providing structural similarities to the cell membrane. SLBs can be used in

combination with TIRFM to study binding kinetics, allowing the binding kinetics

of individual proteins or virions to be established, as opposed to only the ensem-

ble measurements of SPR. For example, binding kinetics of IAV to α2,3 sialic acid

(SA) glycolipids were investigated using single-particle tracking and SLBs (Lee
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Figure 1.9: SPR schematic. One binding partner (the ligand) is immobilised on the metal
surface of the chip, and the other (the analyte) is flowed across it. SPR detects
changes in the refractive index in the immediate vicinity of the surface layer of
the chip. The refractive index changes upon binding of analyte to ligand and
this shift is the basis of the SPR signal.

et al., 2016), as well as HSV-1 binding to heparin (Peerboom et al., 2018). Sim-

ilar experiments have measured single particle kinetics of fusion (Wessels et al.,

2007). Although SLBs offer an important and widely used tool, the substrate that

the bilayer sits on is known to impact the diffusion of the membrane components

(Przybylo et al., 2006; Hsieh et al., 2014) thereby hampering its use as a entirely

accurate cell model. Giant unilamellar vesicles (GUVs) are thought to be an im-

proved cell mimic in this respect. GUVs consist of a lipid bilayer and have sizes

and curvature comparable to that of eukaryotic cells (Figure 1.10B). GUVs make

good cell mimics as they display curvature, have a finite surface area and the mem-

brane is flexible (Fenz and Sengupta, 2012). The simple nature and precise control

over lipid composition creates an advantage when studying the role of one protein or

lipid in membrane remodelling activities. It is also possible to capture a cytoskele-

ton within the GUV (Tsai et al., 2011), making it a potential model for studies on

the cytoskeletal contribution to cell shape. GUVs have been used as important tools

in studying virus binding (Nikolaus et al., 2010; Ewers et al., 2010; Rydell et al.,



1.5. Cell free systems in virus research 47

2013; Ho et al., 2016; Olety et al., 2016) and fusion (Kamiya et al., 2010; Ross-

man et al., 2010; Haldar et al., 2019). For example, influenza M2 was shown to

induce curvature and lipid ordering in a cholesterol dependent manner on GUVs,

revealing its ESCRT independent role in membrane scission (Rossman et al., 2010;

Martyna et al., 2017). Although GUVs present with many advantages, it is known

that VACV does not bind to GUVs (Schmidt et al., 2013a) implying that cell sur-

face constituents are required for VACV binding and, therefore, a more complex

minimal model system, which better mimics the cell-surface, is required.

Giant plasma membrane vesicles (GPMVs) are cell-derived, chemically in-

duced vesicles (Figure 1.10C). Compared to GUVs, GPMVs maintain the mem-

brane composition of the cell, although slightly higher levels of cholesterol and

sphingomyelin were shown (Scott, 1976). In the virus field, GPMVs have been

used to study the cholesterol dependence of HIV binding and entry (Yang et al.,

2017) and raft association of influenza hemagglutinin (Nikolaus et al., 2010) due

to the capability of GPMVs to form microscopic, lipid driven domains without the

many variables of live cells. However, due to the covalent modifications induced by

the chemical cross-linkers and vesiculants (notably formaldehyde (FA) and dithio-

threitol (DTT)) used in the preparation of GPMVs, the lipid bilayer may not best

mimic that of the living cell. Indeed, it has been shown that in FA and DTT in-

duced GPMVs, the orientation of PS is flipped and the amount of various proteins

expressed on the membrane are reduced as compared to cells (Liu et al., 2017).

Toward this end, we utilise a minimal model system based on cell-derived

membrane blebs. Blebs are naturally produced in cells during apoptosis (Mills

et al., 1998), cytokinesis (Fishkind et al., 1991) and migration of some embry-

onic cells (Trinkaus, 1973). They are cell-derived, spherical, cytosol filled mem-

brane protrusions which reach diameters of 1 µM to 10 µM. Blebs arise from an

actomyosin-driven increase in intracellular pressure, which causes detachment of

membrane from the actin cortex (Charras, 2008). Blebbing can also result as a

consequence of a tension induced breakage in the cortex and subsequent influx of

cytosol (Paluch et al., 2005). Once the bleb is formed, the actin cortex reassembles
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Figure 1.10: Examples of minimal model systems. A) Supported Lipid Bilayer (SLB), B)
Giant Unilamellar Vesicle (GUV), C) Cell showing the formation of a Giant
Plasma Membrane Vesicle (GPMV) in response to FA and DTT.

beneath the retracting bleb and stays stable, with actin turnover becoming very slow

(Charras et al., 2006). The process of blebbing itself has been used to dissect the

cortex assembley pathway. First, actin-membrane linker proteins are recruited to

the bleb. Subsequently, actin, actin-bundling proteins and myosin motor proteins

bind to form the reassembled cortex (Charras et al., 2006). Moreover, the retracting

bleb displays high membrane rigidity explained in full by the assembly of the actin

cortex (Charras et al., 2008).

Blebs have indeed been used as biomimetic systems. Mechanical sheering can

remove blebs from the cell body (Davies and Stossel, 1977; Pick et al., 2005; Biro

et al., 2013) and purified blebs have been used to study the celluar cortex (Biro

et al., 2013). As blebs maintain the original membrane topology and composition

of the cell (Pick et al., 2005; Grasso et al., 2013), they provide us a physiologically

relevant minimal system to study the earliest stages of viral entry.
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1.6 Aims
The two overarching aims of this thesis were to develop a minimal model system

for the study of VACV binding and fusion and to understand the intricacies involved

in VACV binding. As discussed in Section 1.4, the process of VACV binding is

distinctly more complex than that of many other viruses. Four known proteins are

involved and present varying degrees of redundancy. A large oversight in the VACV

field thus far is that the interplay between these proteins during cellular binding has

never been fully explored, with the majority of studies utilising only the purified

virus or cellular protein in question. In this work, I ask essential questions on the

interaction of these proteins in viral binding. Are any of these proteins more im-

portant than the other in binding? What, if any, redundancies and hierarchies are at

play between them? Are there alternative roles for any of the viral proteins? Only

this way can we begin to understand VACV binding fully.

In the same manner, this thesis also seeks to understand the recently published

data detailing the polarisation of the fusion and binding proteins on the viral mem-

brane (Gray et al., 2019) in the context of infection. Specifically, exploring the

functionality behind this polarisation. To this end, I have utilised a minimal system

based on cell-derived membrane blebs (Biro et al., 2013). The small size of blebs

allows for the quantification of large numbers in imaging experiments, their smooth

surface allows for accurate quantification of VACV binding orientation and their

reduced complexity as compared to cells allows blebs to act as a simplified model

of a cell. This system provides a completely novel way to study VACV binding

and allowed me, using advanced imaging techniques, to correlate binding protein

polarisation and virus-cell interaction and infection.

Lastly, the cellular membrane remodelling activity during the binding and fu-

sion of VACV is almost completely unknown. Our minimal system in combination

with high resolution microscopy lead to the discovery of VACV induced membrane

curvature and I subsequently correlated this to productive infection.

Together, this thesis demonstrates the advantages of using blebs as a novel

system to study VACV infection. It addresses enigmatic and understudied areas of



1.6. Aims 50

VACV biology with pioneering methodology allowing an alternative approach to

study viral entry.

Although smallpox has thankfully been eradicated, the population today is left

unvaccinated and at risk of poxvirus infection from bioterrorism or zoonosis. As I

sit here writing this, now in the seventh week of the government enforced lockdown

due to the SARs-CoV-2 virus, the importance of studying emerging viral disease

has never seemed more significant. A complete understanding of the poxvirus entry

mechanism is vital. Not only will this aid the development of novel and improved

anti-viral drugs and vaccines, but understanding this highly complex virus may give

us clues into the workings of other viruses, large or small.



Chapter 2

Materials and Methods

2.1 General Materials and Methods

2.1.1 Cell Culture

BSC40, HeLa, L929, Gro2c and Sog9 cells were cultivated in Dulbecco’s modi-

fied Eagle’s medium (DMEM, Life Technologies) supplemented with 10% heat-

inactivated fetal bovine serum (FBS, Life Technologies), 2 mM Glutamax (Life

Technologies), 100 units/ml penicillin and 100 µg/ml streptomycin (Life Technolo-

gies). This will henceforth known as full medium. Gro2c and sog9 cells are vari-

ants of L929 cells, selected by their relative resistance to HSV infection (Gruenheid

et al., 1993; Banfield et al., 1995). Gro2c cells lack heparan sulfate proteoglycans

(Gruenheid et al., 1993) and sog9 cells lack heparan and chondroitin sulfate pro-

teoglycans (Banfield et al., 1995). Cells were grown at 37°C and 5% CO2. Cells

were routinely maintained and passaged using Phosphate-Buffered Saline (PBS)

and Trypsin/EDTA (2.5g Trypsin/litre, 0.2g EDTA/litre). Cell counts were deter-

mined using a Cellometer (Nexelcom).

2.1.2 Viruses

All the viruses used in this project are based on the Western Reserve (WR) strain

and are listed in Table 2.1 along with a reference if generated elsewhere, or the

parental virus, if generated for this project. Inducible viruses are referred to as the

inducible protein followed by +/-. Virus produced in the presence of inducer, and so

containing the inducible protein is denoted as ‘+’. These viruses are very similar to
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Virus Reference or Parental Strain
WT Dr Jason Mercer

EGFP-A4 (Schmidt et al., 2011) as A5-eGFP
mCherry-A4 (Schmidt et al., 2011) as A5-mCherry

∆D8 (Townsley and Moss, 2007) as ∆D8vFire
∆D8 EGFP-A4 ∆D8

∆A26 EGFP-A4 EGFP-A4
A27+/- EGFP-A4 (Gray et al., 2019)
H3+/- EGFP-A4 (da Fonseca et al., 2000b) as vH3i

∆A26∆D8 EGFP-A4 ∆D8 A4-EGFP
A28(+/-) mCherry-A4 (Gray et al., 2019)

O3(+/-) (Satheshkumar and Moss, 2009) as vO3-HAi
A26-HA EGFP-mCherry A4-mCherry

HA-H3 EGFP-A4 EGFP-A4
E EGFP WT

Table 2.1: List of the viruses used or referred to in this thesis. With each virus is the
reference or the parental strain used to generate it.

WT. Virus produced in the absence of inducer, and so not containing the inducible

protein, is denoted as ‘-’. Viruses with a protein completely knocked out are denoted

with ∆ followed by the deleted protein.

2.1.3 Antibodies

Anti-L1 mouse monoclonal antibody (clone 7D11) was purified from a hybridoma

cell line kindly provided by Bernard Moss (NIH) with permission of Alan Schmal

john (University of Maryland). Anti-D8 rabbit polyclonal antibody was made by

immunising a rabbit with puried D8 protein and adjuvant. Anti-A26 was pro-

duced by GenScript USA inc. The peptide NKKGIAKVTEDKPD correspond-

ing to residues 295-308 of A26 was was used to immunise one rabbit and anti-

A26 antibody was anity puried after three immunisations. Antibodies against viral

protein A27 (VMC39) was produced by the Cohen lab using puried recombinant

baculovirus-expressed proteins as previously described (Aldaz-carroll et al., 2005).

Anti-HA polyclonal rabbit and mouse antibodies were purchased from BioLegend.

Anti-laminin rabbit antibody was purchased from novus biologicals. Anti-CSPG4

was purchased from ThermoFisher. AlexaFluor-488, AlexaFluor-594 AlexaFluor-

647 coupled goat anti-rabbit secondary antibodies and the membrane stains Cell-



2.2. Virus Methods 53

Mask Deep Red and Orange Plasma membrane stains were purchased from Life

Technologies. Anti-rabbit and anti-mouse IgG HRP-linked antibodies were pur-

chased from Cell Signaling Technology and used at 1:2000.

2.2 Virus Methods

2.2.1 Virus Generation

New recombinant viruses were generated as follows. All recombinant viruses were

generated using plasmids based on pBluescript II KS (pBSIIKS).

For WR ∆A26 EGFP-A4 and WR ∆A26∆D8 EGFP-A4, A26 at its endoge-

nous locus was replaced within WR EFGP-A4 or WR ∆D8 EGFP-A4 respec-

tively. Primers 5’-TTGGGTACCGGGCCCCCCCTCGAGGTCGACCCTAAA

ATCTGTACTTTAAATGGACGGA-3’ and 5’-ACTAGTGGATCCCCCGGGCTG-

CAGGAATTCTCTGACT TAATGAGTCGTAGTTC-3’ were used to amplify

the A26 gene and the 300 bp flanking. This was inserted into the pBlue-

script II KS backbone (+) using Gibson assembly. The A26 gene was then

replaced by the mCherry gene (for WR ∆A26 EGFP-A4) or lacZ gene (for

WR ∆A26∆D8 EGFP-A4) using Gibson assembly. For WR HA-H3 or WR

A26-HA, the N- and C-terminus were HA tagged respectively and recombi-

nant virus selected for by an E/L EGFP. Firstly, A26 or H3 were inserted

into pBluescript II KS backbone (+). For A26 see above. Primers 5’-

TTGGGTACCGGGCCCCCCCTCGAGGTCGACCTCAAATATTATTATTCTAA-

CTCC-3’ and 5’-ACTAGTGGATCCCCCGGGCTGCAGGAATTCCGCTGGTAA-

GGATGATAT-3’ were used to amplify the H3 gene and the 300 bp flanking. This

was inserted into the pBluescript II KS backbone (+) using Gibson assembly. HA

was then inserted through primer design. Lastly, E/L EGFP was inserted using

Gibson assembly within the flanking regions.

A 60 mm dish of BSC40 cells was infected with the parental virus strain at

an MOI of 0.03 in DMEM. After 3 hours, infected cells were transfected with 5-8

µg of the linearized plasmid. For this, 15 µL Lipofectamine 2000 (Invitrogen) in

0.5 mL DMEM was incubated at room temperature (RT) for 5 min and mixed with
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linearized plasmid in 0.5 mL DMEM and incubated at RT for 20 min. The DNA-

Lipofectamine solution was added to cells for 1 hour at 37°C before the addition

of full medium. 48 hours post infection (hpi) cells were harvested by scraping,

resuspended in 100 µl 1 mM Tris pH 9 and disrupted by freeze-thawing in liquid

nitrogen three times.

Viruses with the desired phenotype were selected by plaque purification.

The phenotype was either the display of fluorescence or by the synthesis of β -

galactosidase upon the addition of 0.06 mg/mL 5-bromo-4-chloro-3-indolyl-b-D-

galactopyranoside (x-gal) in an agar overlay, resulting in blue plaques. In the first

round, 10 cm dishes of BSC40 cells were infected with the infection-transfection

cell lysate solution diluted 104, 105 and 106 times in DMEM. In subsequent rounds,

6-well dishes were infected with the previous plaque solution diluted 102, 103 and

104 times in 500 µl of DMEM. In all cases inoculum was removed after 30 min

incubation at 37°C and replaced with full medium. 48 hpi plaques were desired for

the desired phenotype and picked into 100 µl 1 mM Tris pH 9 by scraping with a

P20 pipette tip. Viruses were purified through 4-5 rounds of plaque purification or

until all observed plaques displayed the desired phenotype.

2.2.2 Virus Purification

Viruses were purified as described previously (Mercer and Helenius, 2008). Breifly,

crude extract was produced by infecting two 15 cm dishes of BSC40 cells grown

with virus from plaque purification or a previous crude extract. Virus was diluted

in DMEM, cells were infected and the inoculum was replaced after 1 hr with full

medium. After 48 hours cells were harvested by scraping, lysed by freeze-thawing

three times in liquid nitrogen, resuspended in 1 mL 1 mM Tris pH 9 and cell de-

bris was pelleted by centrifugation at 4000 rpm for 10 min. The supernatant was

collected and stored at -80°C as crude extract.

To produce purified virus for use in experiments, 10x 15 cm dishes of BSC40

cells were infected with crude extract (10 µL per plate) diluted in DMEM. Infection

medium was added to cells, incubated at 37°C for 30 min and replaced with full

medium. 48 hpi, cells were harvested by scraping, pelleted by centrifugation at
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300 x g for 5 min, washed with PBS and stored at -80°C. Cell pellets were then

resuspended in 12 mL 10 mM Tris pH 9 for 5 min to swell cells and then disrupted

in a tight-fitting doucer. Cell nuclei were removed by pelleting at 2000 x g for 10

min and the supernatant retained.

Supernatant was loaded onto a 36% sucrose in 10 mM Tris pH 9 and purified

by ultracentrifugation at 43,000 x g for 80 min. Sedimented virus was either re-

suspended for use in 1 mL 1 mM Tris pH 9 or further purified by banding. In this

case, sedimented virus was resuspended in 200 µL 1 mM Tris pH 9, loaded onto a

25-40% sucrose gradient and ultracentrifuged at 12,000 x g for 40 min. The band

within the gradient formed by virus was extracted and sucrose removed by dilu-

tion in 1 mM Tris pH 9 followed by ultracentrifugation at 43,000 x g for 40 min.

Resultant pellets were resuspended in 1 mM Tris pH 9 and stored at -80°C.

2.2.3 Plaque Assay

BSC40 cells were grown to confluency in 6-well plates. Virus was serially diluted

to varying concentrations below 1 pfu/mL in DMEM. 500 µL of virus in DMEM

was added to wells and incubated for 1 hr at 37°C, after which it was replaced with

full medium. 48 hrs after infection, media was removed and cells fixed with 0.1%

crystal violet in 4% formaldehyde. Plaques were counted in the wells with between

10 and 100 plaques and the viral titre in pfu/mL calculated.

2.3 Super Resolution Imaging

2.3.1 Sample Preparation

High performance coverslips (18 mm, 1.5H, Zeiss) were washed in 100% ethanol

(Sigma) and deionised water. Purified banded virus was diluted in 20 µL 1 mM Tris

pH 9 and pipetted into the center of the coverslip. After 30 min at RT, virus was

removed and 1 mL 4% EM-grade formaldehyde (EMS) was added for 20 min. Aut-

ofluorescence was quenched by brief incubation in 0.25% NH4Cl in PBS. Samples

were washed 3 times in PBS and blocked for 30 min with 5% BSA, 1% FCS in PBS

(blocking buffer). Membrane proteins were stained with primary antibody diluted

1:1000 or 1:100 (depending on antibody) in blocking buffer overnight at 4°C. Cov-
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erslips were then washed 3 times in PBS and Alexa Fluor 647-conjugated secondary

antibodies (Invitrogen) diluted 1:1000 in blocking buffer were added for 1 hr at RT.

Coverslips were washed 3 times in PBS and mounted on to Secure-Seal incuba-

tion chambers in BME buffer (1% b-mercaptoethanol (Sigma), 150 mM Tris, 1%

glucose, 1% glycerol, 10 mM NaCl, pH 8) for dSTORM or in PBS for structured

illumination microscopy (SIM).

2.3.2 Single-molecule localization microscopy

Imaging was performed on a Zeiss Elyra PS.1 inverted microscope with a Plan-

Apochromat 100x / 1.46 NA oil DIC M27 objective with a 1.6x tube lens and in

iXon 897 EMCCD camera (Andor). Images were acquired at 20 ms exposure time

with 642 nm excitation at 100% laser power and a 655 nm LP filter. Fluorophore

activation was dynamically controlled with a 405 nm laser at 0-1.5% laser power.

Images were processed in Fiji (Schindelin et al., 2019) using ThunderSTORM (Ha-

gen et al., 2014). Localisations were fitted with a maximum-likelihood estimate,

lateral drift corrected by cross-correlation, localisations <20 nm apart from within

≤1 frame merged, and images rendered using a Gaussian profile with the NanoJ-

Orange LUT (NanoJ). Lateral resolution was 25 nm, determined by Fourier ring

correlation (FRC).

2.3.2.1 SR-Tessler analysis

Cluster analysis was performed using SR-Tesseler (Levet et al., 2015). Localization

tables from ThunderSTORM were imported and Voronoi diagrams were created.

Individual virions were selected as regions of interest and segmented as single ob-

jects with a density factor δ of 1–2. Within individual objects, clusters were iden-

tified with δ = 3 that yielded less than 5% clustering in the nonclustered reference

probe A13–EGFP.

