Investigating the Role of Heat Shock Proteins (Hsps)
40, 70 and 90 in the Life Cycle of Theiler’s Murine
Encephalomyelitis Virus (TMEV)

Dissertation submitted in fulfilment of the requirements for the degree of

Masters of Science in Microbiology

At

Rhodes University

By

Lorraine Zvichapera Mutsvunguma

January 2011




Abstract

Introduction: Picornaviruses are a family of RNA viruses which are economically and clinically
significant. Like many other viruses, picornaviruses utilise host cell machinery to facilitate their
replication and assembly, including heat shock proteins (Hsps). The aim of this research was to
investigate the role of Hsp40, Hsp70 and Hsp90 during picornavirus infection using the
cardiovirus, Theiler’s murine encephalomyelitis virus (TMEV), as a study model. Methodology:
Picornavirus VP1 capsid proteins were analysed by multiple sequence alignment and multiple
structural comparisons. Protein domain architecture was used to analyse Hsp90 cellular and viral
client proteins. Effects of Hsp90 inhibitors, novobiocin and geldanamycin, on TMEV growth in
BHK-21 cells was observed over a 48hr period. Localisation of Hsp40, Hsp90 and Hsp70 in
TMEV-infected BHK-21 cells was investigated by indirect immunofluorescence and confocal
microscopy. Results and Discussion: VP1 proteins of picornaviruses are highly divergent within
the family at the amino acid level, which might be linked to the protein’s function in determining
virus tropism and antibody neutralisation. An eight-stranded anti-parallel beta-barrel structure
was found conserved in the VP1 protein structures which might be linked to the highly
conserved picornavirus capsid assembly process. Absence of a common protein domain between
Hsp90 viral and cellular client proteins that might be functionally connected to Hsp90, suggests
that Hsp90 most likely recognises surface features rather than sequence motifs/patterns. The
Hsp90 inhibitors, novobiocin and geldanamycin, had a negative effect on virus growth as virus-
induced cytopathic effect was not observed in treated cell after 48hrs. TMEV 2C protein was
detected by Western analysis in infected cell lysates treated with geldanamycin but not
novobiocin, suggesting novobiocin affects the translation or processing of TMEV 2C.
Immunofluorescence analysis of TMEV-infected cells showed a relocalisation of Hsp40 into the
nucleus during infection. Overlap of Hsp40 and TMEV P1 was observed in the perinuclear
region, suggesting colocalisation between these proteins. Hsp70 converged around the
replication complex during infection but did not overlap with TMEV 2C. Hsp90 concentrated in
the region of the replication complex where it overlapped with TMEV 2C and this redistribution
was found to be dependent on the stage of infection. The overlap between Hsp90 and TMEV 2C
signals observed, suggested colocalisation between the two proteins Conclusion: This study
identified Hsp90, Hsp70 and Hsp40 as possible host factors required in TMEV replication.
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Chapter 1: Literature Review

1.1 Introduction

The term “virus’ was derived from the Latin word, ‘poison’. The terminology “virus’ was only
used to describe these minute disease causing agents starting in the 20 century. Before this, they
were referred to as ‘contagium vivum fluidum’ (contagious living liquid) or ‘filterable agents
due to their ability to cause disease even after being passed through filtration devices such as the
Chamberland candle filter (Levine 1996; Cann, 1997). Since then, the study of viruses has grown
extensively and has even given rise to a new science, Virology and with that a definition of
viruses, submicroscopic obligate intracellular parasites (Cann, 1997). The definition though
simple, is useful for the distinction of viruses from other particles. The study of viruses is of
great importance because of the many diseases they cause in humans, which range from less
severe (common cold) to more lethal (haemorrhagic fever). Viruses affect a wide variety of
organisms such as animals, bacteria, plants and fungi. More than 4000 viruses have been
identified and a classification developed. Numerous properties are taken into account when
classifying viruses such as, virion size and symmetry, type of nucleic acid (RNA or DNA), size
of genome, strandedness (double or single), sense (positive, negative or ambisense), natural host
range, pathogenicity and mode of transmission in nature (Levine, 1996). The classification
system is monitored by an international body, The International Committee on Taxonomy of
Viruses (ICTV).