2.3.3 Structured Illumination Microscopy

SIM imaging was performed using Plan-Apochromat 100x/1.4 oil DIC M27 objec-

tive in an Elyra PS1 microscope (Zeiss). Images were acquired using 5 phase shifts

and 3 grid rotations, with the 561 nm and 488 nm lasers (32 µm grating period) and
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filter set 3. 2D images were acquired using a CMOS camera and processed using

the ZEN software (Zeiss).

2.4 Electron Microscopy

2.4.1 Sample Preparation

2.4.1.1 Blebs and Virus

Virus was bound to blebs at 4°C, with each sample containing 1
6

th of a bleb prep

from three T75 flasks. Virus bound blebs were pelleted at 1000 x g for 10 min

and resuspended in 50 µL of low-calcium, high-potassium buffer mimicking the

intraceulluar ionic composition henceforth referred to as intracellular buffer (IB;

IB; 10 mM NaCl, 280 mM k-glutamic acid, 14 mM Mg2SO4, 13.34 mM CaCl2, 5

mM Hepes) pH 7.4. Samples were centrifuged at 175 x g for 7 min onto fibronectin

coated CELLview glass bottom cell culture slides (Greiner Bio-One). Supernatant

was removed, replaced with IB at pH 5.0 or 7.4 and incubated at 37°C for 10 min,

before fixation in 1.5% formaldehyde 2% glutaraldehyde in IB for 30 min.

2.4.1.2 Infected cells

For samples capturing virus in macropinosomes, HeLa cells were grown to conflu-

ency on 13 mm coverslips and virus bound at RT at MOI 100 for 1 hr. Unbound

virus was removed and full medium supplemented with 10 mg/mL horseradish per-

oxidase (HRP; Sigma). Samples were then shifted to 37°C for 1 hr before fixation

in 1.5% FA and 2% glutaraldehyde in 0.1 M cacodylate for 30 min.

Samples were osmicated for 1 hr in 1% osmium tetraoxide/1.5% potassium

ferricyanide at 4°C and treated with 1% tannic acid in 0.05 M sodium cacodylate

for 45 min in the dark, RT. Samples were dehydrated in sequentially increasing

concentrations of ethanol solution and embedded in Epon resin. Prepolymerised

Epon stubs were pushed onto each well containing the sample, or when coverslips

were used, coverslips were inverted onto the stub, and polymerised by baking at

60°C overnight. The 70 nm thin sections were cut with a Diatome 45°diamond

knife using an ultramicrotome (UC7, Leica). Sections were collected on 1x2 mm
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formvar-coated slot grids and stained with Reynolds lead citrate.

2.4.2 Imaging

All samples were imaged using a transmission electron microscope (Tecnai T12,

FEI) equipped with a charge-coupled device camera (SIS Morada, Olympus). All

electron microscopy sample preparation from osmication was kindly done by Dr

Jemima Burden, LMCB electron microscopy leader.

2.4.3 Image Analysis

For invagination depth of bleb bound virions was quantified using the Olympus SIS

iTEM software. A straight line was drawn from the two edges of the invagina-

tion and the perpendicular distance from the inner leaflet of the bleb membrane to

the virion membrane was found as invagination depth. For macropinosome cur-

vature analysis, the Kappa plugin (Mary and Brouhard, 2019) in Fiji (Schindelin

et al., 2019) was used. In brief, an initialisation curve was traced using a point-click

method along the macropinosome membrane in contact with the virion membrane.

This was then fit to the underlying data using an iterative minimization algorithm.

The Bezier curve was extracted and the mean curvature along the entire curve re-

ported.

2.5 Fusion from Without
BSC40 cells, L cells or Gro2c cells were grown to confluency in fibronectin coated

CELLview glass bottom cell culture slides (Greiner Bio-One). Virus diluted in

DMEM was added to wells at the WT MOI of 100 or 25. ∆A26 and ∆A26∆D8

virus was bound at an equal particle count to WT virus. Virus was bound for 1

hour on ice before cells were washed twice with PBS and incubated for 5 min at

37°C with PBS adjusted with 100 mM MES to pH 7.4 or pH 5. Cells were then

washed once with PBS and incubated with full medium for 2 hours, 37°C. Cells

were fixed with 4% formaldehyde for 10 min and then blocked and permeabilized

with 5% BSA, 0.05% saponin in PBS for 30 min. Cells were stained with Alexa

Fluor 594-phalloidin (1:1000, Invitrogen) and Hoechst 33258 (1:5000, Invitrogen)

for 1 hr. Samples were washed twice with PBS before imaging.
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Imaging was performed on a VT-iSIM microscope (VisiTech) with a Plan Apo

lambda 100X oil objective. Alexa Fluor 594 fluorescence was excited with the 564

nm laser and Hoechst with the 405 nm laser. 5x5 images were stitched together

using the 564 channel to align. The fusion index was calculated from maximum

intensity projections of the stacks using the formula

f = [1− (
C
N
)]

where f is the fusion index, C is the number of cells and N is the number of nuclei

(White et al., 1981; Mercer et al., 2010b).

2.6 Bulk Fusion
Bulk fusion experiments were adapted from the protocol in (Schmidt et al., 2013b).

Purified MVs were labeled by incubating with 22.5 µM octodecyl rhodamine (R18,

ThermoFisher) in 1 mM Tris pH 9 at RT for 1 hr. Labelled virus was pelleted by

centrifugation at 16,000 x g for 10 min at 4°C and washed in 1 mM Tris pH 9

twice to remove excess R18. Labeled virus was added to 7x105 HeLa cells at an

MOI of 10 or 30 and bound at RT for one hour. Virus bound cells were pelleted

by centrifugation at 300 x g for 5 min and resuspended in 100 µL PBS. The cell

suspension was kept at RT before 630 µL of prewarmed PBS was added and the

solution pipetted into a quartz cuvette. The cuvette was placed into a prewarmed

spectrofluorometer at 37°C.

Samples for R18 dequenching measurements with blebs were performed sim-

ilarly. Labeled virus was added to 1
6

th of a bleb prep from three T75s and bound

on ice for 1 hour. Virus bound blebs were pelleted by centrifugation at 1,000 x

g for 5 min and resuspended in 20 µL IB. 140 µL prewarmed IB was added and

the suspension, pipetted into a 200 µL quartz curvette and placed into a prewarmed

spectrofluormeter.

R18 dequenching was measured with an excitation wavelength of 560 ± 5 nm

and an emission wavelength of 590 ± 5 nm. After 1 min, 100 mM MES was added

to reduce the pH to 5.0 or keep it at 7.4. R18 fluorescence was measured up to
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20 min when all R18 was dequenched by the addition 10% Triton X-100 to a final

concentration of 1%. R18 fluorescence was normalised to the signal intensity after

Triton X-100 addition.

2.7 Western Blot

2.7.1 Sample preparation

Cell lysates or purified virus were added to SDS PAGE buffer with 40 mM DTT,

sonicated for 10 min, heated to 95°C for 10 min and centrifuged at 20,000 x g for 5

min.

2.7.2 Western blot analysis

Samples were separated on 4-12% Bis-Tris polyacrylamide gels and ran with MES

SDS buffer (ThermoFisher) at 120 V, 1 hr 20 min. Transfers onto 0.2 µM nitrocellu-

lose membranes were carried out using the semi-dry transfer system (Biorad) at 15

V for 45 min. Membranes were blocked with 5% milk in Tris-buffered saline with

0.1% Tween-20 (TBST) (Sigma Aldrich) for 1 hr at RT. Primary antibody was di-

luted in 5% milk in TBST and added to membranes overnight, rolling at 4°C. Mem-

branes were washed 3 times in TBST, incubated with HRP-conjugated secondary

antibody diluted in 5% milk in TBST for 1 hr at RT. Membranes were washed 3

times with TBST and imaged on with ImageQuant LAS 4000 Mini (GE Life Sci-

ences) and Luminata Forte Western HRP Substrate (Merck) was used for detection.

Western blot quantifications were done using Fiji (Schindelin et al., 2019).

2.8 Flow Cytometry

2.8.1 Sample Preparation

2.8.1.1 Binding Assay

L929 cells, gro2c cells and sog9 cells were seeded to 50,000 cells per well. The

amount of virus per mL was measured using the A260 reading on a Nanodrop 1000

Spectrophotometer (ThermoFisher scientific) and calculated using the reference:
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A260 = 1 = 1.2x1010 particles/mL

3x107 particles were added per well and bound at 4°C for 1 hr. Cells were then

washed with PBS twice and scraped into 4% PFA, 5% FBS in PBS.

2.8.1.2 Treatment with soluble glycosaminoglycans and laminin

L929 or Gro2c cells were seeded to 50,000 cells per well in a 96 well plate. 3x106

particles/well were treated with 100 µg/mL soluble glycosaminoglycan/laminin in

1 mM Tris, pH 9 or mock treated in 1 mM Tris, pH 9 for 1 hr at 4°C. Virus and

glycosaminoglycan/laminin solution was then diluted in DMEM and added to cells

for binding at 4°C for 1 hr. Cells were washed with PBS twice and scraped into 4%

PFA, 5% FBS in PBS.

2.8.1.3 Early Gene Expression

Confluent 96-well dishes of L929 or Gro2c cells were infected for flow cytometry

with virus expressing EGFP under a viral early promoter (WR E EGFP) diluted to

an MOI of 2 in DMEM. Virus was bound for 1 hr at RT before media removed

and replaced with full medium for 4 hrs at 37°C. Cells were then washed in PBS,

detached with trypsin and fixed with 4% PFA.

2.8.2 Flow Cytometry Analysis

Flow cytometry was performed on the Guava EasyCyte HT flow cytometer, record-

ing the EGFP fluorescence with the 488 nm laser. Analysis of the flow cytometry

data was performed with the GuavaSoft 3.3 analysis package (FlowJo).

2.9 RT-qPCR
HeLa cells were grown to confluency in 6 well dishes and infected with virus at

MOI 10. Cells were left for 30 min at RT for virus binding. Dishes were then

incubated for 2 hrs and DNA extracted using the RNeasy Plus Mini kit (Quiagen),

with the homogenization of the cell lysate carried out with a 21G needle. RNA was

eluted in 30 µL RNase-free water and the concentration measured on a NanoDrop

1000 Spectrophotometer (ThermoFisher Scientific).
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First-strand cDNA synthesis was carried out with the Oligo(dT)12−18 Primer

(Invitrogen), dNTPs (ThermoFisher Scientific) and approximately 400 ng RNA

extract per sample for 5 min at 65°C. RNaseOUT Recominbinant Ribonuclease

Inhibitor and the Superscript II 5 x First Strand buffer (Invitrogen) were added

alongside 0.1 M DTT before incubation for 2 min at 42°C. Superscript II Reverse-

Transcriptase was added and sample incubated for 50 min at 42°C followed for

15 min at 70°C. 96-well PCR plates and the flat 8-cap strips (Biorad) were used

for running of the qPCR samples. Amplification of cDNA of the early gene C11

and the house-keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

was performed using the Mesa Blue qPCR MasterMix Plus for SYBR assay (Eu-

rogenetec) using primers designed previously (Yakimovich et al., 2017) on a CFX

Connect (Biorad). The run cycle consisted of 5 min at 95°C, 40 cycles of 15s 95°C

1 min 60°C, then hold at 50°C. Viral mRNA threshold cycle (CT) values were cal-

culated and expression relative to GAPDH housekeeping gene determined.

2.10 Papain treatment of virus
WT virus was incubated with PBS adjusted to pH 7.4 or pH 5 with 100 mM MES

for 3 min at 37°C. Papain was then diluted in 5 mM L-cysteine in PBS at either pH

7.4 or pH 5 to varying concentrations. The resulting papain dilution was added to

virus and incubated at 37°C for 30 min. Papain was then inactivated by the addition

of 40 mM N-ethlyl maleimide, virions pelleted, resuspended in SDS PAGE buffer

with 40 mM DTT and analysed by western blotting (see section 2.7).

2.11 Biotinylation of Chondroitin Sulfate E
2 mg of chondroitin sulfate E (CosmoBio USA) was solubilised in 1 mL oxida-

tion buffer (0.1 M sodium acetate, pH 5.5). 1 mL of cold sodium meta-periodate

was added and the solution was incubated on ice for 30 min. Excess periodate

was removed by gel filtration through a Zeba-Spin column (ThermoFischer Sci-

entific) equilibrated with coupling buffer. EZ Link Hydrazide LC Biotin solution

(ThermoFisher Scientific) was added to 5 mM and mixed for 2 hour at RT. Biotiny-

lated chondroitin sulfate E was separated from non-reacted material by gel filtration
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through a Zeba-Spin column and the resulting biotinylated chondroitin sulfate E

was stored at -20°C.

2.12 Immunoprecipitation
Soluble D8 protein (MyBioSource) at increasing concentration was incubated for 3

hrs at RT with 0.5 µM or 5 µM biotinylated chondroitin sulfate A (Creative PEG-

works) or biotinylated chondroitin sulfate E (see section 2.11). Dynabeads M280

streptavadin (ThermoFisher) were vortexed for 30 sec and washed with PBS. 0.5

mg/reaction of beads were incubated with chondroitin sulfate and D8 solution with

gentle rotation. Beads were washed 4 times with PBS and resuspended in SDS

PAGE buffer with 40 mM DTT for western blot analysis (see section 2.7).



Chapter 3

Characterising cell-derived

membrane blebs as a minimal model

system

3.1 Introduction
The first contact between an invading virus and its host is cell surface binding. This

interaction is highly complex, multi-faceted and likely to involve many proteins,

lipids and glycans on both the cell and the viral surface. In many cases, due to this

complexity, viral binding remains fairly enigmatic and none more so than within

the poxvirus family. As explained in Section 1.4.1, VACV binding involves at least

four viral proteins, which bind a variety of cellular GAGs and proteins. Moreover,

it seems that there are other, yet uncharacterised, interactions between VACV and

the cell (Foo et al., 2009). Therefore, it remains important to continue to study and

understand this early interaction.

One method of studying virus cell binding and fusion is to use a minimal sys-

tem. As described in Section 1.5, many researchers have used methods to achieve

a simplified model of the cell surface. This is advantageous as the complexity of

the cell can lead to misinterpretations of data. For example, if the aim is to study

a single cell surface receptor, the availability of many different receptors and the

redundancies of the living cell obscures this. Moreover, due to recent finding that
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the VACV binding and fusion proteins are polarised on the VACV membrane (Gray

et al., 2019), important questions have arisen on how this corresponds to the orien-

tation of virion binding. The irregular surface of the cell prevents accurate quantifi-

cation of this.

Although lipid bilayer based systems (liposomes, GUVs, small unilamellar

vesicles (SUVs)) are a popular choice in virus research, VACV does not efficiently

bind to artificial membranes (Schmidt et al., 2013b), presumably due to the require-

ment of glycosaminoglycans in binding. Therefore, a system which maintains the

native biological membrane is needed.

In this chapter, I sought to characterise cell-derived membrane blebs as a sim-

plified system for studying the complex process of VACV binding and fusion. Blebs

are cell-derived, spherical, cytosol filled membrane protrusions that arise from an

actomyosin-driven increase in intracellular pressure, which causes detachment of

membrane from the actin cortex (Charras, 2008). Blebs have been utilised as a sys-

tem for the study of the cellular actin cortex (Charras et al., 2006; Biro et al., 2013;

Bovellan et al., 2014).

For our purpose, the spherical nature of the bleb allows accurate quantification

on the orientation of viral binding, the small size allows many events to be quantified

and the presence of GAGs allows viral binding. Moreover, blebs reform the actin

cortex (Charras et al., 2006; Biro et al., 2013). The cortex of the cell has been shown

to regulate cell surface tension (Vicente-Manzanares et al., 2009; Clark et al., 2014;

Chugh et al., 2017). Therefore, in this respect, blebs are a more accurate cell model

than other membrane models (see Section 1.5). This cellular mimicry in terms of

cell surface tension will aid more accurate results when studying VACV binding on

blebs.

In this chapter I adapt the protocol for the separation of cellular blebs out-

lined in Biro et al. (2013) and characterise our system in regard to size, shape, the

reformation of the actin cortex and the ability for endocytic uptake.
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3.2 Purification methods
A protocol for the isolation and purification of a cell-derived membrane bleb sys-

tem has already been established in Biro et al. (2013). I therefore adapted and

optimised this protocol for use with HeLa, L929, Gro2c and Sog9 cells. I tested in-

creasing concentrations of the actin depolymerising agent Latrunculin B and found

the optimum concentration to induce blebbing without cell death, as assessed by

visualisation, on HeLa cells to be 1.6 µM (Figure. 3.1) and 2 µM on L, Gro2c and

Sog9 cells.

Figure 3.1: Blebbing HeLa cell. Timelapse confocal imaging of a HeLa cell treated with
1.6 µM Latrunculin B. The time of each still is shown in white. The cell is
labelled with the plasma membrane stain CellMask. Scale bar, 10 µM.

I then tested different methods of collection and purification of blebs from

cells. As in Biro et al (2013), I utilised cell shaking to detach blebs from the cell

body. I then collected the supernatant and tested different purification techniques.

First, an OptiprepTM density gradient was used. OptiprepTM is a density gradient

medium consisting of 60% w/v iodixanol in distilled water with a density of 1.32

g/mol. OptiprepTM gradients of 5-40% have been used to separate extracellular

vesicles from cells (Greening et al., 2015), therefore I utilised this gradient and

protocol for our bleb purification. After a 100,000 x g spin for 15 hours, 4 °C, two

bands and a pellet appeared. To determine how effective this isolation protocol was,

I removed the top band, middle, bottom band and pellet (Figure. 3.2) and viewed

each fraction by brightfield microscopy. The observations are summarised in table

3.1.

As this procedure was time-consuming and as none of the fractions seemed to

provide a high density of blebs without contaminating cellular debris, I looked to

alternative purification techniques. I experimented with using a combination of spin
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Figure 3.2: OptiprepTM gradient for bleb purification. Density gradient purification of
bleb system. The bands labelled were collected and viewed by brightfield.

Top band Middle Bottom band Pellet

Cellular and
membrane debris,
very few blebs

Very low density,
mainly small
blebs

Large cellular
debris, very few
blebs

Low concentra-
tion of blebs. Very
sticky, assumed to
be DNA

Table 3.1: Observation table of OptiprepTM gradient. Observations made with bright-
field microscopy of each pulled fraction.

steps and filtration. I collected the supernatant after 15 min shaking in blebbing

buffer (full medium, 1.6 µM), spun at 300 x g to pellet large cellular debris and

spun the resulting supernatant at 4,000 x g to collect blebs. I then resuspended the

pellet in 1 mL of a low-calcium, high-potassium buffer mimicking the intraceulluar

ionic composition, henceforth referred to as intracellular buffer (IB). At this stage,
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Figure 3.3: Protocol for cellular bleb isolation and purification. Latrunculin B is added
to cells to induce blebbing. Cells are shaken to detach blebs, cellular debris
removed by a slow spin step, blebs collected by a fast spin step, and remaining
large debris removed by filtration through a 5 µm pore size filter.

I filtered the solution through a 5 µm filter to remove debris small enough to have

not been removed by the 300 x g spin (Figure. 3.3). This technique worked well

and provided a high concentration of blebs with very little contaminating cellular

debris.

I purified blebs using this methodology from HeLa, L929, Gro2c and Sog9

cells as these are the cell types used in the subsequent research and chapters. I

imaged with transmission electron microscopy (TEM) and showed that all four

cell types produced circular blebs with heterogeneous material encapsulated within

(Figure. 3.4). There was a large heterogeneity of encapsulated material between

blebs within each cell type.
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Figure 3.4: TEM images of blebs from multiple cell types. Blebs were purified from
HeLa, L929, Gro2c and Sog9 cells following the protocol outlined in Section
3.2. TEM images were taken of example blebs. Scale bars, 500 nm.

3.3 Characterisation of the bleb system

3.3.1 Size and shape analysis

A key reason for utilising blebs as a system for VACV study is that their small

size allows for significant numbers of events to be quantified in imaging studies

very quickly. Therefore, I first characterised the range of bleb sizes attained with

our current filtration protocol. To do this, I labelled blebs with CellMask plasma

membrane stain, imaged and measured the diameter using Fiji (Schindelin et al.,

2019) (Figure. 3.5A). As shown in Figure. 3.5B, the majority of blebs were 2-3 µm

in diameter with very little under 1 µm. Moreover, the vast majority of blebs were

circular, with a small minority displaying a bi- or multi- lobed appearance (Figure.

3.5C).
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Figure 3.5: Bleb size and shape analysis. Blebs were isolated from HeLa cells as in Fig-
ure. 3.3 A) Blebs were labelled with CellMask plasma membrane stain. Scale
bar, 10 µm. B) Histogram of bleb diameter distribution. C) Blebs were scored
for mono-, bi- and multi- lobulation. Data are means ± standard deviation (SD)
of three experiments.

3.3.2 ATP regeneration

VACV enters cells by macropinocytosis (Mercer and Helenius, 2008; Mercer et al.,

2010a; Schmidt et al., 2011) which involves large scale cortical actin rearrange-

ments. Moreover, the cellular cortex generates cell surface tension (Vicente-

Manzanares et al., 2009; Clark et al., 2014; Chugh et al., 2017). Thus, to act as

an accurate cell model for the study of viral binding and fusion, it is important that

our minimal system possess an actin cortex. Actin is progressively recruited to the

bleb membrane during retraction on the blebbing cell (Charras et al., 2006). To en-

sure maintenance of an actin cortex in blebs, Biro et al. (2013) use an exogenous

source of ATP to preserve ATP dependant processes such as actin turnover. To allow

the ATP molecules to cross the plasma membrane, blebs were permeabilised with

Staphylococcus aureus α-Hemolysin (Biro et al., 2013). However, permeabilisation
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of the membrane may interfere adversely with its integrity and, as the aim of this

bleb system is the study of viral binding and fusion, this could effect our results.

Therefore, the reformation and stability of the actin cortex in blebs treated with

(reconstituted) or without (non-reconstituted) exogenous ATP was compared. Both

the plasma membrane and actin were stained (Figure. 3.6A) and the percentage of

blebs with an intact cortex determined. There was no significant difference between

reconstituted or non-reconstituted blebs (Figure. 3.6B). Next, the stability of the

cortex was assessed. Reconstituted and non-reconstituted blebs were incubated at

37°C for 1 or 5 hours, fixed, stained for actin and intensity measurements compared.

There was no significant difference in actin intensity between non-reconstituted and

reconstituted blebs, or between 1 and 5 hour timepoints.

The data presented here shows that the actin cortex reforms in the majority of

blebs and maintains stable for up to 5 hours without the addition of exogenous ATP.

Therefore, in all following experiments blebs were not treated with Staphylococcus

aureus α-Hemolysin and exogenous ATP.

3.3.3 Endocytic ability of blebs

As the main route of entry for VACV is macropinocytosis (Mercer and Helenius,

2008; Mercer et al., 2010a; Schmidt et al., 2011), I asked whether blebs have

macropinocytic ability. Macropinocytosis can be directly monitored by fluorescent

dextran uptake (Jones, 2007). As smaller dextrans can be taken up by both micro-

and macropinocytosis and larger ones only by macropinocytosis (Li et al., 2015),

I used 20 and 150 kDa dextrans to probe both forms of uptake. Additionally, the

small 20 kDa dextran was also used to ask whether the blebs contained any small

pores or discontinuities of the membrane. Plasma membrane stained blebs were

incubated with 20 kDa or 150 kDa dextran for 20 min at 37°C, washed and incu-

bated with IB, pH 5.0 for 5 min to quench external fluorescence. In the case of both

dextrans, there appeared to be four distinct subsets of blebs. These were blebs that

were completely full of dextran, blebs that were partially full, blebs with puncta of

dextran and blebs containing no dextran (Figure. 3.7A). Completely full, partially

full and empty blebs were labelled by measuring the average intensity of dextran
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Figure 3.6: Comparison of the actin cortex with and without exogenous ATP. A) Blebs
from HeLa cells were treated with or without exogenous ATP, labelled with
CellMask and phalloidin and imaged by fluorescence microscopy. Scale bar, 10
µm. B) Percentage of blebs with an actin cortex, comparing non-reconstituted
(NR) and reconstituted (R) blebs. C) Blebs were incubated at 37°C for 1 or 5
hrs. Stability of the actin cortex over time was determined by intensity mea-
surements of the phalloidin stain on z-projections. Data are means ± SD of
three experiments.



3.3. Characterisation of the bleb system 73

Figure 3.7: Macropinocytic potential of blebs. A) Blebs were incubated with 20 kDa
or 100 kDa FITC-dextran at 37°C for 20 min, washed briefly with low pH
and fixed. Blebs were scored into 4 categories: no dextran, partially full, full
and those displaying puncta of dextran. Representive images with for 100 kDa
dexran treatment. Scale bar, 1 µM. B) The percentage of blebs in each catergory
was determined. C) Blebs were pretreated with 100 µM EIPA for 20 min before
the addition of FITC-dextran and scored for dextran subsets. Data are means
± SD of three experiments. Two-tailed unpaired t-test was used for statistical
comparison, ns P>0.05.

across the whole bleb and implementing cut offs for each category. Both 20 kDa

and 150 kDa dextan showed similar percentages in each category, with empty blebs

being most abundant in both cases (Figure. 3.7B). As this data suggests that blebs

may have macropinocytic activity, I then utilised the drug 5-(N-ethyl-N-isopropyl)-

amiloride (EIPA). EIPA is a selective Na+/H+ antiport inhibitor known to inhibit

macropinocytosis. Blebs were pretreated with or without 100 µM EIPA before the

addition of 100 kDa dextran. EIPA treatment resulted in a non-significant increase

in the percentage of blebs unable to take up dextran and a slight but non-significant

decrease in those partially full and full of dextran (Figure. 3.7B). This suggests that

at least a subset of our blebs may display some macropinocytic activity.

To further probe this result, I used VACV as a tool to increase the

macropinocytic activity of blebs (Mercer and Helenius, 2008). VACV was in-
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cubated with blebs at 4°C for 30 min before the addition of 20 kDa or 150 kDa and

shift to 37°C. As shown in Figure 3.8, VACV did not significantly alter the uptake

of 20 kDa (Figure. 3.8A) or 150 kDa (Figure. 3.8B) dextran. The addition of virus

actually appeared to increase the proportion of empty blebs in the case of the 100

kDa macropinocytic marker. Taken together, the data presented here signifies that,

with regard to macropinocytosis, blebs do not fully mimic intact cells.

Figure 3.8: VACV incubation does not effect dextran uptake of blebs. Blebs were incu-
bated with 5x107 particles of WT virus per sample at 4°C for 30 min, before
the addition of 20 kDa (A) or 150 kDa (B) dextran and shift to 37°C for 20
min. Data are means ± SD of three experiments. Two-tailed unpaired t-test
was used for statistical comparison, ns P>0.05.

3.4 Discussion
In this chapter, I adapted the protocol from Biro et al. (2013) to develop a minimal

cell system for the study of VACV binding and fusion. Blebs are generated by the

addition of the actin depolymerising agent Latrunculin B and are detached from

cells by gentle agitation (Figure. 3.3). I found that a protocol of spin steps in

combination with 5 µm filtration the most effective way to achieve a concentrated

and pure bleb preparation. I showed that this is applicable to many cells types, with

HeLa cells, L cells, gro2c cells and sog9 cells exhibited here (Figure. 3.4).

The bleb system was then characterised for size, shape, cortical actin and en-

docytic ability. Blebs up to 5 µm in diameter were collected, with the majority

2-3 µm in diameter and most appeared to be spherical (Figure. 3.5). Biro et al.

(2013) use exogenous ATP to preserve ATP dependant process. However, this util-

itses the pore forming molecule α-hemolysin which disrupts the integrity of the
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plasma membrane. As the aim of our system is to investigate the binding and fu-

sion of VACV which relies heavily on cell surface components (Vázquez et al.,

1999; Hsiao et al., 1999; Lin et al., 2000; Li et al., 2007), I wanted as little damage

to the membrane as possible. The actin cortex is important for VACV virus entry

due to the role of large-scale actin rearrangement in macropinocytosis (Mercer and

Helenius, 2008). Moreover, an intact actin cortex in our bleb system would allow

blebs to serve as a more accurate minimal cell model in terms of the tension gener-

ated at the plasma membrane (Vicente-Manzanares et al., 2009; Clark et al., 2014;

Chugh et al., 2017). There was no significant difference in the percentage of blebs

reforming an actin cortex when comparing regenerated and non-regenerated blebs

and, when assessing the intensity of actin within blebs, the cortex remained intact

over a 5 hour timespan (Figure. 3.6). These data suggest that blebs contain enough

encapsulated ATP during the detachment process to reform and maintain an intact

actin cortex. This aids the maintenance of bleb shape and allows the bleb to act as

a more accurate cell surface model.

The endocytic potential of blebs was then investigated using fluorescent dex-

trans. A subset of blebs were filled completely with dextran in both the 20 kDa and

150 kDa case. A small percentage of blebs appeared to take up puncta of dextran

(Figure. 3.7). These puncta are unlikely to be endosomes as they display no plasma

membrane labelling signifying that the dextran was not membrane encapsulated. It

is unlikely that dextran is entering the blebs through large pores or membrane dis-

continuity as the blebs maintain their spherical shape. Moreover, our protocol for

the dextran uptake assay involves a low-pH wash to quench any external fluores-

cence. It is assumed that if blebs displayed large pores in the membrane then the

low-pH buffer would enter the interior of the blebs and quench the internal dex-

tran fluorescence. To investigate macropinocytic activity further, the drug EIPA

was used which is known to inhibit macropinocytosis. Treatment with this drug in-

creased the proportion of empty blebs and decreased the proportion of partially full

and full blebs. However, none of these changes were significant. I then used VACV

as a tool to manipulate the macropinocytic uptake of blebs as the virus was shown
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to induce macropinocytosis of the cell (Mercer and Helenius, 2008). There was no

significant increase the uptake of dextran between blebs incubated with or without

virus with either size dextran (Figure. 3.8) suggesting that any dextran uptake is not

due to macropinocytosis. Taken together, it is not clear if blebs can undergo endocy-

tosis but, as the addition of virus does not significantly increase bleb dextran uptake,

I propose that blebs are not a good cell mimic for studying the macropinocytic up-

take of VACV. Therefore, this system will only be used for the study of viral binding

and fusion.

The bleb system is advantageous over alternative minimal systems for VACV

binding and fusion for multiple reasons. Firstly, the original cell surface is main-

tained. Other artificial membrane systems, such as liposomes, SLBs and GUVs, are

constituted of only lipids. For VACV binding, it is known that proteoglycans are

used and therefore binding and fusion to lipidic systems is neither efficient (Schmidt

et al., 2013a) nor biologically relevant. What’s more, for viruses where the host cel-

lular membrane requirements are unknown, the biological membrane of blebs is

particularly helpful. The efficiency for fusion of some viruses, for example IAV and

HIV, has been shown to rely, in part, on the cholesterol content of the target mem-

brane (Lai et al., 2012; Domanska et al., 2013; Yang et al., 2016; Meher et al., 2019;

Liu and Boxer, 2020). It is thought that cholesterol acts to stabilise the hemifusion

stalk and fusion pore (Churchward et al., 2005, 2008). Indeed, when studying sin-

gle virus hemifusion kinetics of VACV and IAV on the cellular membrane (Schmidt

et al., 2013b), a discrepancy was seen between that and the kinetics recorded on

artificial membranes (Wessels et al., 2007; Floyd et al., 2008; Costello et al., 2012)

- hemifusion on the artificial membrane was faster than on the cellular membrane.

Therefore, important kinetic information on physiological fusion can be lost us-

ing artificial membranes and a simplified cellular mimic, such as blebs, would give

more accurate results.

Secondly, blebs maintain the actin cortex which is known to be important in

VACV entry (Mercer and Helenius, 2008; Mercer et al., 2010a; Sandgren et al.,

2010). Again, this aids biological relevance and also membrane rigidity.
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Lastly, their small size and high curvature (unlike GUVs and SLBs) allow

many events to be imaged in one frame, gaining statistically significant numbers.

This makes them ideal for investigating nanoscale changes in virus architecture

using single particle averaging. Indeed, membrane systems have been used in cryo-

EM studies to investigate conformational changes in viral structure during binding

and fusion (Lee, 2010; Cardone et al., 2012; Cao and Zhang, 2013; Gui et al., 2016;

Chlanda et al., 2016). This would be particularly informative for VACV, as very

little is known about the structural organisation of conformational changes of the

EFC. The high curvature of blebs would also emphasises membrane remodelling

activity of the virus, making it easier to identify and quantify.

In conclusion, this chapter outlines a protocol for the efficient purification

of cell-derived membrane blebs that maintain an actin cortex and original cellu-

lar membrane. I propose that this system can be used for the study not only of

VACV binding and fusion, but also for other viral pathogens.



Chapter 4

Blebs as a model system for studying

VACV binding and fusion

4.1 Introduction
VACV binding and fusion is highly complex due to the large number of proteins

involved (Moss, 2012). VACV binding involves at least four separate proteins

(Vázquez et al., 1999; Hsiao et al., 1999; Lin et al., 2000; Li et al., 2007), with

the possibility that more interactions utilising unknown binding partners on both

the cell and viral surface may exist (Foo et al., 2009). Moreover, it is known that

most of the binding proteins also have alternative roles: A27 is involved in wrap-

ping (Ward, 2005) and in EFC polarisation (Gray et al., 2019), A26 acts as a fusion

suppressor (Chang et al., 2010, 2012, 2019) and H3 may be involved in IV to IMV

transition (Lin et al., 2000; da Fonseca et al., 2000b). Therefore, an alternative sys-

tem to study viral binding, such as with the minimal model based on cell-derived

membrane blebs outlined in the previous chapter, may reveal novel information on

VACV binding.

VACV is a large and asymmetric virus. Its size means that it is amenable to

imaging with fluorescence microscopy. Recently published data from our lab show

that the fusion and binding proteins are polarised into distinct domains: binding

proteins to the sides of the virus and fusion proteins to the tips (Gray et al., 2019).

It is now important to study this polarisation with respect to the cell surface. How
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does polarisation affect the orientation of viral binding and fusion? Is viral bind-

ing a static or dynamic process in this respect? How does each binding protein

regulate binding orientation? Blebs are a good system for this due to their smooth

surface and small size, allowing easy quantification with significant numbers using

structured illumination microscopy (SIM).

In this chapter, I first confirm that VACV can bind and fuse with blebs, before

assessing VACV binding orientation. Utilising a library of VACV mutants and cell

types with GAG production mutations, I investigate the role of each binding protein

in binding orientation and begin to dissect redundancies and hierarchies between

them.

I then visualise VACV binding on blebs at high resolution with TEM. This

reveals pH dependant VACV induced invagination of the cellular surface. Due to

their smooth shape, blebs allow us to capture this remodelling activity which is

masked by the irregular surface of the cell. The invagination induction appears to

involve D8, thereby highlighting a novel role of the D8 binding protein.

4.2 VACV binding and fusion with cell-derived mem-

brane blebs

4.2.1 VACV can bind to blebs

The ability for VACV to bind and fuse to blebs was first assessed. Blebs were pu-

rified from HeLa cells and centrifuged onto poly-L-lysine (PLL) coated coverslips.

Blebs were then incubated with A4-EGFP virus at 4°C for 1 hr, washed with IB and

imaged. It was confirmed that virus could bind to blebs (Figure. 4.1).

I then assessed the ability for VACV to bind to blebs derived from parental L

cells and the daughter cell lines gro2c and sog9. Gro2c cells are deficient in HSPG

and sog9 cells are deficient in both HSPG and CSPG. For simplicity, from here on

in, I will refer to L, gro2c and sog9 cells as HS+/CS+, HS-/CS+ and HS-/CS- cells

respectively. Due to the GAG dependence of VACV binding (Vázquez et al., 1999;

Hsiao et al., 1999; Lin et al., 2000), these cell lines offer a useful tool for studying

the redundancies and hierarchies between the different binding proteins. In the same
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Figure 4.1: VACV can bind to blebs. Blebs from HeLa cells were spun onto PLL coated
coverslips, incubated with 3x107 particles of WR A4-EGFP for 1 hr at 4°C and
washed with IB. Blebs and virus were imaged on a Zeiss Elyra PS.1. Scale bar,
5 µm.

way as with HeLa cells, EGFP-A4 virus was incubated with blebs derived from the

three cell lines at 4°C for 1 hr. Figure 4.2 confirms that VACV can bind to blebs

derived from HS+/CS+, HS-/CS+ and HS-/CS- cells.

Figure 4.2: VACV can bind to HS+/CS+, HS-/CS+ and HS-/CS- cells derived blebs.
Blebs derived from HS+/CS+, HS-/CS+ and HS-/CS- cells were stained for the
plasma membrane (green) and incubated with A4-EGFP virus (magenta) at 4°C
for 1 hr. Samples were then fixed and imaged. Scale bar, 1 µm.

4.2.2 VACV can fuse with blebs

The ability for VACV to fuse with blebs was then assessed. WT virus was labelled

with self-quenching quantities of the lipophilic dye R18 and bound to blebs at 4°C

for 1 hr. When hemifusion between virus and cellular membrane is induced by

lowering the pH of the surrounding media, the R18 dye diffuses into the cellular

membrane resulting in a measurable increase in fluorescence (Figure. 4.3A). An in-

crease in fluorescence was seen at pH 5.0 (red line) compared to pH 7.4 (black line),
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and fusion with blebs followed similar bulk fusion kinetics as that seen with cells

(Schmidt et al., 2013a) (Figure. 4.3B). To test whether R18 dequenching was the

consequence of genuine fusion or just non-fusogenic lipid dye transfer, two controls

were carried out. In the first, virus was preincubated with the neutralising anti-L1

antibody 7D11, which is known to inhibit fusion (Doms et al., 1990). R18 fluo-

rescence did not increase over time at pH 5.0 in this case, following very similar

kinetics to that at pH 7.4 (blue line) (Figure. 4.3B). Next, equal quantities of blebs

were labelled with CellMask Green plasma membrane stain or R18 lipid dye and

incubated together for 1 hr at pH 5.0. We monitored lipid dye transfer microscop-

ically and no blebs containing both dyes were seen (Figure. 4.3C). The results of

these two controls confirm that VACV can fuse with our minimal system.

4.3 Binding orientation

4.3.1 Binding protein distribution

As VACV can bind and fuse with blebs, binding orientation of the virus was next

assessed. The VACV binding and fusion proteins have recently been shown to be

polarised on the viral membrane (Gray et al., 2019). As outlined in Section 4.1, this

polarisation now needs to be assessed in regards to the cellular membrane and blebs

are the perfect system for this.

I first sought to characterise the localisation of the two remaining binding pro-

teins not visualised by Gray et al. (2019): A26 and H3. For this, I constructed re-

combinant viruses with an HA tag at the extra-virion end of the protein in question

(N-terminal for H3 and C-terminal for A26) and visualised them with immunoflu-

orescence using anti-HA primary antibody. I utilised SIM (Gustafsson, 2000) and

single-particle averaging using the Fiji plugin VirusMapper (Gray et al., 2016, 2019)

to generate models of the protein distribution (Figure. 4.4A). This revealed that both

proteins are largely localised to the sides of the virus, like the previously described

localisation of D8 and A27 (Gray et al., 2019).