1.2 Picornaviridae

1.2.1 Picornavirus Classification

Picornaviridae is a virus family that consists of both human and animal viruses. The word pico
is Italian for “small”, which is one characteristic feature of all viruses within the family. The
average size of the non-enveloped capsid is between 28-30 nm in diameter and composed of 60
capsid protein subunits which are arranged in an icosahedral symmetry. Enclosed within the vira
capsid, is a single-stranded, positive-sense RNA molecule of about 7.2- 8.4 kb in size. Currently
the viruses are sub-classified into twelve genera; Enterovirus, Cardiovirus, Aphthovirus,


http://www.picornaviridae.com/enterovirus/enterovirus.htm�
http://www.picornaviridae.com/cardiovirus/cardiovirus.htm�
http://www.picornaviridae.com/aphthovirus/aphthovirus.htm�

Hepatovirus, Parechovirus, Erbovirus, Kobuvirus, Teschovirus, Sapelovirus, Senecavirus,
Tremovirus and Avihepatovirus (ICTV, 2009). Listed in Table 1.1 are some of the significant

viruses within the family and examples of diseases they cause in their hosts.

Table 1.1: Genera of the Picornaviridae and examples of viruses and resulting diseases (adapted
from ICTV, 2009).

= s e == ca=
Foot and mouth disease virus Foot and mouth disease in cloven
_ (FMDV) hoofed animals
Theiler's murine encepha omyelitis Mouse encephalomyelitis
virus (TMEV)
- Encephalomycarditis virus (EMCV) Encephalomyelitis
Poliovirus (PV) Poliomyelitis
_ Human Rhinovirus (HRV) Common cold
_ Hepatitis A virus (HAV) Liver disease
_ Human parechovirus (HPV) Neonatal carditis
_ Porcine teschovirus (PTV) Teschen-Talfan neurological disease

1.2.2 Clinical and Economical Significance of Picornaviruses

As mentioned in the above section, Picornaviridae consist of viruses which are of economical
and clinical importance. This section will focus on three of those viruses namely; FMDV, HRV
and PV.

FMDV belongs to the Aphthovirus and causes foot and mouth disease in cloven-hoofed animals.
Outbreaks of the FMDV usually cause economical disasters because infected animals and “at
risk” animals are slaughtered in order to eliminate any traces of the virus. Animals that do not die
from FMDV infection have reduced productivity in terms of milk and the amount of meat. Due
to the highly contagious nature of the virus, FMD-free nations have instituted stringent laws to
ensure that they remain virus-free and this includes banning any type of livestock and livestock
product trades with any nation that is known to have the virus. The FMDV outbreak of 2001 in

the United Kingdom (UK) resulted in the loss of billions of pounds for the national economy


http://www.picornaviridae.com/hepatovirus/hepatovirus.htm�
http://www.picornaviridae.com/parechovirus/parechovirus.htm�
http://www.picornaviridae.com/erbovirus/erbovirus.htm�
http://www.picornaviridae.com/kobuvirus/kobuvirus.htm�
http://www.picornaviridae.com/teschovirus/teschovirus.htm�
http://www.picornaviridae.com/sapelovirus/sapelovirus.htm�
http://www.picornaviridae.com/senecavirus/senecavirus.htm�
http://www.picornaviridae.com/tremovirus/tremovirus.htm�
http://www.picornaviridae.com/avihepatovirus/avihepatovirus.htm�

because it mostly affected the livestock industry. The livestock industry was not the only
industry to suffer, the tourism and other industries lost revenue, totalling ~ £11.9 billion
(Thompson et al., 2002). In recent years countries such as the United States of America (USA)
and the UK which have $/£100 billion per year livestock industries, respectively, have began
fearing terrorist attacks using FMDV to devastate their economies. This has resulted in scientists
renewing their studies in trying to understand the viral agent that causes FMD (as reviewed by
Grubman and Baxt, 2004).

Another virus of economical importance is HRV, a virus recently classified within the
Enterovirus after the Rhinovirus was eliminated. According to a study published in 2003,
approximately 500 million cases of the common cold are reported each year in the USA and this
tranglates to about $40 billion lost annually. Losses are due to employees taking leave of absence
from work because of viral infection or to attend to sick children or spouses (Fendrick et al.,
2003).