Although the SIM and VirusMapper methodology led to high precision and

signal-to-noise ratio models of average membrane protein localisation, the resolu-
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Figure 4.3: VACV can fuse with blebs. A) Virus is loaded with self-quenching quantities
of R18 dye, bound to blebs and the pH is lowered. When hemifusion is induced,
the R18 dye diffuses into the bleb membrane and an increase in fluorescence is
achieved. B) Blebs from HeLa cells were incubated with R18 loaded WT virus
for 1 hr at 4°C. In one sample virus was preincubated with fusion inhibiting
antibody 7D11 for 1 hr. The pH was lowered or kept at pH 7.4 after 1 min
of recording. Fluorescence is normalised to the initial value and the final fully
dequenched value after TX-100 addition. C) Blebs were loaded with CellMask
plasma membrane stain or R18 lipid dye, mixed for 1 hr at pH 5.0 and imaged.
Scale bar, 20 µm.
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tion remained at roughly 120 nm. Therefore, I extended the investigation to single

virions using (direct) stochastic optical reconstruction microscopy (dSTORM) (Ha-

gen et al., 2014), which has the potential to elucidate further details on the protein

organisation. While this revealed the same overall localisation of H3 and A26 as the

SIM data, dSTORM imaging revealed that the binding proteins form clusters rather

than exhibiting a homogenous distribution within their polarised domain. To quan-

tify the extent of and the differences between the clustering of the binding proteins,

a tessellation based cluster analysis method using the SR-Tesseler software (Levet

et al., 2015) was employed. Using this software, dSTORM images were subject to

Voronoi tessellation, segmentation and cluster identification. A13-EGFP was used

to set a baseline for clustering as it appears minimally clustered when labelled with

an EGFP nanobody (Figure. 4.4B). The density factor is the relative threshold over

which the average localisation density is designated as ‘clustered’. Based on the

A13-EGFP dSTORM data, the density factor was set to 3 - the lowest value that

gave very little clustering.

When subjected to localization, segmentation and cluster identification using

SR-Tesseler (Levet et al., 2015), both A26 and H3 appeared to reside in clusters on

the virion membrane similar to what is seen with D8 (Figure. 4.4B, (Gray et al.,

2019)).

4.3.2 Binding orientation quantification

Blebs were then used to assess the binding orientation of VACV. I hypothesised that

the virus may bind on its side and reorient in response to low-pH to allow fusion

at the tips. To evaluate this, I developed a binding orientation assay using recombi-

nant virus with an mCherry tagged core and EGFP tagged F17 (found in the lateral

bodies (Schmidt et al., 2013a)) in combination with the higher resolution of SIM. I

could use core elongation and LB separation as indicators of virion orientation (Fig-

ure. 4.5A). mCherry-A4, EGFP-F17 tagged virus was R18 labelled and the side/tip

ratio of bound virus compared between pH 7.4 and pH 5.0. The R18 labelling al-

lowed us to elucidate the orientation of fused and non-fused virions when blebs with

only one bound particle were analysed. The side/tip ratio of VACV binding did not
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Figure 4.4: VACV binding protein distribution. A) The localisation of the VACV bind-
ing proteins were analysed using SIM and VirusMapper (Gray et al., 2016).
The core was visualised using recombinant EFGP-A4 or mCherry-A4 virus
and used for alignment. A27 and D8 were imaged as in (Gray et al., 2019).
H3 and A26 were imaged using recombinant HA-H3 EFGP-A4 or A26-HA
mCherry-A4 virus with primary anti-HA antibody and AlexaFluor488 or 594
secondary. Models are representative of n<200 virions. B) dSTORM imaging
of the distribution of A13, D8, H3 and A26. Two representative virions are
shown for each protein. Scale bars, 200 nm. C) Analysis of the percentage
of localisations in clusters using SR-Tesseler (Levet et al., 2015). D) Average
number of clusters for each protein. Bars represent means ± SEM of n=10
virions.
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Figure 4.5: VACV binding orientation at pH 7.4 and pH 5.0. A) VACV orientation was
assessed using mCherry-A4, EGFP-F17 tagged virus. R18 labelled virus was
bound to HeLa blebs at 4°C for 1 hr, washed and the pH adjusted to 7.4 or 5.0.
Samples were incubated at 37°C for 10 min. Samples were fixed and imaged
using SIM. Examples for tip (top) and side (bottom) binding virions are shown.
Scale bar, 1 µm. B) Blebs were purified from HeLa cells. Orientation was
quantified at pH 7.4 and pH 5.0, with the subsets of fused or non-fused virions
quantified separately in the pH 5.0 case. The side/tip ratio was plotted. Data
are means ± standard deviation of three experiments.

change significantly between pH 7.4, pH 5.0 fused and pH 5.0 non-fused virions.

This suggests that VACV binding is a static process and the virus does not reorient

in response to low-pH. This data also suggested to me that the virus does not need

to be bound on its tip to fuse with blebs.

Having quantified the pH dependence of WT orientation and determined that

the binding proteins reside largely at the sides of the virus, I looked to elucidate the

function of each binding protein in orientation. To do this I utilised recombinant
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Figure 4.6: Binding orientation of binding protein knockout virions. A) Side/tip ra-
tio was calculated for binding protein knockout mutants on blebs derived from
HS+/CS+ cells utilising binding protein knockout viruses with EGFP-A4 tags.
Two-tailed unpaired t-test was used for statistical comparison. B) Side/tip ra-
tio was calculated for binding protein knockout mutants on blebs derived from
HS+/CS+, HS-/CS+ and HS-/CS- cells. Data from HS+/CS+ is the same as in
A. One-way ANOVA and Tukey’s post-hoc test was used for statistical compar-
ison between cell types for each mutant. Adjusted p-value reported. Data are
means ± SD of at least two experiments. *P<0.05, **P<0.01, ***P<0.001,
ns P>0.05

virions, deleted for one of the four known binding proteins. Figure. 4.6A shows the

side/tip ratio of the binding protein knockout viruses on HS+/CS+ cells. Significant

reorientation toward tip binding was seen for the H3-, ∆A26 and ∆D8 viruses. This

result suggests that, in line with their side localised distribution on the virus, H3,

A26 and D8 are all important for the orientation of viral binding.
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H3 and A27 are reported to bind HSPG (Vázquez et al., 1999; Lin et al., 2000)

and D8 reported to bind CSPG (Hsiao et al., 1999). To asses the role of GAGs

in influencing binding orientation, I utilised the HS+/CS+ derived cell lines, HS-

/CS+ and HS-/CS-. Comparing the binding orientation on these cell lines allows for

further understanding of the effect of each binding protein in binding orientation.

Figure. 4.6B further confirmed the importance of HSPG and CSPG binding proteins

H3 and D8 in the side-binding orientation of VACV on the membrane, with WT

virus displaying more tip binding when HS and CS were removed. Interestingly,

the H3- and ∆D8 displayed more side binding when both HS and CS were removed.

This may reflect the activity of A26, which is heavily involved in maintaining a

side-binding orientation (Figure. 4.6A).

Figure. 4.7 shows a simplified schematic of the binding orientation data in

Figure. 4.6. Overall, the data shows a trend toward more tip binding on HS+/CS+

cells when H3, D8 or A26 are deleted. This trend is continued for ∆D8 and ∆A26

viruses, as well as WT and A27- virus, on HS-/CS+ and HS-/CS- cells. Moreover,

this diagram clearly demonstrates that non-GAG and non-laminin interactions of

VACV in binding should be explored.

4.4 VACV induces cell-membrane invagination

4.4.1 VACV induced cellular membrane remodelling

I next investigated why WT virions still bind significantly more on their side than

tip even when fused (Figure. 4.5B). This result is counter-intuitive as the fusion

proteins are polarised to the tips of the virion (Gray et al., 2019). Therefore, the

question arises as to how the fusion machinery can engage productively with the

cellular membrane when the virus is bound on its side. To answer this, a higher

resolution view of the virus-bleb interaction was needed. WT virus was bound to

blebs at 4°C for 1 hr, incubated at pH 7.4 or 5.0 for 15 min at 37°C, fixed and

imaged with TEM.

This revealed that WT virus can induce dramatic membrane invagination in

the bleb membrane at pH 5.0, but not at pH 7.4 (Figure. 4.8A,B). This invagination
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Figure 4.7: Diagrammatic representation of binding orientation data. A simplified dia-
gram representing the binding orientation data in Figure. 4.6 of mutant viruses
on parental and GAG deficient cell lines.

was significantly more likely to be induced when the virus was bound on its side as

compared to its tip (Figure. 4.8C). I hypothesised that this invagination allows the

fusion proteins to contact the cellular membrane at pH 5.0, facilitating productive

fusion.

I then sought to ascertain which viral protein(s) are involved in the curvature

induction. For this, I again utilised our library of VACV binding and fusion mutants.

Due to the side binding bias for invagination induction (Figure. 4.8C), all binding

protein mutants were investigated. Under pH 5.0 conditions, all mutants were able

to induce invagination in the bleb membrane, except for the ∆D8 virus which in-
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Figure 4.8: VACV induces pH dependent invagination into the bleb membrane. WT
virus was bound to HeLa blebs at 4°C for 1 hr, incubated at pH 7.4 or 5.0 for 15
min at 37 °C and fixed. A) Representative bleb-bound virions at pH 7.4 and pH
5.0. Scale bars, 100 nm. B) Invagination depth was quantified and compared
between pH 5.0 and pH 7.4 samples. C) Invagination depth was quantified and
compared between side and tip bound virions at pH 5.0. Data are means ± SD.
Two-tailed unpaired t-test was used for statistical comparison ****P<0.0001.



4.4. VACV induces cell-membrane invagination 90

Figure 4.9: ∆D8 virus cannot induce invagination in the bleb membrane at pH 5.0.
Virus was bound to HeLa blebs at 4 °C for 1 hr, incubated at pH 5.0 for 10 min
at 37 °C and fixed. A) Representative bleb-bound WT or ∆D8 virions. Scale
bars, 100 nm. B) Invagination depth was quantified and compared between
VACV mutants. Data are means ± SD. Two-tailed unpaired t-test was used for
statistical comparison ****P<0.0001, ns P>0.05.

duced significantly less invagination than WT (Figure. 4.9A,B). This suggests that

D8 is involved in membrane invagination induction. It is important to note that the

the fusion protein mutants, O3- and A28- viruses, could induce invagination at pH

5.0. The A28- virus is able to induce hemifusion but not full fusion, and O3- is

not able to induce either (Laliberte et al., 2011). This shows that the invagination

under pH 5.0 conditions is not induced by the activation and insertion of the fusion

machinery to the membrane.

To further confirm that D8 is involved in bleb membrane invagination induc-

tion, we compared invagination induction at pH 5.0 with WT virus on HS+/CS+

and the daughter cell line HS-/CS- cells. As expected, there was significantly less

invagination induced on HS-/CS- cells as compared to HS+/CS+ (Figure. 4.10A,B),

confirming that D8-CS binding is vital for this process.

4.4.2 pH dependent conformational change of D8

Having found D8 as a key protein involved in the pH dependent membrane curva-

ture induction, I next investigated whether D8 undergoes a conformational change

at low-pH to facilitate this. For this, I adapted the papain cleavage protocol from
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Figure 4.10: Invagination induction on HS-/CS- cells. Virus was bound to HeLa blebs
at 4 °C for 1 hr, incubated at pH 5.0 for 10 min at 37 °C and fixed. A)
Representative bleb-bound WT virions on HS+/CS+ and HS-/CS- cells. Scale
bars, 100 nm. B) Invagination depth was quantified and compared between
the two cell types. Data are means ± SD. Two-tailed unpaired t-test was used
for statistical comparison ****P<0.0001, ns P>0.05.

Townsley et al. (2007). The authors showed that D8 was highly sensitive to the

protease papain. I extended this investigation to ask whether the cleavage of D8

differed at pH 7.4 and pH 5.0. WT virions were incubated for 1 hr at 37°C with in-

creasing concentrations of papain at pH 7.4 or pH 5.0, papain was then inactivated,

the virions separated by SDS page and D8 blotted for (Figure. 4.11A). Indeed,

there was a dramatic difference in the sensitivity of D8 to papain between the two

pH points, suggesting that D8 may adopt two different conformations on the viral

membrane.

To further investigate the hypothesis that D8 undergoes a conformational

change at low-pH, immunoprecipitation (IP) experiments were carried out. First,

to confirm that CS-E is the specific CS ligand for D8 (Matho et al., 2014), 0.5 µM

soluble D8 was incubated with 0.5 µM or 5 µM biotinylated CS-E or CS-A for 1

hr at RT. CS was then captured by streptavidin coated beads and analysed by west-

ern blot for D8. Consistent with the results of Matho et al. (2014), significantly

more D8 bound to CS-E as compared to the trace amounts that bound CS-A (Fig-

ure. 4.11B). Therefore, biotinylated CS-E was used for subsequent experiments. To

test whether there is a difference in the binding efficiency of D8 to CS-E at pH 7.4

compared to pH 5.0, soluble D8 was incubated with CS-E at either pH 7.4 or 5.

More D8 was detected at pH 5.0 as compared to pH 7.4 (Figure. 4.11C), suggesting

that at low-pH D8 adopts a conformation that allows more efficient binding. A 5%
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Figure 4.11: D8 may undergo a conformational change at low-pH. A) WT virions were
incbuated at 37°C for 30 min with increasing concentrations of papain. After
30 min, papain was inactivated with 40 mM NEM, virions pelleted and anal-
ysed by western blot. B) Soluble D8 was incubated with biotinylated CS-E or
CS-A for 1 hrs RT and immunoprecipitated with streptavidin beads. C) 0.5 µ
M biotinylated CS-E and 5 µM D8 were incubated at RT for 1 hr at pH 7.4 or
pH 5.0, immunoprecipitated with streptavidin beads and analysed by western
blot. 5% input of soluble D8 is seen. D) Experimental protocol as in C but
with increasing concentrations of soluble D8. All blots probed with anti-D8
polyclonal rabbit antibody.

input was ran alongside showing that approximately 16% of D8 bound at pH 7.4

compared to 42% at pH 5.0 (Figure. 4.11C). This result was further confirmed by

an IP of 0.5 µM biotinylated CS-E with increasing concentrations of D8 (Figure.

4.11D).

Based on the idea that D8 undergoes a pH dependent conformational change

at low-pH, I asked whether this was reversible. For this, papain cleavage was used

again. WT virus was incubated for 30 min at 37°C at either pH 7.4 or pH 5.0,

pelleted and incubated for a further 30 min with papain treatment at the other pH.
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Figure 4.12: The low-pH induced conformational change of D8 appears to be re-
versible. WT virions were incubated at 37°C for 30 min at pH 7.4 or pH
5.0. After 30 min, virus was pelleted and incubated with increasing concen-
trations of papain at the other pH. Papain was then inactivated with 40 mM
NEM, virions pelleted and analysed for D8 expression by western blot.

As can be seen in Figure. 4.12, the conformational change appeared to be reversible.

Taken together, the data presented in Figure 4.11 strongly suggests that D8

undergoes a reversible conformational change at low-pH to allow more efficient

binding to its cellular binding partner, CS-E. This indicates that increased binding

of D8 may function to bring the celluar membrane in around the virion, inducing

curvature.

The data presented thus far demonstrates that VACV can induce membrane

curvature at low-pH which may be mediated by a conformational change in D8.

The structure of D8 has been determined by both crystallography and cryo-EM and

a positively charged crevice has been identified as the potential D8 binding pocket

(Matho et al., 2012, 2014). This contains two highly conserved His residues (Matho

et al., 2012). These may be candidates for mediating the conformational change of

D8 at low-pH, due to their surface exposure and their ability to be protonated.

Therefore, a mutant virus with His80 to Ala and His176 to Ala mutations

was generated and its ability to induce invagination at pH 5.0 investigated (Figure.

4.13A). The histidine mutations appeared not to significantly affect the invagination

induction (Figure. 4.13B) and therefore I concluded that these residues are not in-

volved in mediating the hypothetical pH dependent conformational change of D8.

The binding efficiency of the point mutant was then compared to WT and ∆D8 us-

ing the EGFP core of the viruses as a read-out with flow cytometry (Figure. 4.13C).
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Figure 4.13: Histidines 80 and 176 of D8 are not involved in mediating the low-pH in-
duced cellular curvature. A) D8 H80,176A virus was bound to HeLa cell
blebs at 4°C for 1 hr at RT. The pH was then adjusted to pH 5.0 for 10 mins at
37°C. Representative TEM images of D8 H80,176A virus induced curvature
are shown. Scale bar, 100 nm. B) Invagination depth was quantified along-
side that of WT and ∆D8 virus for comparison. C) EGFP core D8 H80,176A
virus, WT virus and ∆D8 virus was bound to L929 cells at 4°C for 1 hr. Cells
were fixed and scraped. EGFP mean intensity was analysed by flow cytome-
try. Data are means ± SD. Two-tailed unpaired t-test was used for statistical
comparison ***P<0.001, ****P<0.0001, ns P>0.05.

Binding of the point mutant was significantly lower than WT virus revealing that,

although not involved in the membrane invagination mechanism, these two histi-

dine residues are important in the D8-CS interaction. This finding is consistent with

these two histidine residues being found within the binding pocket of D8 (Matho

et al., 2014).
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4.5 A model for VACV induced cellular membrane

curvature
The VACV induced membrane curvature has thus far only been visualised on our

minimal model system. It is important to now understand this data within the con-

text of cellular infection. The model hypothesised can be seen in Figure 4.14. In

this model, WT virus is likely to bind to the plasma membrane on its side, based on

the orientation data (Figure. 4.6). Binding induces macropinocytosis (Mercer and

Helenius, 2008; Mercer et al., 2010a; Schmidt et al., 2011). It is known that VACV

is released from the macropinosome at a late maturation stage (Rizopoulos et al.,

2015) when the pH reaches 5.0 or lower within the endosome. I hypothesise that

D8 responds to this low-pH environment by undergoing a conformational change

resulting in the induction of membrane curvature within the endosome (Figure. 4.8,

4.9, 4.11). This conformational change may increase the ability of D8 to bind CS

leading to the membrane being pulled in and around the virus. This envelopment

of membrane brings the tips of the virus into intimate contact with the limiting

membrane of the macropinosome, resulting in productive fusion and subsequent

infection.

4.6 Discussion
In this chapter, blebs were used as a minimal model system to study VACV binding

orientation and membrane remodelling. Blebs are a fantastic tool for this due to

their smooth surface, small size and lack of the complexity found in living cells.

The ability for blebs of different cell types to support VACV binding and fusion

was first assessed. VACV could bind and hemifuse with all blebs tested and the

kinetics of fusion with HeLa cell-derived blebs was very similar to that seen with

cells ((Schmidt et al., 2013b), Figure. 4.3). However, cores were rarely seen within

the bleb suggesting that blebs may only support hemifusion and not full fusion. It

cannot be ruled out that cores do enter the bleb and are immediately degraded. To

test this, it would be useful to carry out the pH 5.0 bleb assay in the presence of

cyclohexamide, a drug which prevents core degradation. It is known that increas-
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Figure 4.14: A model for VACV induced membrane curvature. (1) WT virus is more
likely to bind to the cellular membrane via a side-on orientation. (2) The
virus is taken up into the macropinosome. The pH of the macropinosome
is lowered to pH 5.0 during macropinosome maturation. (3) WT then can
induce curvature in the macropinosome membrane. (4) Virus can fuse with
the cellular membrane, leading to core release and productive fusion.
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ing positive curvature of the cellular membrane has an inhibitory effect on virus-

cell fusion (Tamm et al., 2003; Stiasny and Heinz, 2004; Churchward et al., 2008),

therefore it is possible that the high positive curvature of the bleb does not support

efficient pore formation and expansion - an energy intensive process (Chernomordik

and Kozlov, 2008; Kozlov and Chernomordik, 2015). Overall, our minimal system

is amenable to studying the process of binding and hemifusion.

The binding orientation of the virus and the impact of each known binding

protein in orientation was then studied. Gray et al. (2019) have recently shown

that the binding proteins are distributed to the side of the virus, whilst the fusion

proteins reside at the tips. To date, the only other virus for which viral protein

distribution has been examined is HIV-1. Clustering of Env trimers was shown to

correlate with entry competence (Chojnacki et al., 2012), similar to the findings by

Gray et al. (2019) relating to the VACV EFC. By extending the investigation of

protein distribution to H3 and A26, we now have a full picture of VACV binding

protein localisation which can be used to understand the binding orientation data

(Figure. 4.4).

D8 appeared to be the most side distributed protein, with H3 and A26 appear-

ing more similar to A27 (Figure. 4.4A). dSTORM imaging revealed that both H3

and A26 were clustered similarly to D8 (Figure. 4.4). A26 is known to be a fusion

suppressor (Chang et al., 2010, 2012, 2019) which binds to the fusion proteins A16

and G9 (Chang et al., 2012). Therefore, as A16 and G9 are assumed to reside at the

tips (Gray et al., 2019), at least some A26 must as well. It would be useful to image

both G9 or A16 with A26 using dual-coloured dSTORM and analyse whether and

which clusters co-localise. Interestingly, it seems that, from the SIM and dSTORM

imaging presented in this thesis, more A26 is found at the sides as compared to the

tips (Figure. 4.4A,B). Moreover, A26 is important in maintaining side-on binding

(Figure. 4.6). Taken together, this data suggests that A26 may have two distinct

functions based on its localisation on the VACV membrane: A26 on the sides of the

virus would be involved in binding, whilst A26 localised to the tips of the virus is

involved fusion suppression. Additionally, when comparing the clustering of A26’s
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binding partner, A27 (Gray et al., 2019), A26 clusters are more sparse. This sug-

gests that not all A27 binds A26, a result echoed by Ching et al. (2009) and Howard

et al. (2008) and both who found that A27 migrated alone, as well as in complex

with A26 in blots of MVs under non-reducing conditions.

The distribution of H3 on the membrane was interesting. Recently, Mirza-

khanyan and Gershon (2019) showed through protein-protein crosslinking and mass

spectrometry that H3 is a central hub mediating interactions of A26, A25, D8, A27

and fusion proteins G9, L5, F9, 03 and A28 on the virion membrane (Mirzakhanyan

and Gershon, 2019). As the fusion proteins are found at the tips of virions (Gray

et al., 2019) and A26, A27 and D8 are found at the sides (Figure. 4.4, (Gray et al.,

2019)), it is not surprising that H3 is found at both the tips and sides. In the same

way as A26, the involvement of H3 in regulating side-on binding of MVs (Figure.

4.6A,B) can be explained by H3 being more distributed to the sides than the tips.

A27 appeared not to be involved in regulating the binding orientation: the

A27(-) and WT viruses were not significantly different in terms of side/tip ratio on

all three cell types tested (Figure. 5.2). It is possible, therefore, that A27 is not

involved strongly in binding to the cell surface. All evidence to date claiming that

A27 is a binding protein has been based on soluble A27 protein or GAG competition

assays, and not with A27(-) virus (Chung et al., 1998; Hsiao et al., 1998). The role

of each binding protein in virus-cell attachment will be assessed in the next chapter.

Our binding orientation studies were aided by the large size, asymmetry and

genetic tractability of VACV, meaning our experimental set-up was simple and eas-

ily repeated. Orientation of virus with respect to membrane has been studied for

the icosahedral sindbis virus (SINV) (Cao and Zhang, 2013), SFV and poliovirus

(Bubeck et al., 2005, 2008). For these studies, liposome-virus complexes were im-

aged by cryo-EM and post-imaging fiducial markers were added to the point on the

target membrane closest to the bound particle. In the icosahedral reconstruction

map, the marker introduces a high-density feature if there is a consistent binding

orientation. SFV and poliovirus were seen to bind along their 5-fold symmetry axis

at neutral and low-pH (Bubeck et al., 2005, 2008), showing similarities to VACV
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in that binding is a static and coordinated process, whilst SINV did not bind in a

specific orientation (Cao and Zhang, 2013). Although these studies revealed impor-

tant information on the very first stages of entry and the interplay between binding

and fusion for these viruses, they rely on cryo-EM and single-particle averaging

methodologies which are time intensive and require rigorous training and expen-

sive equipment. Our set-up is much more simple and faster, requiring less training

and specialist equipment, meaning we could easily probe many questions such as

the involvement of multiple proteins in binding orientation of VACV.

TEM studies with blebs allowed the discovery of a completely novel function

of the protein D8: D8 was able to induce the invagination of the cellular membrane

at low-pH (Figure. 4.9). Low-pH conditions mimic the late endosome, the structure

that VACV is known to be released from, therefore I hypothesise that the virus

can induce this invagination within the macropinosome to aid contact of the fusion

machinery at virion tips with the cellular membrane (Figure. 4.14).

It is not surprising that D8 appears to have a role other than that of binding.

For example, A26 is both a binding protein and a fusion suppressor (Li et al., 2007;

Chang et al., 2010, 2012, 2019), A27 acts in binding, maintaining polarisation of the

EFC and in wrapping (Chung et al., 1998; Ward, 2005; Gray et al., 2019) and H3 has

a role in both binding and morphogenesis (Lin et al., 2000; da Fonseca et al., 2000b).

Multifunctionality of viral glycoproteins is also common throughout the virus gen-

era, especially those with much smaller genomes than VACV. Precedent has indeed

been set for viral binding proteins acting to promote fusion, either directly or indi-

rectly. For example, influenza virus HA, dengue virus E protein and rhabdovirus

G protein all directly mediate binding and fusion and, as it seems for D8, can un-

dergo pH-dependent conformational changes (Anderson et al., 1992; Chen et al.,

1996; Lindenbach and Rice, 2007; Albertini et al., 2012; Edinger et al., 2014). The

coronavirus spike protein also mediates both binding and fusion, inducing fusion

after proteolytic cleavage within the endosome (Cavanagh, 1995; Belouzard et al.,

2012; Heald-Sargent and Gallagher, 2012; Walls et al., 2017). HSV binding protein

gD indirectly promotes fusion by undergoing a receptor binding induced conforma-
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tional change that leads to activation of gH/gL (Krummenacher et al., 2005; Lazear

et al., 2008, 2012; Gallagher et al., 2013; Cairns et al., 2019). gH/gL in turn trig-

ger the fusion protein gB to undergo rearrangements leading to membrane fusion

(Heldwein et al., 2006; Atanasiu et al., 2013, 2016).

It makes sense for a virus, with a minimal genome, to utilise its cell surface

proteins for multiple roles. This chapter shows that the roles of VACV surface

glycoproteins are still being discovered, highlighting just how complex the poxvirus

entry mechanism is. As three of the four VACV binding proteins are now known to

have a role in promoting virus-cell fusion, it is also becoming clear just how highly

regulated this process is.

The invagination induction of VACV on blebs draws parallels with that seen on

GUVs with SV40 (Ewers et al., 2010) and human norovirus (Rydell et al., 2013).

However, in these cases interaction with lipids were found to be important in induc-

ing the curvature. It was shown for SV40 that curvature induction directly induced

uptake (Ewers et al., 2010). VACV induced curvature by D8 differs from this as

its pH dependence means it happens post-uptake and instead promotes efficient fu-

sion. It would be interesting to minimise our system even further and to form GUVs

with only CSE in the membrane to understand the minimum requirements for in-

vagination and whether other cellular factors are involved. What’s more, binding

D8 protein to blebs and lowering the pH could show whether other viral factors are

involved in mediating this phenotype.

Molecular dynamics (MD) simulations of D8 induced curvature could help us

understand more at the atomic level. For SV40 VP1, MD simulations proposed that

VP1 adopts a tilted conformation upon binding GM1, causing the protein to push

down the lipids underneath leading to induction of negative curvature of the mem-

brane (Kociurzynski et al., 2019). This effect is increased when VP1 molecules

cluster, such as on a capsid (Kociurzynski et al., 2019). A very similar mechanism

has been proposed for curvature induction by cholera toxin and Shiga toxin B sub-

units (Pezeshkian et al., 2016, 2017). It would be interesting to use MD simulations

to characterise, at the molecular level, the effect of D8-CS interaction on curvature
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induction. This would help us understand the minimal number of molecules needed,

the architecture of the interaction and the requirements of the cellular membrane.

The actin cortex is known to control cell shape and, along with myosin-II, ten-

sion (Vicente-Manzanares et al., 2009; Salbreux et al., 2012; Bergert et al., 2015;

Ennomani et al., 2016; Chugh et al., 2017). As the blebs have an actin cortex (Sec-

tion 3.3.2), the curvature induced by virus on bleb must overcome the mechanical

forces presented by the cortex. This force would be less within the low-pH endo-

some as the actin dissociates during maturation (Schink et al., 2017), again suggest-

ing that the curvature may be even deeper in a real infection setting.

It would be interesting to look for cellular proteins that help to stabilise the

membrane invagination and see if these are recruited. Examples of these may be

bar-domain proteins (Mim and Unger, 2012). Due to the small size of the blebs,

dSTORM would be a way to study this as the resolution would be high enough to

quantify if the cellular candidates are enriched only under the virus. If the reso-

lution of SIM is be high enough to resolve candidates, this could be imaged live

and the dynamics analysed. In the same way, VACV can be thought of as a tool to

study bleb dynamics and ask if cellular processes are activated within blebs. Does

actin polymerise under the bleb-bound virus, as it does in macropinocytosis (Swan-

son, 2008; Mercer et al., 2010a)? Are PAK1 and EGFR, which are essential for

MV induced macropinocytosis (Mercer and Helenius, 2008; Mercer et al., 2010a),

activated in virus-bound blebs? Understanding this would allow us to map which

signaling pathways can be studied in the bleb minimal system. Biochemical exper-

iments suggested that D8 could undergo a pH dependent conformational change on

the virus in order to induce the invagination. This was shown to increase the binding

of D8 to its binding partner, CSE (Figure. 4.11). In terms of pH-induced confor-

mational changes, this draws parallels with A26 which undergoes a pH dependent

conformational change in its role as a fusion suppressor (Chang et al., 2019). This

was shown to be mediated by His48 and His53 (Chang et al., 2019). Using a simi-

lar logic, I mutated two His residues in the D8 binding pocket to ask whether they

mediated the conformational change leading to invagination. It seemed that mu-
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tating these did not make a difference in invagination induction on blebs (Figure.

4.13A,B). It is possible that the conformational changed is mediated by other amino

acids which can be protonated. It would be advantageous to solve the structure of

D8 and pH 7.4 and at pH 5.0 to prove unequivocally that D8 can undergo confor-

mational change.

The pH dependent membrane invagination data is interesting when thought of

in the context of the work of Townsley et al. (2007). The authors showed that VACV

entry involves two independent low-pH steps: exposure to low-pH before cellular

attachment stably activated the virus however entry remained sensitive to inhibitors

of endosomal pH, whereas treatment of bound virions with low-pH were insensitive

to inhibitors of endosomal pH. It is likely that the VACV induced invagination and

core activation (Schmidt et al., 2013b) plays a role in one of these pH dependent

steps, whilst removal of the fusion suppressor, A26, at low-pH (Chang et al., 2010,

2012, 2019) acts as the other. The interplay between D8 and A26 as regulators of

entry is explored further in the following chapter.

Together, the data presented in this chapter shows that blebs can be used as a

minimal system to study virus binding, fusion and cellular membrane remodelling.

This system can now be used in combination with other viral pathogens to study

these activities. Blebs offer a cellular membrane mimic and thus a powerful tool in

understanding binding and fusion in a simplified but relevant cellular context. The

next chapter will look to understand the results found using our minimal system in

the context of cellular infection.



Chapter 5

VACV binding and fusion in a

cellular context

5.1 Introduction
As outlined in Section 1.4.1, VACV binding is a highly complex process with an

unprecedented number of proteins involved in cell surface attachment (Vázquez

et al., 1999; Hsiao et al., 1999; Lin et al., 2000; Li et al., 2007; Foo et al., 2009).

Adding to this complexity, the interaction with GAGs appears to vary with cell type,

virus strain and experimental condition (Carter et al., 2005; Bengali et al., 2009;

Whitbeck et al., 2009). Up until now, almost all of the literature on VACV binding

has been carried out with soluble GAG inhibition assays or with soluble VACV

protein. Although useful, these are not direct read-outs of the role of each binding

protein in infection. It is now important to understand the role of each protein in the

context of virion binding.

Therefore, this chapter starts by detailing a flow cytometry based virus binding

assay. VACV mutants and GAG-deficient cell lines are utilised with this assay to

thoroughly explore binding. This gives a direct read-out of virus binding and, by

using both virus and cell line mutants, a full picture of the redundancies and hier-

archies between binding proteins is mapped. This information is then corroborated

with GAG-inhibition assays to rigorously investigate VACV cell surface interac-

tions.
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In Chapter 4, a novel pH dependent step in virus entry was found and a model

proposed for the role of this in infection. This chapter aims to understand the invagi-

nation data identified with our minimal system in the context of cellular infection.

In similar cases, virus-generated cellular invagination has been shown to induce en-

docytic uptake (Ewers et al., 2010; Rydell et al., 2013). In the case of VACV, as

curvature induction is pH dependent, the invagination is thought to happen within

endosomes and act to increase the likelihood of productive fusion. This hypothesis

is now explored further, utilising the ∆D8 mutant virus and tracking infection in

cells.

Lastly, with the data presented in the previous chapter, there are now two pH

dependent steps involved in VACV entry. This echoes the findings of Townsley and

Moss (2007), where two distinct and separate low-pH steps were found in entry.

It is now known that one of these is likely to be the pH dependent removal of the

fusion suppressor, A26 (Chang et al., 2010, 2012, 2019). Therefore, this chapter

looks to study these two pH dependent processes in relation to each other and ask

how they cooperate in entry.

5.2 Redundancies and hierarchies in VACV binding

5.2.1 Directly evaluating VACV binding

As there is a lack of direct binding assays in the literature, I first sought an assay

with a direct read-out of virus-cell binding. Flow cytometry was an ideal tech-

nique for this, as high numbers of cells could be counted in a short time. EGFP-A4

recombinant viruses were made for each of the 4 binding protein mutants: A27-

EGFP-A4, H3- EGFP-A4, ∆D8 EGFP-A4 and ∆A26 EGFP-A4. Virus was bound

to HS+/CS+ cells in the cold for 1 hour. Cells were then washed and scraped into

4% PFA, 5% FBS in PBS to avoid removal of bound virus with trypsin.

Figure. 5.1 shows that A26 appeared to be the most important binding protein,

as ∆A26 virus bound less than 40% of WT levels. D8 was the next most important

followed by H3. Interestingly, deletion of A27 had no significant affect on virion

binding.
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Figure 5.1: VACV binding assay on HS+/CS+ cells. EGFP-A4 binding protein knock-
out virus was bound to HS+/CS+ cells for 1 hr, 4°C. Cells were fixed and
scraped. EGFP cores were analysed by flow cytometry. Mutant binding data
is normalised to WT EGFP-A4 fluorescence. Data are means ± SD of three
experiments. Two-tailed unpaired t-test was used for statistical comparison
***P<0.001, ****P<0.0001, ns P>0.05.

Next, to assess the impact of the cellular binding partners, the same assay

was carried out on the GAG mutant cell lines. Focusing on WT virus, binding on

HS+/CS+ compared to HS-/CS+ cells was not significantly different, but binding

to HS-/CS- was approximately 60% of HS+/CS+ (Figure. 5.2). This agrees with

a similar experiment by Whitbeck et al. (2009) and suggests that CS can compen-

sate for a lack of HS. Taking both this information and the significant decrease in

binding of ∆D8 compared to WT on HS+/CS+, the D8-CS interaction appears very

important in binding.

There appeared to be no significant difference between H3- binding on

HS+/CS+ and HS-/CS+ confirming that H3 does indeed bind HS on cells.

A27- binding follows a similar pattern to WT virus, however binding on HS-

/CS- is lower than that of WT. A27- virus lacks A26 (Howard et al., 2008), which

most likely accounts for the difference seen here. This result will be explored further

in the following experiments. The data with A27- presented in Figure. 5.1 and 5.2
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show that A27 does not participate strongly in viral binding.

As the ∆A26 virus can still bind to HS-/CS- cells, this suggests that either

L1 (Foo et al., 2009), an unknown binding protein, or a known binding protein

with an unknown receptor is able to bind the cell surface in addition to the known

interactions. The increase in binding of ∆A26 on HS-/CS+ compared to HS+/CS+

was unexpected and suggests a compensatory mechanism in this situation. This will

be explored further in this chapter.

Taken together, the data presented in Figures. 5.1 and 5.2 suggests that CS is

more important than HS and that the laminin-A26 interaction dominates in VACV

binding. It appears that A26 is the most important binding protein, followed by D8

and then H3. A27 does not have a strong role in cellular binding. It also seems

that there are compensatory mechanisms and a hierarchy between the viral binding

proteins.

Figure. 5.3 shows a simplified schematic of both the binding affinity and ori-

entation data (Figure. 4.2, 4.6). It is shown clearly in this schematic that reducing

the binding affinity of the virus by removing virus-GAG/laminin interaction corre-

sponds with a trend toward more tip binding. Therefore, this correlates with our

imaging showing that the binding proteins reside largely at the sides.

5.2.2 Evaluating binding of VACV with soluble GAG and

laminin preincubation

Many studies into VACV binding utilise preincubation with soluble GAGs and

laminin (Chung et al., 1998; Lin et al., 2000; Carter et al., 2005; Li et al., 2007;

Bengali et al., 2009; ?). As the data presented thus far suggests that there is a hi-

erarchy between the viral binding proteins during cell surface attachment, I further

explored this via preincubation studies. This allows the impact of the specific cell

surface component to be assessed whilst keeping the availability of all other cell

surface factors consistent. WT virus was preincubated with the 100 µg/mL soluble

GAG or laminin for 1 hr at 4°C. Virus and GAG/laminin solution was then added

to cells for 1 hr at 4°C. Cells were washed to remove unbound virus before fixation.

Figure. 5.4A shows that preincubation of virions with CSE or laminin inhibit virus
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Figure 5.2: VACV binding assay on HS+/CS+, HS-/CS+, HS-/CS- cells. EGFP-A4 bind-
ing protein knockout virus was bound to HS+/CS+, HS-/CS+ and HS-/CS- cells
for 1 hr, 4°C. Cells were fixed and scraped. EGFP cores analysed by flow cy-
tometry. Data is normalised to HS+/CS+ WT fluorescence. Repeated measures
one-way ANOVA and Tukey’s post hoc test was used for statistical compari-
son. Adjusted p-value reported. Data are means ± SD of three experiments.
*P<0.05, **P<0.01, ***P<0.001, ns P>0.05.

binding the most as compared to no treatment. This indicates that CSE and laminin

are the most important cellular factors in binding. As D8 and A26 are their respec-

tive viral binding partners, this data is in agreement with what I have shown above

(Figure. 5.1). That CSA had no impact agrees with the in vitro results from Section

4.4.2. Interestingly, H and HS appeared to have little to no impact on viral binding

(Figure. 5.4A). This suggests that these may not be the biologically relevant ligands

for H3 on the cell surface of HS+/CS+ cells or that soluble H and HS are unable

to bind to the WT virus due to steric effects of the other binding proteins on the

membrane.

There appeared to be no additive effect of CSE and laminin together (Figure.

5.4A). The effect of incubating with one first and then adding the other was tested
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Figure 5.3: Diagrammatic representation of binding affinity and orientation of VACV
binding mutants. Schematic of the data in Figure. 5.2 and Figure. 4.6. =,
<, >represents comparisons in binding affinity for each virus on the three cell
lines. Vertical numbers represents the comparison of binding affinity between
mutant viruses on each cell line, with 1 representing highest binding affinity.
The trend in binding orientation is also shown.
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Figure 5.4: VACV binding assay on HS+/CS+ with cellular protein preincubation. A)
EGFP-A4 was preincubated with 100 µg/mL heparin (H), heparan sulfate (HS),
chondroitin sulfate A (CSA), chondroitin sulfate E (CSE) and laminin (L) for 1
hr at 4°C. B) EGFP-A4 was pre-incubated 100 µg/mL CSE and L together, CSE
for 1 hr followed by addition of L for 1 hr or L for 1 hr followed by the addition
of CSE for 1 hr at 4°C. Virus and protein solution was then added to HS+/CS+
cells in the cold for 1hr. Cells were fixed and scraped. EGFP cores analysed
by flow cytometry. Data is normalised to HS+/CS+ WT fluorescence with no
treatment. Data are means ± SD of three experiments. A) Two-tailed unpaired
t-test was used for statistical comparison against virus with no treatment. B)
One-way ANOVA and Tukey’s post hoc test was used for statistical comparison
between cell types for each mutant. Adjusted p-value reported. **P<0.01, ns
P>0.05.

to explore whether there was an impact on the availability for binding of either

when added together. There was no significant difference seen between the three

conditions (Figure. 5.4B). However, there is still the possibility that steric hindrance

prevents efficient binding of both at the same time. Preincubating with CSE and

then pelleting virions before incubation with laminin was tried, but a large amount

of virus was lost in the pelleting process meaning results were inaccurate.