PV belongs to the Enterovirus. The virus was one of the first recorded infections to plague men
as seen on an Egyptian tomb carving of a man with a foot-drop deformity, which is a feature
usually found in victims suffering from paralytic poliomyelitis (Levy et al., 1994). Like most
enteroviruses, PV is transmitted through the faecal-oral route. Most of the people infected by a
virulent strain of the virus will experience paralysis and sometimes death if paralysis of the
intercostals and diaphragm occurs. In order to control poliomyelitis, two highly efficient
vaccines were created. The first vaccine was developed in the 1950s and it was an inactivated
poliovirus vaccine (IPV), a mixture of three wild type poliovirus strains inactivated by treating
with formalin to destroy infectivity of the virus without affecting the antigenic properties of the
capsid. The second vaccine, meant for the vaccination of underdeveloped countries, was a live
attenuated oral poliovirus vaccine (OPV) created in the 1960s. The success of OPV led to the
elimination of the virus from entire continents by the 1980s. Due to this success, the World
Health Organisation (WHO) aimed to eradicate the virus completely by the year 2000. Even
though severa countries have been polio free for numerous years, still in 2010, worldwide
eradication has not yet been achieved. In several countries such as Nigeria, Pakistan, Afghanistan
and India, the virus has never been eradicated and re-emergence of the virus is occurring, in

countries such as Haiti, Dominican Republic, Egypt, Philippines and Madagascar. Re-emergence



of the virus is most likely due to the failed vaccination programmes and reduced amount of
vaccinations being performed throughout the world as most countries have reduced

immunisation (as reviewed by Racaniello, 2001).

With numerous economically and clinically important viruses within a single family, extensive
research has been conducted to understand the replication, vira-host interactions and
pathogenesis of picornaviruses. Alternative approaches into the study of picornaviruses have
been developed because of stringent safety regulations implemented when studying highly
virulent viruses and aso the inability to successfully culture some of the viruses within the
laboratory. One of the alternative methods used to study picornaviruses is usage of viruses not
pathogenic to humans or live-stock and in this study a member of the Cardiovirus was selected
as a study model. Another reason cardioviruses can be used as study models is because genomic
organisation and replication strategies are highly conserved among picornaviruses (discussed in-

depth in following sections.

1.3 TMEV as a Study Model

Until recently, only two species were present within the Cardiovirus, the EMCV-like viruses
(ECMV, Mengo, Columbia-SK and Maus-Elberfeld) and the Theiler’ s-like viruses (BeAn, DA
and GDVII strains) which infect rodents (reviewed by Racaniello, 2001). TMEV GDVII was
chosen as the study model for this research.

TMEV, amurine virus, was first described in 1937 by Theiler (Theller, 1937). The virus causes
neurological and enteric diseases in some strains of mice. TMEV has been subdivided into two
groups based on the different antigenicity, neurovirulence and growth in culture. The strains in
the first group (GDVII and FA) cause rapid and fatal encephalitis in mice (Theiler & Gard,
1940). Mice infected with the second group (BeAn and DA), survive initial large dose infections
from the strains but eventually develop progressive demyelinating disease, which results in
inflammatory legions within the central nervous system (CNS) (Lehrich et al., 1976; Lipton,
1975, 1980; Lipton and Dal Canto, 1976; 1979). Due to the fact that TMEV only infects mice, it
is a suitable picornavirus study model because it can be cultured in a Type 2 Biosafety
environment without the risk of infecting humans and other animals. Another reason why TMEV

is a perfect study model in this research is because it infects and replicates within Baby Hamster



kidney 21 (BHK-21) cells (Friedmann and Lipton, 1980; Kong et al., 1994; van Pesch et al.,
2001).