5.2.3 Binding of A27- virus

Having begun to thoroughly assess the redundancies and hierarchies between bind-

ing proteins, I turned back to determining why the A27- virus bound to similar levels

as WT to the cell surface despite lacking both A26 (Howard et al., 2008) and A27

(Figure. 5.1). To explore this, the incorporation of the remaining binding proteins
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Figure 5.5: Understanding the binding pattern of A27- virus. A) Equal numbers of WT
and A27- virions were analysed by western blot. A27, A26, D8 and H3 were
blotted for. B) A27- EGFP-A4 was preincubated 100 µg/mL cellular protein
for 1 hr, 4°C before incubation with HS+/CS+ cells for 1 hr, 4°C. Data are
means ± SD of three experiments. Two-tailed unpaired t-test was used for
statistical comparison against virus with no treatment. **P<0.01, ***P<0.001,
ns P>0.05.

were first analysed to confirm that deletion of A27 does not alter the packaging of

the other binding proteins. A26 and A27 were confirmed to not be incorporated into

the virion as expected (Howard et al., 2008) and the amounts of H3 and D8 were

comparable to WT virions (Figure. 5.5A).

The cellular protein inhibition assay was then carried out on A27- EGFP-A4

virus to assess the availability and use of each remaining binding protein. Surpris-

ingly, binding of this mutant was significantly inhibited by H, HS and CSE. This

inhibition was more than what was seen for the same three GAGs on WT (Figure.

5.4A). This suggests that A27 may shield H3 and D8 somewhat. As the degree of

binding with the A27- virus is the same as with WT virus (Figure. 5.1), the data

presented here shows that D8 and H3 can compensate for the lack of the strongest

binding protein A26, in the A27- virus.

5.2.4 Binding of ∆A26 virus

As it seems that the viral binding proteins show a compensatory mechanism and

that there appears to be a hierarchy between them, I wondered if this was the case

for the unexpected significant increase in binding on HS-/CS+ cells compared to
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HS+/CS+ cells with ∆A26 virus. To explore this idea, ∆A26 binding to HS+/CS+

and HS-/CS+ cells was first visualised by fluorescent microscopy to confirm the

increase in binding seen with flow cytometry (Figure. 5.6A). Indeed, ∆A26 bound

more to HS-/CS+ cells than HS+/CS+. The amounts of the H3 and D8 incorporated

into the ∆A26 virus were then investigated to confirm that these levels were not

changed dramatically in the mutant, which could explain differences in binding.

A27 was not blotted for as A27 does not participate strongly in binding, based on

data presented thus far. Figure 5.6B shows that the incorporation of H3 or D8 was

not significantly different to WT.

Next, I asked whether the cellular receptor for the ∆A26 virus on HS-/CS+

cells was proteinaceous. Pronase contains numerous proteases and peptidases and

is capable of hydrolysing most peptide bonds (Bermejo-Barrera et al., 1999). Cells

were pretreated with or without pronase before incubation with virus. Analysis

of bound virions by flow cytometry showed that binding was reduced to very low

levels on both HS+/CS+ and HS-/CS+ cells in the presence of pronase, confirming

that the prominant receptor(s) on HS-/CS+ is indeed proteinaceous (Figure. 5.6C).

Moreover, there was no significant difference in binding between no treatment and

pronase treated HS-/CS- cells, showing that the binding of ∆A26 on these cells

requires non-protein receptors.

I then carried out the cellular protein preincubation assay on HS+/CS+ cells

to discern differences in the protein utilisation of the ∆A26 virus compared to WT.

Figure. 5.6D shows that, similar to WT, binding of ∆A26 was not significantly in-

hibited by H, HS or CSA (compare with Figure. 5.2). The ∆A26 virus was inhibited

significantly by CSE, however this inhibition was not as large as with WT (bind-

ing normalised to no treatment was 0.81±0.03 with ∆A26 compared to 0.72±0.09

with WT). This shows that, for the ∆A26 virus, the D8-CSE interaction accounts

for most of the binding. Additionally, as the cellular protein dependence is simi-

lar to WT but the overall binding significantly less, it is clear that the A26-laminin

interaction is very important in viral binding.

As CSE was the only GAG that had a significant effect on ∆A26 binding to
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HS+/CS+ cells, the cellular protein inhibition assay was then carried out on HS-

/CS+ with CSE to test whether interaction with this protein was responsible for the

increase in binding. Figure. 5.6E shows the binding on CSE preincubated virus nor-

malised to no treatment on the cell line indicated. Binding was significantly more

inhibited by CSE on HS-/CS+ compared to HS+/CS+, showing that in the absence

of HS, the D8-CSE interaction becomes much more dominant. When visualised in a

different way (and normalised to WT virus), it can be seen clearly that ∆A26 prein-

cubation with CSE reduced binding on HS-/CS+ cells to HS+/CS+ levels, showing

that the increase in binding on HS-/CS+ is due completely to CSE binding (Figure.

5.6F).

Taken together, the data presented in Figure. 5.6 shows that VACV can utilise

cellular ligands in a cell-type dependent fashion. Moreover, the data suggests that

the deletion of one binding protein has an effect on the availability for binding of

the other proteins, a result repeated in Figure. 5.5. This demonstrates that there are

indeed hierarchies and redundancies between the binding proteins.

5.3 Exploring pH dependence in VACV entry
Thus far, this chapter has shown that the two proteins most important in VACV

binding are D8 and A26. Interestingly, both of these may undergo pH dependent

conformational changes (Chang et al., 2019). Therefore, we sought to understand

the interaction between these proteins in both binding and entry, and how their pH

dependent processes impact infection.

5.3.1 The invagination induced by D8 acts to promote entry

Firstly, the role of the invagination produced by D8 at low-pH was investigated in

the context of infection. Based on the model hypothesised (Figure. 4.14), there

would be less fusion and less productive infection with the ∆D8 virus as compared

to WT. To test this hypothesis, the R18 fusion assay was first carried out. Less fusion

was induced by ∆D8 compared to WT over the time recorded (Figure. 5.7A).

To investigate whether this delay impacted full fusion or just hemifusion, early

gene expression was measured using quantitative reverse transcription-PCR (RT-
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Figure 5.6: Understanding the binding pattern of ∆A26 virus. A) ∆A26 EGFP-A4 virus
was bound to HS+/CS+ and HS-/CS+ cells at 4°C for 1 hr. Cells were washed,
fixed and stained with phalloidin (magenta). Virus shown in green. Scale bar,
20 µm. B) Equal numbers of WT and ∆A26 virions were analysed by western
blot. C) Cells were treated with or without pronase for 1 hr, 37°before incuba-
tion with ∆A26 EGFP-A4 for 1 hr, 4°C. Binding analysed by flow cytometry.
D) ∆A26 EGFP-A4 was preincubated with 100 µg/mL cellular protein for 1
hr, 4°C before incubation with HS+/CS+ cells for 1 hr, 4°C and analysed by
flow cytometry. Data is normalised to ∆A26 no treatment. E) Same experi-
mental protocol as D. Data is shown as the binding normalised to no treatment
on the respective cell line. F) The same data as in D. Data is now normalised
to WT no treatment. Data are means ± SD of three experiments. Two-tailed
unpaired t-test was used for statistical comparison. *P<0.05, ***P<0.001,
****P<0.0001 ns P>0.05.
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Figure 5.7: ∆D8 virus shows a delay in infection. A) Equal numbers of R18 loaded ∆D8
and WT virions were bound to HeLa cells for 1 hr at 4°C. The pH was lowered
after 1 min of recording. Fluorescence is normalised to the initial value and
the final fully dequenched value after TX-100 addition. B) ∆D8 and WT at
MOI 10 were bound to HeLa cells 1 hr at 4°C for 1 hr, before warming to
37°C for 2 hours. C11 expression was measured by RT-qPCR. C) I3 protein
expression was measured by western blot over 6 hours for WT and ∆D8 virus.
An example blot is shown, with expression level quantification adjacent of three
separate experiments. All data are means ± SD of three experiments. Two-
tailed unpaired t-test was used for statistical comparison. **P<0.01.

qPCR). Early genes are expressed immediately after the core enters the cytoplasm

(Fields et al., 2007) and are therefore the earliest readout post fusion. The early gene

C11 was measured. Figure. 5.7B show significantly less C11 mRNA was produced

by the ∆D8 virus as compared to WT at 2 hpi.

This investigation was extended across a 6 hour time-span, and showed that

early protein levels produced by ∆D8 were consistently less than WT (Figure.

5.7C). In addition, a different early gene, I3, was used to confirm that C11 expres-

sion was an accurate proxy for early gene expression. Together, this data shows that

the pH dependent invagination produced by D8 acts to increase the rate of infection,

agreeing with the model hypothesised.
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5.3.2 VACV can induce D8 mediated curvature within the

macropinosome

To validate the hypothesis that VACV can manipulate the curvature of the

macropinosome membrane to promote fusion, I aimed to capture images of virus

within macropinosomes using TEM. As virus residing in the macropinosome is

transient and thus difficult to capture in significant numbers, I utilised the fusion

protein deficient virus, A28-. By using a virus which cannot fuse and therefore

cannot be released from the macropinosome, I was able to capture more events than

with WT. Importantly, A28- virus can induce invagination in the bleb membrane

similar to WT (Figure. 4.9B). In addition to this mutant, I also generated an A28-

∆D8 virus to compare curvature induction and validate the model. Figure. 5.8A

shows that D8 was indeed knocked out in the double mutant generated. L1 was

used as a loading control.

To identify virus within the macropinosome, a TEM workflow was developed

which used horseradish peroxidase (HRP) to label endosomes. The peroxidase

activity of HRP was used to polymerise 3,3-diaminobenzidine (DAB) monomers

within the endosome. This results in an increase in electron density within the

endosome making them easily visible in TEM, as well as ensuring only true endo-

somal events are studied. Equal particle numbers of each virus were bound to HeLa

cells at RT for 1 hr. Full media supplemented with 10 mg/mL HRP was added and

cells shifted to 37°C for 1 hr before fixation.

With both mutants, many events of virus residing in the macropinosome were

captured. To specifically analyse and compare the curvature induced by single viri-

ons on the macropinosomal membrane, the Fiji plugin Kappa was used (Mary and

Brouhard, 2019). Kappa measures curvature using B-splines (Mary and Brouhard,

2019). Only virions adjacent (assumed to be bound) to the macropinsomal mem-

brane and in a side-on orientation with respect to the membrane were used in the

analysis, so as not to skew the data with the high curvature values around the tip

of the virus. The macropinosomal membrane contacting the virion membrane was

traced, and the curvature values plotted. Figure. 5.8B shows representative images



5.3. Exploring pH dependence in VACV entry 116

Figure 5.8: VACV is able to induce D8 mediated curvature of the macropinosomal
membrane. A28- or A28-∆D8 virus was bound to HeLa cells for 1 hr at
RT. Cells were washed, fresh media supplemented with 10 mg/mL HRP added
and samples shifted to 37°C for 1 hr before fixation. A) Western blot analysis
of A28- and A28-∆D8 virions for D8 and L1. B) Representative TEM im-
ages of A28- and A28-∆D8 virus residing within macropinosomes. C) Quan-
tification of curvature of the macropinosome around single virions using the
Kappa plugin (Mary and Brouhard, 2019) for Fiji. n=3 separate experiments.
****P<0.0001.

of virus within the macropinosome. When analysed, significantly higher curvature

was produced by the A28- virus as compared to the A28-∆D8 virus, agreeing with

the model presented in Chapter 4 (Figure. 4.14).

5.3.3 Increased utilisation of D8-CS interaction correlates to in-

creased entry

Thus far, it has been shown that D8 acts to induce pH dependent invagination within

the macropinosome and that this increases the likelihood of productive fusion. It is

now important to examine the cellular factors involved in the curvature induction.

Firstly, the role of CS was assessed. As the ∆A26 virus utilised the D8-CSE

interaction significantly more for binding on the HS-/CS+ cells compared to the

HS+/CS+ cells, I asked whether this was the case for WT VACV and then whether

this correlates with increased entry. WT virus was preincubated with CSE and

then bound to HS+/CS+ or HS-/CS+ cells for 1 hr at 4°C. Binding was quantified
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Figure 5.9: HS-/CS+ cells show more CS binding and more CSPG4 A) WT EGFP-A4
was preincubated with 100 µg/mL CSE for 1 hr, 4°C before incubation with
HS+/CS+ or HS-/CS+ cells for 1 hr, 4°C and binding analysed by flow cytom-
etry. Data is shown as the binding normalised to no treatment on the respective
cell line. B) Representative blot showing HS+/CS+ and HS-/CS+ cells resolved
by SDS-PAGE and immunoblotted for CSPG4. α-tubulin was used as the load-
ing control. Data are means ± SD of three experiments. Two-tailed unpaired
t-test was used for statistical comparison. *P<0.05.

using flow cytometry (Figure. 5.9A). Indeed, as with the ∆A26 virus, binding was

significantly more inhibited on HS-/CS+ cells by CSE preincubation than HS+/CS+

suggesting that the D8-CS interaction compensates for the lack of HS.

Next, I wondered whether HS-/CS+ cells showed up-regulation of any CS con-

taining proteins. Frei et al. (2012) showed that CSPG4 was highly important for

binding of WT virus to HeLa cells. Therefore, I asked whether more CSPG4 was

found on HS-/CS+ compared to HS+/CS+. When CSPG4 protein levels were anal-

ysed on both cells types and normalised to α-tubulin levels, more CSPG4 was found

on HS-/CS+ cells (Figure. 5.9B). This may account for the increased use of CSE as

a ligand on these cells.

Having found the D8-CS interaction was used more on HS-/CS+ than

HS+/CS+ cells, I asked what impact this would have on infection. It seemed

feasible that the increase in D8-CS interaction may correlate to increased invagi-

nation, as D8 has been found to be vital for invagination induction (Figure. 4.9).

To this end, blebs were generated from both cells types, WT virus bound and the

pH lowered. The invagination was found to be significantly deeper on HS-/CS+

compared to HS+/CS+ cells, suggesting an increased utilisation of D8-mediated

binding on this cell type.
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Figure 5.10: Increased CS usage leads to increased entry kinetics. A) Virus was bound
to blebs at 4°C for 1 hr, incubated at pH 5.0 for 10 min at 37°C and fixed.
Scale bars, 100 nm. B) Invagination depth was quantified for both cell types.
Only those inducing invagination are quantified. C) R18 fusion assay was
carried out with R18 labelled WT virus on HS+/CS+ cells and HS-/CS+ cells.
D) WT virus expressing EGFP under an early gene promoter was bound to
HS+/CS+ cells or HS-/CS+ cells for 1 hr at RT. Samples were then washed
and shifted to 37°C for 4 hours before fixation and analysis by flow cytometry.
Percentage of EGFP expressing cells is shown. Two-tailed unpaired t-test was
used for statistical comparison ***P<0.001, ****P<0.0001.

As invagination induction on HeLa blebs correlated to increased fusion and

infection, I then asked whether the increased invagination depth on HS-/CS+ cells

would lead to more fusion and infection. Hemifusion was first assessed using the

R18 fusion assay. Indeed, at MOI 10, the rate of hemifusion was increased on

HS-/CS+ cells as compared to HS+/CS+ cells.

I then extended this investigation to virus entry. Early gene expression was

used as a read-out for the earliest point post-fusion. A WT virus which encodes

EGFP under an early promoter was generated. Cells were infected, fixed after 4

hours at 37°C and EGFP expression determined by flow cytometry. Figure. 5.10D

shows that significantly more HS-/CS+ cells expressed early genes at 4 hours post

infection.



5.3. Exploring pH dependence in VACV entry 119

Taken together, the data in Figures. 5.7, 5.8, 5.9 and 5.10 show that VACV uses

the D8-CS interaction to induce curvature of the macropinosomal membrane which

acts to increase the likelihood of productive fusion and thus speeds the kinetics of

entry and the establishment of VACV infection.

5.3.4 Evaluating the two pH dependent processes of VACV entry

Having correlated the invagination data in Chapter 4 with infection, I now sought

to understand how the pH dependent proteins D8 and A26 acted together during

entry. It seems that deleting the fusion suppressor A26 increases the rate of infec-

tion (Chang et al., 2010, 2012, 2019) while deleting the pH dependent invagination

inducer, D8, decreases the rate of infection (Figure. 5.7). In an attempt to tease out

an interplay between these two, a double knock-out ∆A26∆D8 was generated. This

mutant allowed me to study how the two pH dependent processes independently

influence fusion, as well as how both proteins together cooperate during virus bind-

ing.

The ∆A26∆D8 virus was first characterised for binding and infection. When

compared to WT and the single knockouts, the binding of ∆A26∆D8 was signifi-

cantly less than WT and ∆D8, and was less but not significantly so than ∆A26 on

HS+/CS+ (Figure. 5.11A). This implies a strong compensatory effect from the re-

maining binding proteins. No significant difference was seen between the HS-/CS+

and HS-/CS- cells as expected due to the lack of D8 and thus the lack of CS binding

ability of the virus. Moreover, the increase in binding seen on HS-/CS+ with the

∆A26 virus was abolished with the double knockout, confirming that the increase

in binding observed was due to an increased reliance for D8-CS binding (Figure.

5.11B).

Next, the comparative ability of the ∆A26∆D8 virus to produce infectious par-

ticles was determined. BSC40 cells were infected with an MOI 1 and the number

of particles produced after 24 hrs was measured by plaque assay. The yield after 24

hrs was significantly reduced compared to WT. This agrees with studies showing

that the 24 hour yield of ∆A26 virus is equal to WT (Chang et al., 2010) and that of

the ∆D8 virus is a log lower than WT (Hsiao et al., 1999).
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Figure 5.11: Quantification of binding of the ∆A26∆D8 virus. EGFP-A4 WT or bind-
ing protein knockout virus were bound to A) HS+/CS+ or B) HS+/CS+, HS-
/CS+ and HS-/CS- cells for 1 hr, 4°C. EGFP fluorescence analysed by flow
cytometry. Data are means ± SD of three experiments. A) Two-tailed un-
paired t-test was used for statistical comparison. B) Repeated measuresone-
wayANOVAand Tukey’s post hoc test was used for statistical comparison.
Adjusted p-value reported. ***P<0.001, **P<0.01, *P<0.05, ns P>0.05.

Figure 5.12: Growth of ∆A26∆D8 virus compared to WT. BSC40 cells were infected
with WT or ∆A26∆D8 and harvested 24 hours post infection (hpi). Infectious
virus produced was titred by plaque assay on 6-well plates. Data are means
± SD of three experiments. Two-tailed unpaired t-test was used for statistical
comparison. **P<0.01.

Having generated a virus lacking the two known pH dependent steps in en-

try, the role of each was evaluated by comparing the ∆A26∆D8 virus to the single

knockouts and WT. Firstly, the R18 fusion assay was carried out to compare the ki-
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netics of hemifusion (Figure. 5.13). As expected, the rate of fusion of the ∆A26 was

faster than WT due to the lack of the fusion suppression (Chang et al., 2010, 2012,

2019). The ∆D8 virus acted in the opposite manner, showing less hemifusion than

WT in the given time frame. When both pH dependent steps were removed, the

opposite effects of the single deletions balanced out resulting in hemifusion rates

similar to WT (Figure. 5.13).

Figure 5.13: Comparative rates of R18 dequenching. Equal numbers of R18 loaded WT,
∆A26, ∆D8 and ∆A26∆D8 virions were bound to HeLa cells for 1 hr, 4°C.
The pH was lowered after 1 min. Fluorescence is normalised to the initial
value and the final fully dequenched value after addition of TX-100. Data for
WT and ∆D8 are the same as shown in Figure. 5.7. Data are means ± SD of
at least two experiments.