1.3.1 Recent Discovery of Human Cardioviruses

As mentioned in the above section, until recently, the Cardiovirus genus consisted of two distinct
species of rodent viruses. Recent outbreaks of enteric disease which could not be linked to
known enteric viruses such as rotavirus, sapovirus or astrovirus have recently been reported
worldwide, leading to the conclusion that other pathogens must be causing the outbreaks. In
2007, a virus was isolated from a stool sample collected from an infant in 1981 who presented
fever-like symptoms. The virus was amplified in cell culture and the complete genome of the
virus sequenced (Jones et al., 2007). The isolate was named Saffold virus (SAFV). Soon after
this discovery, several SAFV strains have been isolated and identified worldwide. In Canada,
SAFV was isolated from stool samples collected from three children exhibiting respiratory
symptoms (Abed and Boivin, 2008). The third strain was isolated in Germany and Brazil, where
six stool samples from infants with gastroenteritis tested positive for the virus (Drexler et al.,
2008). The next SAFV strain was isolated in California from respiratory secretions collected
from a patient exhibiting influenza-like illness and six stool samples from patients suffering from
gastroenteritis (Chiu et al., 2008). A more recent recording of the virus was in Asia, where the
virus was isolated from stool samples from six children suffering from non-polio acute flaccid
paralysis and five children without evident neurological symptoms (Blinkova et al., 2009). In
total, the number of SAFV strains isolated and sequenced has now reached eight (Liang et al.,
2008). In order to conclusively group these viruses within the cardiovirus genus, sequence
alignment analysis, phylogenetic analysis and molecular characterisation was conducted on a
genotype of the virus, SAFV-3. Although sequences of the new human cardioviruses are highly
divergent from that of known animal cardioviruses, the new viruses are geneticaly similar
mainly to the Theller' s-like virus (TMEV strains), warranting their classification as a cardiovirus
(Zoll et al., 2009).

The following sections will discuss the genomic organisation, protein processing, replication and

assembly of picornaviruses using PV as amodel.



1.3.2 Picornavirus Genomic Organisation

The picornavirus genome is a single stranded, positive sense RNA molecule of about 7 — 8 kb
nucleotides (reviewed by Racaniello, 2001). lllustrated in Figure 1.1 is a schematic
representation of the PV genome organisation. As seen in the figure, covalently attached to the 5
untranslated region (UTR) is a small vira protein VPg (virus protein of the genome), which
plays a role in the initiation of viral RNA synthesis (Agol, 1991). Within the 5UTR is a
cloverleaf structure known as the internal ribosome entry site (IRES). This site directs the cap-
independent internal initiation of translation by recognising and binding to the 40s ribosome unit
(Stewart and Semler, 1997; reviewed by Racaniello, 2001; Bedard and Semler, 2004). The
polyadenalated (poly-A) tail at the 3' end is thought to play a role in vira infectivity and
involved in stabilising viral RNA (Rohll et al., 1995; reviewed by Racaniello, 2001; Bedard and
Semler, 2004).

Cloverleaf 3'UTR
structures i | f f i [ i
i b1a F18 (Fic i1 |f 2a (f 28 || 7€ 3A§38§.3€§3D#°|¥’[A]
3 \ | | 5 Kk X ’ L ! 5

Figure 1.1: Schematic representation of the PV genome organisation. Attached at the far end of the 5 UTR is
the VPg which acts as a primer for viral RNA synthesis. The 5 UTR comprises of a cloverleaf structure and an
IRES region which is followed by the coding region of the viral polyprotein. A poly-A tail is present at the 3 UTR
(adapted from Bedard and Semler, 2004).

1.3.4 Polyprotein Processing

Once the open reading frame (ORF) has been trandlated into a single large polyprotein, it
undergoes a series of proteolytic cleavages to produce mature viral proteins. The cleavage
process is conducted by three virally-encoded proteases, 2AP° and 3C™ and its precursor
protein, 3CDP°. The first cleavage event, the separation of the P1 domain from the P2-P3
domains is conducted by the 2AP (Ryan et al., 1991) and the remaining cleavages are conducted
by 3CP° or its precursor protein 3CDP™ (Figure 1.2) (reviewed by Racaniello, 2001; Bedard and
Semler, 2004).
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Figure 1.2: Schematic diagram of picornavirus genomic organisation and polyprotein processing. The single
open reading frame (ORF) is trandated into a single polyprotein that is co-trandationally cleaved into mature
structural proteins (VP1-VP4) from the P1 domain and replicative proteins (2A-3D) from both the P2 and P3
domains (adapted from Bedard and Semler, 2004).