Fusion was then alternatively assessed via fusion from without (FFWO), an

indirect assay to measure full fusion. In this assay, virus is bound at high MOI to

monolayers of BSC40 cells, the pH shifted to 7.4 or 5.0 for 5 min at 37°C, before

being returned to neutral pH and incubated at 37°C for 2 hr. If the virus is capable

of full fusion, the cells are ‘stapled’ together forming large multi-nucleated cells

termed syncytia. The extent of syncitya formation can be quantified by calculating

the fusion index (White et al., 1981; Mercer et al., 2010b) which is given by the
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equation:

f = [1− (
C
N
)]

where f is the fusion index, C is the number of cells and N is the number of nuclei.

To corroborate the hemifusion rates seen in Figure. 5.13, FFWO experiments

were carried out with WT, ∆A26 and ∆A26∆D8 virus. WT was bound at either

MOI 25 (Figure. 5.14A,B) or 100 (Figure. 5.14C,D). The mutants were then added

at equal particle count to WT. The apparently lower density of the cells in the pH

7.4 case is due to virus-induced cell rounding or retraction: cell densities were

equivalent upon infection.

At MOI 25, the ∆A26 virus did not show a large increase in FFWO at pH

7.4 compared to WT (Figure. 5.14A,B), although this has been reported previously

(Chang et al., 2010, 2012; ?, 2019). This is likely due to differences in cell type, as

BSC40s are used here and HeLas used in the referenced publications (Chang et al.,

2010; ?). However, an increased fusion index for ∆A26 compared to WT was seen

when more virus was added (Figure. 5.14C, D). As the system was not saturated at

MOI 25 pH 5.0, differences in viral fusion between mutants could be determined.

Similar to the R18 assay (Figure. 5.13), the increased fusion index seen with the

∆A26 was normalised toward WT levels in the ∆A26∆D8 (Figure. 5.14B).

Taken together, Figures 5.13 and 5.14 show that D8 acts in combination with

A26 to regulate the kinetics of fusion. These results indicate that the two pH de-

pendent steps in VACV entry act opposingly to regulate VACV fusion. This would

presumably allow for very precise control of the location and timing of VACV fu-

sion.

5.4 Discussion
In this chapter, VACV binding and the interplay between the four known binding

proteins was explored in unprecedented detail. Moreover, a novel invagination phe-

notype was found using the bleb system and found to be relevant to VACV fusion in

the context of infection. Using EGFP-A4 binding protein knockout viruses, GAG

knockout cell lines and flow cytometry, the hierarchies and redundancies between
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Figure 5.14: WT, ∆A26 and ∆A26∆D8 fusion from without. Equal particle numbers of
WT, ∆A26 and ∆A26∆D8 virus was bound to BSC40 cells in the cold for 1
hr, shifted to the indicated pH for 5.0 min at 37°C and returned to neutral
pH and incubated at 37°C for 2 hr. Confocal images of fusion from without
experiments with WT, ∆A26 and ∆A26∆D8 virus at A) MOI 25 or B) MOI
100. Scale bars, 20 µm. Nuclei shown in magenta and actin in green. B and
D) Quantification of the fusion index for A and C respectively. Data are means
± SD of three experiments.
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the viral binding proteins were investigated. A26 was found to be the most impor-

tant viral protein involved in VACV binding, followed by D8 and H3. Contrary to

published literature (Chung et al., 1998), very little role for A27 was found in WT

virus binding. In agreement with my results, CSE and laminin were found to inhibit

binding most strongly, with H and HS showing little effect. This data is strongly

supported by Frei et al. (2012), who showed A26, CSPG4 and laminin binding

protein DAG1 to be major players in VACV binding to HeLa cells.

The sub-type of CS was found to be very important. When comparing the

binding efficiency of CSA, C, D, E, H, HS and dermatan sulphate to soluble D8

protein, Matho et al. (2014) found that CSE was the only one to bind efficiently.

I extended this to show that CSE is more important than CSA for viral binding

(Figure. 5.4). CSA is the most commercially available sub-type of CS and therefore

the one used in most of the literature, which may explain why CS has never been

shown to have a strong effect on virion binding (Chung et al., 1998; Carter et al.,

2005; Li et al., 2007; Bengali et al., 2009; ?).

CSE and CSD are both highly sulfated, whilst CSA and CSC are monosul-

fated. CSA and CSC have been shown to have no inhibitory effect on VACV bind-

ing (Carter et al., 2005) and CSD has been shown not to bind D8, even though CSE

can bind strongly (Matho et al., 2012). Therefore, it seems that both the degree

and position of sulfate groups is important. CSE has been shown to be the specific

CS sub-type used for HSV (Bergefall et al., 2005), dengue virus (Avirutnan et al.,

2007; Kato et al., 2010) and HTLV-1 (Sugiura et al., 2013) binding, all of which

also bind heparin sulfate (WuDunn and Spear, 1989; Yaping et al., 1997; Marks

et al., 2001; Lin et al., 2002; Pinon et al., 2003; Jones et al., 2005). Therefore,

as CSE and HS share some common carbohydrate structures - 4,6-bis-O-sulfated

GalNAc and 2,3,6-tri-O-sulfated GlcNAc - it may be possible that HS-binding viral

proteins can bind CSE somewhat, adding to the degree of inhibition seen by CSE

and to the efficiency of viral binding. To this end, the CS-binding domain of HSV-1

gC has been shown to overlap with the HS binding site of this protein (Mårdberg

et al., 2002). Moreover, CSE has been seen to bind to heparin-binding growth fac-
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tors such as midkine (Ueoka et al., 2000), pleiotrophin, heparin-binding epidermal

like growth factor, fibroblast growth factor (FGF)-2, FGF-10, FGF-16 and FGF-18

(Deepa et al., 2002). It would therefore be interesting to test whether H3 and A27

are able to bind CSE in vitro, as perhaps they can compensate when there is a lack

of HS. This idea is supported by VACV binding being more sensitive to CSE prein-

cubation on HS-/CS+ cells than on HS+/CS+ cells (Figure. 5.9A). Moreover, there

is less binding on HS-/CS+ cells with H3- virus than WT (Figure. 5.2). Perhaps H3

can bind CSE or, alternatively, another cellular receptor in addition to HS.

Promiscuity in binding factor utilisation would be highly advantageous to the

virus, allowing it to bind many different cells types and adapt quickly to different

or changing conditions.

CSE has been shown to be critical for brain development and for the central

nervous system (Deepa et al., 2002; Purushothaman et al., 2007). The VACV WR

strain is known to be neuroinvasive (Garcel et al., 2012) and a VACV D8 knockout

showed decreased ability to infect the rat brain (Chermos et al., 1993). Thus it would

reason that the ability of VACV to bind CSE may aid its broad tropism and ability to

cross the blood brain barrier (BBB). In addition to this, the specific VACV receptor

CSPG4 (Frei et al., 2012) is a marker of oligodendrocyte precursor cells and found

in high concentrations in the CNS (Sakry and Trotter, 2016; Schiffer et al., 2018).

Taking into account the data shown in this chapter that CSPG4 is upregulated on

HS-/CS+ cells and that VACV utilises CSE much more in its binding to these cells

compared to HS+/CS+ (Figure. 5.9), it would be interesting to find out whether

CSE specifically is found on CSPG4. VACV may be able to strategically utilise

different ligands on different cell types to aid selective infectious routes, perhaps

in this case to efficiently cross the BBB. Moreover, perhaps CSE utilisation is a

strategy to allow orthopoxviruses to travel long distances within axons of neuronal

cells.

Some investigators have shown H and HS to display a more inhibitory effect

than found here. There are many possible reasons for this: firstly, the usage of hep-

arin in viral entry varies hugely with cell-type - a large inhibitory effect on binding
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and entry of heparin preincubation is seen on some cell types, and a small effect on

others (Carter et al., 2005; Whitbeck et al., 2009). It is also possible that differences

in the preparation of the compounds may give different results. Indeed, Carter et

al. (2005) showed that over-sulfated heparin displayed a greater inhibitory effect

than heparin on MV infectivity. Moreover, very few studies directly measure vi-

ral binding and instead utilise read-outs such as early gene expression and plaque

neutralisation assays. To this end, a relationship between heparin usage and en-

try pathway was shown - WR low-pH induced fusion at the plasma membrane and

IHD-J pH independent macropinocytosis appears to rely more heavily on heparin

binding than WR entry by pH dependent macropinocytosis (Bengali et al., 2009; ?).

Perhaps binding to heparin aids fusion more strongly than cell attachment.

In this thesis, I show that VACV binding has built in redundancy and this likely

accounts, in part, for the broad host range of the virus. VACV could compensate

for lack of HS by relying more strongly on CS (Figure. 5.9A). Moreover, when

the viral protein distribution was altered by the deletion of A27 (Gray et al., 2019),

the utilisation of cellular binding partners changed (Figure. 5.5B). This may be due

to the altered protein architecture of the A27 deletion virus (Gray et al., 2019). It

also suggests that A27 may act almost as a cap on the membrane, shielding H3 and

D8 somewhat. This is in accordance with the localisation of A27, which seems

highly abundant and with a similar distribution to H3 and D8 around the membrane

(Figure. 4.4) (Gray et al., 2019). Moreover, a strong link between A27 an H3 was

seen in protein-protein XL-MS (Mirzakhanyan and Gershon, 2019) (Figure. 1.7)

showing that these proteins are closely apposed on the membrane.

I also see redundancy when cellular proteins are deleted. The minimal de-

crease of WT binding on HS-/CS+ compared to HS+/CS+ cells (Figure. 5.2) shows

that D8-CS and A26-laminin can compensate for a total lack of HS. This implies

that VACV can adapt not only when binding proteins are deleted but also when the

binding environment is changed. Moreover, the increase in binding on HS-/CS+

compared to HS+/CS+ when the strongest binding protein, A26, is deleted (Fig-

ure. 5.2) again shows that D8-CS interaction can be highly compensatory. A strong
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precedent for binding protein hierarchy (A26 >D8 >H3) has therefore been estab-

lished.

I then related the invagination data seen on our minimal model system to cel-

lular entry. By comparing the entry of WT and ∆D8 virus (Figure. 5.7), I showed

that D8 acts to increase the rate of fusion and thus entry of cores into the cyto-

plasm. TEM data of virus in macropinosomes (Figure. 5.8) shows that D8 induced

curvature happens within macropinosomes, making it more likely that the cellular

membrane contacts the fusion tips. This demonstrates a novel mechanism in VACV

entry. To our knowledge, viral induced remodelling of the endosomal membrane

has not been seen before. Of course, structural analysis via NMR or crystallogra-

phy at pH 7.4 and pH 5.0 would be advantageous to confirm whether D8 undergoes

a conformational change in order to mediate this.

As D8 and A26 were shown to be the strongest binding proteins and that they

both are involved in pH dependent entry, a double knockout virus was generated.

When analysing the binding of this mutant, there was not a strong additive effect

on HS+/CS+ cells compared to the single ∆A26 knockout (Figure. 5.11). This

agrees with the data that CSE and laminin did not have an additive effect on WT

binding, however this could also be due to a steric effect when adding both CSE and

laminin the same time. The binding assay results with the ∆A26∆D8 again shows

that VACV has effectively built in binding redundancy, and that there is indeed non-

GAG and non-laminin receptors for VACV binding. Comparing the binding of the

inducible L1 virus on HS-/CS- to WT and ∆A26 would be beneficial in confirming

the effect of L1 on VACV binding (Foo et al., 2009).

In the introduction to this chapter, I introduced the idea of two pH dependent

steps in entry: VACV entry was increased upon exposure of unattached virions to

low-pH at 37°C and was not increased further by a second low-pH treatment fol-

lowing absorption to the plasma membrane, however entry of low-pH treated viri-

ons prior to absorption was still sensitive to inhibitors of endosomal acidification

(Townsley and Moss, 2007). Thus, virions were still entering though an endosomal

route (Townsley and Moss, 2007). Since the publication of that paper, A26 was
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shown to be an acid-sensitive fusion inhibitor which dissociated from the MV at

low-pH (Chang et al., 2010, 2012, 2019). However, this fusion suppression mech-

anism seems to be cell type dependent (Chang et al., 2010; ?) and therefore cell

specific factors must also be involved. Bengali et al. (2012) also showed that the

fusion suppressors A26 and A25 are highly conserved in the bafilomycin insensi-

tive VACV strains IHD-J and Elstree and sensitive strains WR and Wyeth. More-

over, swapping the A26 ORFs between WR and IHD-J did not alter their relative

bafilomycin sensitivity, but deleting A26 from IHD-J did increase its ability to un-

dergo FFWO at neutral pH (?). Therefore, there are many steps involved in fusion

and the removal of A26 is only one part of this. Moreover, it was shown that protons

can access the core, possibly through a proton channel, suggesting that low-pH may

be important in core activation (Schmidt et al., 2013b).

To better understand the regulatory mechanisms of fusion and entry, entry of

the ∆A26∆D8 virus was compared to WT and the single knockouts. Deleting D8

from the ∆A26 reduced the rate of fusion and reduced FFWO at pH 5.0 compared

to the ∆A26 (Figure. 5.13, 5.14) showing that A26 and D8 act cooperatively to

regulate fusion. Their pH dependence acts to regulate fusion within the low-pH

endosomal compartment. Furthermore, although some FFWO was seen with the

∆A26 virus at neutral pH, a marked increase in fusion index was seen at low-pH,

showing that, in agreement with the work of Townsley et al. (2007), de-repression

by A26 is only part of the low-pH dependent mechanism involved in VACV entry.

Moreover, the fusion peptide remains to be found. This may also undergo a

conformational change at low-pH. If this change is reversible and/or needs inser-

tion into the membrane to induce hemifusion, this could also account for a different

pH dependent step, as the second step of the two step process toward entry is likely

to include an essential interaction with cellular membrane. It is likely that a com-

bination of the pH dependent entry steps involving A26, D8, the fusion peptide(s)

and core activation (Schmidt et al., 2013b) are needed, and the accumulation of all

of these steps would lead to the results in Townsley et al. (2007).

Regulation of viral fusion via conformational changes of viral membrane pro-
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teins, other than the fusion protein, is emerging as an important mechanism. This

has recently been shown with VACV A26 (Chang et al., 2019). A26 undergoes a

conformational change at low-pH resulting in de-repression of the viral fusion ma-

chinery (Chang et al., 2019). Moreover, Rift Valley Fever Virus (RVFV) envelope

protein Gn shields the hydrophobic loop of the fusion protein Gc at neutral pH, to

prevent premature fusion (Halldorsson et al., 2018). At low-pH, the Gn-Gc complex

rearranges, allowing insertion of the fusion loop into the cellular membrane (Hall-

dorsson et al., 2018). Similarly, the glycoprotein E2 of the alphaviruses SFV and

chickungunya shields the E1 fusion protein at neutral pH and undergoes a confor-

mational change at low-pH revealing the fusion loop of E1 (Julien Lescar, Roussel

et al., 2001; Li et al., 2010; Voss et al., 2010; Cao and Zhang, 2013). Although

the low-pH induced conformational change of D8 does not reveal the fusion protein

directly, it acts similarly to the proteins outlined here in that an additional surface

protein acts to promote fusion. Cellular remodelling via viral envelope proteins

should be studied in more depth, as we have shown important roles of viral proteins

may have been missed.

In conclusion, I have shown that there is both redundancy and a hierarchy

between the four known VACV binding proteins. I have also shown that the in-

vagination produced by D8 acts to induce curvature in the macropinosome, making

EFC-cellular membrane contact more likely. During infection, removal of the fu-

sion suppressor, A26, acts concurrently with macropinosomal curvature induction

by D8 to accelerate fusion kinetics. In addition, there appears to be further unac-

counted for pH dependent steps involved as A26 removal and D8 curvature induc-

tion do not fully explain the two separate pH dependent steps described by Townsley

et al. (2007). Having many pH dependent entry steps is advantageous for the virus

as it allows strong regulation over when and where VACV enters host cells.



Chapter 6

General conclusions and open

questions

In this thesis, a novel minimal model system has been used to evaluate the very first

steps in VACV entry. This original way of probing binding and fusion allowed for

the discovery of a previously unknown mechanism in VACV entry. In addition to

this, the binding of the virus was completely examined and a thorough understand-

ing of the redundancies and hierarchies at play was achieved.

Understanding poxvirus entry is of paramount importance. The causative agent

of smallpox, variola virus, remains the deadliest disease in human history and ac-

counts for over 500 million deaths. The cessation of the smallpox vaccination cam-

paign means the world is now largely unvaccinated and hence susceptible to disease.

The growing threat of zoonotic infections such as monkeypox or cowpox, or the re-

emergence of smallpox by bioterrorism leaves the population distinctly at threat. In

addition to this, VACV is an exciting and emerging tool in cancer virotherapies and

is used widely in vaccine design.

The virus-cell binding interaction is a key target for antivirals. Inhibitors of

entry can be less toxic as they do not have to be membrane permeable and they

provide a rational basis for prophylactic therapy. Indeed, two of the approved drugs

for HIV treatment, enfuvirtide and maraviroc, are entry inhibitors.

This chapter aims draw some concluding remarks about the data presented in

this thesis and seeks to pick out the most interesting questions raised and how these
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could be studied in the future.

6.1 Cell-derived membrane blebs
I have shown here that blebs can be generated from many different cell types, and

that they maintain an intact actin cortex for at least 5 hrs without the need for ex-

ogenous ATP. This made them highly amenable to the study of VACV binding and

fusion. When characterising the bleb system, blebs appeared not to support canoni-

cal macropinocytic uptake. However, a subset did appear to take up 100 kDa dextran

(Figure. 3.7). This was unchanged in response to the macropinocytic inhibitor EIPA

or to stimulation by the addition of VACV (Figure. 3.7C, 3.8), therefore the entry of

dextran into blebs did not appear to occur through macropinocytosis. It is possible

that blebs may be able to undergo more active processes when they are reconstituted

with ATP and this could be investigated. Indeed, blebs reconstituted with ATP were

reported to display active actin turnover and dynamic shape changes (Biro et al.,

2013), however these shape changes were not seen in our experiments. This raises

questions on how the dextran entered the bleb and, more widely, what active pro-

cesses are available in blebs. Can blebs undergo any forms of endocytosis? Which,

if any, signalling factors are recruited in response to endocytic stimuli (eg. EGF,

vaccinia)? Can blebs support any of the primary steps in endocytosis? Staining for

signalling factors such as PI3K, SNX proteins and actin would help address these

questions. I would hypothesise that any signalling cascades available within blebs

would not be homogeneous across the whole bleb population, as each are a random

‘gulp’ of plasma membrane and cytoplasm. The ability to image so many blebs in a

single frame may allow questions regarding the heterogeneity within the system to

be answered more easily.

In this way, blebs could be used as a tool to study membrane remodelling ac-

tivities in response to stimuli such as pathogens or growth factors. Indeed, they have

already been used to study the assembly of the actin cortex (Charras et al., 2006;

Biro et al., 2013). If the first steps of membrane remodelling pathways are captured

in blebs, they would serve as a minimal system for the study of the pathway. This



6.1. Cell-derived membrane blebs 132

would be highly useful as it would allow for these processes to be studied in a more

controlled environment than within a cell. Blebs do not have many of the redundan-

cies of cells, as they are not living. They lack a nucleus, and most organelles. Also,

blebs are more easily perturbed than cells and would be able to withstand higher

concentrations of drugs and inhibitors, as well as undergoing fluorescence imaging

for longer time periods and at higher laser powers.

6.1.1 Utilising cell-derived membrane blebs further with differ-

ent pathogens

In this thesis, I have shown that blebs are highly amenable to the study of VACV

binding and fusion. An aim of this project was to create a minimal model system

that could be used for the study of many different pathogens. I have shown that

blebs can be made from at least four separate cell types, and there is no reason why

this would be limited to these four. Therefore, the system could theoretically be

used to study binding of any virus if the permissive cell type is used in the bleb

generation.