The mature vira proteins are divided into 2 groups, non-structural (NS) and structura (S)
proteins. The S proteins, VP1-VP4 are responsible for forming the vira icosahedral capsid and
NS proteins (2A-3D) are responsible for viral replication. The proteins and their precursors have
different functions (Table 1.2) (reviewed by Buenz and Howe, 2006).



Table 1.2: Picornavirus precursor and mature proteins and the functions they perform (adapted
from Buenz and Howe, 2006).

Undefined rolein host and tissue tropism
Structural proteins, responsible for virion assembly and viral entry into
host cells
Vira protease
Alters membrane permeability and involved in RNA synthesis
NTPase, vesicle formation and Guanidine resistance
Membrane association and stimulation of 3C and 3D
Associates with intracellular membranes
(VPg) primer for RNA synthesis
3C and 3D precursor, known to have protease activity
Vira protein processing, host protein cleavage and RNA binding and

replication

RNA dependent RNA polymerase

1.3.3 Replication

The host cytoplasm is the site of replication in picornaviruses. The infection cycle is initiated by
receptor-mediated attachment to the cell surface, endocytosis and then uncoating to release viral
genome once in the cytoplasm. The responsibility of synthesising new viral genetic material falls
on the 3D protein, an RNA-dependent RNA polymerase (RdRp), one of the first viral proteins to
be tranglated. 3D functions in conjunction with another vira protein, 3B (VPg), which serves as
a primer for synthesising negative-strand RNA, which is then used as a template for more
positive-sense RNA synthesis. Vira replication occurs on membrane vesicles proposed to be
formed from the endoplasmic reticulum (ER) by the viral protein 2C (Bienz et al., 1992; Suhy et
al., 2000). Some of the newly synthesised viral RNA will be transated into more viral proteins,
while the rest is packaged into newly formed viral capsids and the new virions will exit the cell
viacell lysis (Figure 1.3) (reviewed by Racaniello, 2001; Bedard and Semler, 2004).
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Figure 1.3: Overview of picornavirus life cycle. The first step in the replication of the virus is the receptor-
mediated attachment to the host cell membrane, followed by penetration and uncoating to release viral RNA into the
cytoplasm. Trandation of the RNA is accomplished by utilising the host cell machinery to produce the polyprotein,
which is cleaved into various viral proteins. The structural proteins form viral capsids, while non-structural proteins

RNA
Replication

are responsible for synthesising negative-strand RNA which will be used as a template to produce more positive-
strand RNA.. Positive-strand RNA is then packaged into the newly formed viral capsids which exit the cells via cell
lysis (adapted from Andino et al., 1999).



1.3.4 Assembly

The assembly process of picornaviruses begins with the cleavage of the capsid precursor protein,
P1 from the P2/P3 domains. The cleavage is mediated by the viral encoded protease, 2AP°. As
seen in Figure 1.4, after the first proteolytic cleavage of P1 by 2AP, the precursor polyprotein is

pro

cleaved by 3C™ and its precursor protein 3CD°. The proteases cleave between VP0O-VP3 and
VP3-VP1, the cleavage of the subunits from each other is crucial for the formation of the
protomer subunit, the cleavage event is required to commence the assembly process. The
protomer is the first assembly intermediate, it is formed by the interaction of a single copy of
each VP1, VP3 and VPO subunit. The next step is the association of five protomers, which
results in the formation of a pentamer. The association is largely due to hydrophobic interactions
that occurs between protomers. It is believed that the formation of the provirion is triggered by
the protein-protein interaction between the VPg and the inner surface of the pentamer. The
assembly process continues with the addition of eleven pentamers, the condensation and
encapsidation of the RNA molecule. The final step to the assembly process is the RNA-
dependent cleavage of the VPO molecules to form VP4 and VP2. This final event results in the
formation of a mature virion. The final assembly product is an icosahedral shaped capsid that is
made up of 60 copies of each of the four capsid subunits, with VP1-3 on the surface and VP4

embedded within the capsid (as reviewed by Racaniello, 2001).
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Figure 1.4: Processing and assembly of the picornavirus capsid. Once the viral RNA is trandated into a single
polyprotein, autocatal ytic cleavage by 2AP occurs, separating structural P1 domain from non structural domains, P2
and P3. A series of cleavages by 3C/ 3CDP°, yields VP1, VP3 and VPO (VP2-VP4) proteins which are arranged into
apentamer. A final cleavage of VPO into VP2 and VP4, results in the maturation of the provirion into mature virion
with the capsid being icosahedral in shape and made up of 60 subunits of each protein, VP1, VP2 and VP3 are on
the surface while VP4 is buried within the capsid (adapted from Cann, 1997).