Blebs can be used in the place of, or alongside, GUVs to offer a more biologi-

cally relevant minimal system for host-pathogen interaction analysis. Many viruses

have complex cellular membrane requirements for binding and fusion. For exam-

ple, HSV (Shieh et al., 1992), human papillomavirus (HPV) (Giroglou et al., 2001),

hepatitis C virus (Barth et al., 2003), HIV (Patel et al., 1993) and dengue virus

(Yaping et al., 1997) all utilise GAGs in their binding and fusion. Therefore, for

these viruses, maintaining the original plasma membrane is highly advantageous.

Studying viral binding and fusion on these cell mimics allowed us to discover a

novel membrane remodelling capacity of VACV, one which would have been easily

missed on cells. This could be the case for many more viruses. This novel system

offers a way to simplify the study of the very first pathogen-host interaction under

biologically relevant conditions.

So far, HIV-1 is the only other viral pathogen where clustering a viral mem-

brane component, Env, has been correlated to entry efficiency (Chojnacki et al.,

2012). It therefore seems that membrane protein polarisation may be common for
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many viruses and studying it on other viruses could be highly informative in un-

derstanding the steps leading to fusion. Thereafter, blebs can serve as a minimal

system, as in this thesis, to study polarisation in relation to the cell surface.

6.1.2 Additional VACV bleb studies

The recently published work from our laboratory on the polarisation of the binding

and fusion proteins on the virion membrane (Gray et al., 2019) has opened ques-

tions about the impact of this polarisation on cellular interaction. Blebs serve as an

ideal system to study the orientation of the virus due to their small size and smooth

surface. I was able to begin to address the functionality behind the polarisation of

the binding proteins.

I saw that the virus did not re-orient on the membrane in response to low-pH

and was more likely to bind on its side that its tip (Figure. 4.5). I found that the four

main binding proteins were polarised largely to the sides of the virus (Figure. 4.4).

With the sides having a larger surface area than the tips, it makes sense to have the

majority of binding proteins here. This would enable the highest possible likelihood

of binding and remaining attached to the membrane. Moreover, having the fusion

proteins at the tips of the virion (Gray et al., 2019) means that the least possible

energy is required in opening the fusion pore, as this would be the most narrow

orientation for core release. A conundrum then is raised on how the virus is able to

bind on the side and fuse at the tip. I have shown in this work that VACV is able

to induce invagination, using the binding protein D8, in the macropinosome mem-

brane, increasing the possibility that the tip-concentrated fusion machinery comes

in contact with the cell membrane (Figure. 6.1).

It should be noted that the polarisation of the EFC was not studied on bleb

bound virions here. It has been shown that the viral core and DNA de-condense

upon cell contact, becoming less elongated (Cyrklaff et al., 2007; Gray et al., 2016)

showing that the virus does undergo nanoscale structural changes in response to

host membrane interaction. Therefore, it would be interesting to map the EFC upon

cell contact as well, and blebs would allow us to do this whilst taking into account

the orientation of the bound virion. However, as it is known that the clustering
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Figure 6.1: Model for VACV induced macropinosome invagination. WT VACV is more
likely to bind to the cellular membrane in a side-on orientation. When taken
up into the macropinosome, the pH within is lowered which causes the viral
protein D8 to induce invagination in the macropinosome membrane. This in-
creases the possibility that the fusion machinery comes into contact with the
cellular membrane. In the case of the ∆D8 virus, when taken up into the
macropinosome in a side-on orientation, it is unable to induce invagination.
This results in less productive fusion. That the ∆D8 virus is more likely than
WT to bind the membrane tip-on may be a mechanism to increase its likelihood
of productive fusion.
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and polarisation of the EFC is needed for productive fusion (Gray et al., 2019), it

seems unlikely that polarisation would be lost upon host cell binding. Nonetheless,

questions remain: does the EFC rearrange to one pole of the virion during binding

or fusion? Does the de-condensation of the core mean that the polarisation becomes

more spread but not altogether lost, allowing polarisation and side-bound induced

invagination to work more efficiently together? Moreover, it would be intriguing

to quantify the polarisation of A26 upon low-pH conditions. If, as suggested in

Chapter 4, there exists two distinct pools of A26 - one for fusion suppression and

one for binding - is only the A26 found at the tips lost when treated with low-pH?

It has, indeed, been shown that some A26 is lost to the supernatant under low-pH

conditions (Chang et al., 2012).

Furthermore, the real time dynamics of viral movement on the bleb was not

studied here. The smooth surface of the bleb would allow changes in orientation to

be studied during primary attachment. Does the virus show tumbling activity before

settling on its bound orientation? Very few studies have tracked VACV particles on

the plasma membrane. VACV is known to attach to filopodia and move toward

the cell body using actin retrograde flow, where the cells are induced to bleb (Mer-

cer and Helenius, 2009; Huang et al., 2008). Recently, Huang et al. (2017) used

the scattering-based technique coherent brightfield (COBRI) microscopy to track

label-free VACV particles on the HeLa cell membrane. The lack of fluorescent tag

needed means that the particle can be followed for long periods of time as bleaching

and photo-damage are not a problem. Moreover, scattering-based techniques allow

extremely high spatial and temporal resolution (Jacobsen et al., 2006; Cheng et al.,

2019). The authors showed that immediately after landing, the virus diffused later-

ally with a very high diffusion coefficient for seconds before confinement (Huang

et al., 2017). However, this study does not take into account the elongated shape

of the virion and therefore some of the diffusion activity of the virus shown may

actually be tumbling activity.

It would be interesting to track the particle whilst also taking into account

orientation changes. Due to their smooth surface, blebs would act as a system to
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accurately visualise and quantify real-time orientation changes of the virus and,

subsequently, differences with the binding mutants. This could, alongside the data

presented in this thesis, add novel functional information for the polarisation and

clustering of the binding proteins.

In this way, (Kukura et al., 2009) showed iSCAT to be highly effective at track-

ing SV40 particles at high temporal and spatial resolution on a lipid bilayer. In

addition, virions were labelled with a single quantum dot and orientation changes

could be simultaneously followed using single-molecule fluorescence microscopy

(Kukura et al., 2009). In this, the photo-damaging effect of the laser power used

in the fluorescence microscopy limited acquisition times. Theoretically, as the size

of VACV is above the diffraction limit, the orientation could be determined with-

out a fluorescent marker. This would mean that the orientation changes, alongside

tracking the movement of the virus, could be taken for long periods of time.

Leading on from studying the live dynamics of orientation changes of the virus

and using the findings of Huang et al. (2017), many questions remain to be an-

swered. What receptors are involved in confinement? How does receptor concen-

tration affect motion? Does the particle motion change significantly on different

cell types? Does the onset of cellular blebbing slow down lateral movement on the

plasma membrane?

Scattering-based imaging is easily compatible with super-resolution mi-

croscopy (Ortega Arroyo et al., 2016). Therefore, it would be interesting to flu-

orescently label certain cellular components and track the interaction between virus

and component. For example, as actin-retrograde flow is important in VACV entry

(Mercer et al., 2010a), actin could be labelled and the dynamics followed alongside

the virus. In this way, Ashdown and colleagues have shown that cortical actin

flow can be imaged and flow velocities quantified with high spatio and temporal

resolution using TIRF-SIM and spatio-temporal image correlation spectroscopy

(Ashdown et al., 2014, 2017). Additionally, certain specific viral receptors could be

tagged and followed in relation to viral particles. Utilising live-cell super-resolution

microscopy (methods such as STED), the cellular component can be tracked on the
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nanometer scale. This would be useful in understanding the role of lipid rafts in

viral entry which has, to date, only been shown biochemically or indirectly (Chung

et al., 2005; Schroeder et al., 2012). What’s more, if it is confirmed that rafts form

on blebs in a similar manner to cells, the dynamics could be imaged over longer

periods time. Blebs should be less sensitive to the phototoxic effects of the high

laser powers used in super-resolution microscopy.

Altogether, the data presented in this thesis on understanding the functionality

behind VACV membrane protein polarisation could, in future work, be expanded

further. By using state-of-the-art imaging techniques the virus could be tracked

across the bleb membrane over long periods of time, the orientation changes taken

into account alongside and the cellular membrane imaged at the same time. This

would provide highly important novel information on how exactly the virus infects

cells, how it may spread between cells and how the cellular membrane responds to

the virus.

Lastly, blebs of diameters up to 2 µm are amenable to cryo-electron tomog-

raphy (cryo-ET; Paluch lab, personal correspondence). Therefore, this could be

harnessed to gain a high-resolution, cryo-ET model of the virus during fusion using

single-particle averaging. Ambitiously, it then may even then be possible to map

the EFC proteins with known atomic models onto this and gain an idea on their

organisation and their conformational changes during the fusion process. Similar

studies have been done with avian sarcoma/leukosis virus (ASLV) (Cardone et al.,

2012), influenza virus (Lee, 2010; Chlanda et al., 2016) and SINV (Cao and Zhang,

2013) using liposomes as target membranes, gaining information on the structural

changes in the fusion proteins during membrane insertion. It was also shown with

ASLV that viral Env glycoproteins are enriched at the virus/liposome binding site

(Cardone et al., 2012). By gaining a high-resolution tomographic reconstruction of

VACV bound to blebs at both pH 7.4 and pH 5.0, we might learn whether there

is enrichment of the fusion proteins to one pole during fusion. VACV hemifusion

and full fusion can be separated by the deletion of any of three EFC proteins - A28,

L1 or L5 (Laliberte et al., 2011). Virus lacking any of these can hemifuse but not
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infect cells, suggesting that these proteins function in pore formation. It is therefore

tempting to utilise these mutants fused to blebs, in combination with cryo-ET, to

more easily capture a hemifusion intermediate.

6.2 VACV interaction with cells
Using recombinant viruses and mutant cell lines, I have shown that there is a hi-

erarchy and redundancy between the four known binding proteins. A26 appears to

be the most important protein in binding followed by D8 and then H3. It seems

that A27 is not involved in cell surface interaction. In a similar manner, H and HS

were weakly inhibitory during binding, whilst CSE and laminin were more strongly

inhibitory. It should be noted that differently sulfated levels of H or HS were not

tested in this work. This could reveal more highly inhibiting forms, as has been

shown with dengue and VACV and highly sulfated HS (Yaping et al., 1997; Carter

et al., 2005; Khanna et al., 2017). In a similar manner, I found different CS sub-

types displayed different levels of inhibition. As CSE has never been used in the

literature for VACV binding studies, the data presented here showing CSE but not

CSA has an inhibitory effect on binding (Figure. 5.4A) explains why soluble CS

has rarely been shown to have inhibitory activity (Chung et al., 1998; Carter et al.,

2005; Li et al., 2007; Bengali et al., 2009; ?). Moreover, in the absence of HS, CS

could be utilised more strongly. This shows that VACV can adapt quickly to the

environment to enhance binding to many different cell types. This goes some way

in explaining the broad cell and host tropism of VACV.

Some specific receptors have been found to be used by the virus: integrin β1

(Izmailyan et al., 2012; Schroeder et al., 2012), MARCO (Macleod et al., 2015),

AXL, M6PR, DAG1, CSPG4 and CDH13 (Frei et al., 2012). Here, I presented

added evidence indicating that CSE is very important for infection: CS is inhibitory

for binding (Figure. 5.4A), sensitivity to CS increases in the absence of HS (Figure.

5.9A), HS-/CS+ cells express more CSPG4 than HS+/CS+ cells (Figure. 5.9B) and

an increase in D8 mediated pH dependent invagination depth was seen on HS-/CS+

cells which results in increased fusion and entry kinetics (Figure. 5.10). Altogether,
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this shows that CS binding is highly important for not just binding, but cellular

entry as well. CSPG4 may be the specific receptor which mediates this, however

knockdown of CSPG4 in both HS+/CS+ and HS-/CS+ cells would be needed to

confirm this.

Chahroudi et al. (2005) found that VACV could bind and infect activated T

cells but not resting T cells. This could be largely due to the upregulation of HSPG

on the cell surface during activation (Ibrahim et al., 1999; Jones et al., 2005) imply-

ing just how reliant on GAGs VACV binding is. It also suggests that there could be

cell specific VACV receptors on activated T cells. That not all cell types encoun-

tered by the virus in vivo are infected shows that more binding studies should be

done with primary cell types for more biologically relevant data. Along the same

idea, the in vitro and in vivo permissiveness of some poxviruses can differ markedly

(McFadden, 2005). For example, myxoma virus, a rabbit-specific poxvirus, can

replicate productively in selected transformed human cell lines (Sypula et al., 2004).

What’s more, the extent of the utilisation of GAGs does seem to differ somewhat

with cell type (Carter et al., 2005; Whitbeck et al., 2009). This phenomenon is

also highlighted in this thesis, as I showed specifically that the utilisation of CSE

increased as HS was deleted from the cell surface. Therefore, utilising primary

epithelial cells and, as VACV is known to alter the host immune response result-

ing in vaccination complications (Bray, 2003), cells of the hematopoietic lineage in

the binding assays presented here with the mutants viruses and with soluble GAGs

would allow a more accurate and biologically relevant understanding the interac-

tion. Comparison of the specific receptors used in different cell types would also be

interesting - this could be done utilising Ligand Receptor Capture (LRC; (Frei et al.,

2012)). LRC would allow us to validate the hypothesis that CSPG4 may be more

important for binding in the brain and CNS (Section 5.4). Nevertheless, the data

in this thesis showing compensatory mechanisms in GAG usage provides a strong

foundation and themes to explore when analysing binding on primary cell lines.

Likewise, studying viral entry in relevant tissues is a next obvious step. Pre-

liminary work has shown that VACV enter differentiated epilthelia through the ba-
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solateral membrane (Vermeer et al., 2007), highlighting the fact that important in-

formation can be missed when studying cell monolayers. Studying this first step of

infection at high resolution in 3D, rather than 2D, may reveal previously unknown

phenomena and a clearer picture of cellular tropism could be gained. Studying

spread and viral exit in tissue explants would also be extremely interesting, for ex-

ample how this is mediated by actin tails (Smith et al., 2002). In this regard, as

the MV and EV membranes are different, studies should now look more into EV

binding due to their importance in cell to cell spread. There is precedent for this - it

has been shown that MVs and EVs behave oppositely in binding to protease treated

HeLa and RK13 cells: protease treatment reduced MV binding but increased EV

binding (Vanderplasschen and Smith, 1997). Moreover, EV binding appears much

more readily inhibited by H and HS than MV binding (Khanna et al., 2017) and

deletion of heparin sulfation affects EV mediated spread (Khanna et al., 2019; Flo-

res et al., 2020).

The binding and fusion proteins all appear to be highly conserved, however dif-

ferences are known in entry mechanisms between members of the orthopox genera,

notably in their use of low-pH pathways and entry inhibition by heparin (Bengali

et al., 2009; Chang et al., 2010; Mercer et al., 2010b; ?). In this thesis, I have only

used the strain WR. This strain undergoes pH dependent macropinocytosis (Mercer

and Helenius, 2008). Due to the extensive passage in tissue culture of WR, there

was a possibility that it may have adapted to particular entry pathway. Bengali et

al. (2012) compared the entry pathway to isolated cowpox and monkeypox strains.

Gratifyingly, these strains appeared similar to WR in their entry mechanism and

use of cell surface GAGs (?), showing that studying WR entry in the lab does have

clinical relevance.

The differences between strains in terms of low-pH enhancement are intrigu-

ing (WR, monkeypox and cowpox undergo low-pH enhancement, whilst IHD-J,

Copenhagen and Elstree do not) and could not be attributed to differences in the

A26 protein sequence (?). It would now be interesting to map the binding and fu-

sion proteins on the strains which are not enhanced by low-pH, in the same way it
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has been done on WR in this thesis and in Gray et al. (2019), to understand if they

are also polarised. If there are differences, as compared to low-pH sensitive WR,

in polarisation and/or if A26 is clustered differently, this might help to explain the

variability in fusion suppression ability of A26. Moreover, in this vein, analysing

the ability of D8 to induce invagination, another pH dependent step found in WR

entry which works cooperatively with A26 to regulate pH dependent fusion, may

also be revealing.

VACV is known to have one of the most complex cellular fusion mechanisms in

the virus world. Here, I have found a novel pH dependent step in entry highlighting

again the complexity of this process. It seems that this step, combined with the pH

dependent removal of the fusion suppressor (Chang et al., 2012), is involved, but

not sufficient, to satisfy the two-step model of VACV entry (Townsley and Moss,

2007). Therefore, it remains for the fusion protein(s) to be identified and its pH

dependence understood. The interplay between the members of the EFC also need

to be studied in more detail. At the moment, it is known that deletion of A28, L1

or L5 allow lipid mixing without full fusion, whilst deletion of any of the others

results in no lipid mixing at all (Laliberte et al., 2011). I hypothesise that there will

be a conformational change and subsequent cellular membrane insertion of one or

more of the EFC proteins which constitutes the remaining pH dependent step(s) in

the two-step model.

6.3 Overall Conclusions
Overall, this thesis had two overarching aims: to develop a minimal model system

compatible for the study of VACV binding and fusion and to unravel the complex

interplay between the VACV binding proteins in host cell entry. I believe that these

aims have been met and, as a consequence, a completely novel step in VACV entry

was found. Only by studying binding and fusion on our bleb minimal system was

this step discovered, and thus highlights the importance of developing novel tools

to study familiar processes.
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M., Ewers, H., Shao, L., Wiseman, P. W., and Owen, D. M. (2017). Live-Cell

Super-resolution Reveals F-Actin and Plasma Membrane Dynamics at the T Cell

Synapse. Biophysical Journal, 112(8):1703–1713.



BIBLIOGRAPHY 143

Ashdown, G. W., Cope, A., Wiseman, P. W., and Owen, D. M. (2014). Molecular

flow quantified beyond the diffraction limit by spatiotemporal image correlation

of structured illumination microscopy data. Biophysical Journal, 107(9):L21–

L23.

Atanasiu, D., Cairns, T. M., Whitbeck, J. C., Saw, W. T., Rao, S., Eisenberg, R. J.,

and Cohen, G. H. (2013). Regulation of herpes simplex virus gB-induced cell-

cell fusion by mutant forms of gH/gL in the absence of gD and cellular receptors.

mBio, 4(2):1–9.

Atanasiu, D., Saw, W. T., Eisenberg, R. J., and Cohen, G. H. (2016). Regulation of

Herpes Simplex Virus Glycoprotein-Induced Cascade of Events Governing Cell-

Cell Fusion. Journal of Virology, 90(23):10535–10544.

Avirutnan, P., Zhang, L., Punyadee, N., Manuyakorn, A., and Puttikhunt, C. (2007).

Secreted NS1 of Dengue Virus Attaches to the Surface of Cells via Interactions

with Heparan Sulfate and Chondroitin Sulfate E. PLoS Pathogens, 3(11):1798–

1812.

Backovic, M. and Jardetzky, T. S. (2009). Class III viral membrane fusion proteins.

current opinion in structural biology, 2(1):189–196.

Bahar, M. W., Graham, S. C., Stuart, D. I., and Grimes, J. M. (2011). Insights into

the evolution of a complex virus from the crystal structure of vaccinia virus D13.

Structure, 19(7):1011–1020.

Banfield, B. W., Leduc, Y., Esford, L., Schubert, K., and Tufaro, F. (1995). Sequen-

tial isolation of proteoglycan synthesis mutants by using herpes simplex virus as

a selective agent: evidence for a proteoglycan-independent virus entry pathway.

Journal of virology, 69(6):3290–3298.

Baroudy, B. M. and Moss, B. (1982). Sequence homologies of diverse length tan-

dem repetitions near ends of vaccinia virus genome suggest unequal crossing

over. Nucleic Acids Research, 10(18):5673–5679.



BIBLIOGRAPHY 144

Barquet, N., Barquet, N., Domingo, P., and Domingo, P. (1997). Smallpox: the tri-

umph over the most terrible of the ministers of death. Annals of internal medicine,

127(8 Pt 1):635–642.
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Mårdberg, K., Trybala, E., Tufaro, F., and Bergström, T. (2002). Herpes simplex

virus type 1 glycoprotein C is necessary for efficient infection of chondroitin

sulfate-expressing gro2C cells. Journal of General Virology, 83(2):291–300.

Marks, R. M., Lu, H., Sundaresan, R., Toida, T., Suzuki, A., Imanari, T., Hernáiz,
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