Viruses are known to utilise host machinery during different stages of their replication life cycle.
Due to the size of their genomic material, the protein coding capacity of viruses is greatly
limited. One of the host machinery used by viruses during their life cycle is a group of

specialised proteins known as molecular chaperones.
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1.4 Molecular Chaperones
1.4.1 Function of molecular chaperones

The molecular chaperone family, which also consists of several heat shock proteins (Hsps) is a
group of proteins that have abundant functions within cells; from protein folding, degradation,
translocation, buffering cell mutations, cell survival promotion and regulating the apoptosis
process (reviewed by Ellis, 1987; Feldman and Frydman, 2000; Frydman, 2001). The protein
folding processis the primary function of chaperones, they are able to bind selectively to nascent
peptides and partially folded intermediates, and distinguish between folded and unfolded proteins
by recognising the hydrophobic features of unfolded proteins (reviewed by Fink, 1999). The
process generaly requires the cooperation of different classes of chaperones. Figure 1.5
illustrates the cycle of a protein from its unfolded state to folded state. Listed in Table 1.3 are the

different classes of molecular chaperones, their members, localisation and functions.
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Figure 1.5: Schematic diagram illustrating how different classes of molecular chaperonesfunction in the cycle
to produce a folded and functional protein using the Hsp90 pathway. The cycle starts with the binding of the
nascent protein by Hsp70 and its co-chaperone, Hsp40, to form an early complex, Hsp90 and its co-chaperones
Cdc37, p23 and Hop are recruited to form an intermediate complex. The late complex only consists of Hsp90, p23,
Cdc37 and the protein of interest, with the end result of the cycle being a functional protein (adapted from Caplan et

al., 2007).
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Table 1.3: Hsp families, their members, localisation and functions (adapted from Snoeckx et al.,

2001; Xu, 2002).

Hsp10, Hspl7

Hsp22-23, Hsp27-28

Hsp32, Hsp40,
Hsp47

Hsp58, Hsp60,
Hsp65

Hsp68, Hsc70,
Hsx70, Hsp72-73,
Hsp75, Hsp78, BiP

Hsp83, Hsps7,
Hsp90a, Hspoop

Mitochondria

Cytoplasm/
perinuclear

Nucleus (Stress)

Cytoplasm/ ER

Nucleus (Stress)

ER, Mitochondrial

Cytoplasm,
peroxisomes,
mitochondria, ER

Nucleus (Stress)

Cytoplasm, Nuclear
membrane, ER

Nucleus (Stress)
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Works with Hsp60 to
promote substrate
release

F-actin assembly,
Chaperone

Guides protein folding,

Binds and transports
collagen, Hsp70 co-
chaperone

Assemble
polypeptides,
chaperone, translocates
proteins across
membranes, works
with Hsp10

Guide and folds
proteins, ATPase
activity

Binds cytoplasmic
hormone receptors,
guides certain kinases
to cell membrane,

molecular chaperone

Hartl and Hayer-
Hartl, 2002

Arrigo et al., 1988;
Arrigo and Landry,
1994

Fink, 1999; Rosser
and Cyr, 2007;
Walsh et al., 2004

Kirchhoff et al.,
2002; Soltys and
Gupta 1996

Mayer and Bukau,
1998, 2005

Fink, 1999; Picard,
2002; Chiosis et al.,
2004



1.4.2 Heat shock protein 90 (Hsp90)

One of the most abundant heat shock proteins is Hsp90 which makes up about 1% of the soluble
proteins in eukaryotes (Lai et al., 1984). Like other chaperones Hsp9O0 is involved in the folding,
transportation, maturation and degradation of many proteins (Cowen and Lindquist, 2005).
Hsp90 has 3 domains, the highly conserved N-terminal ATP-binding domain, a C-terminal
domain which has the client binding domain, and a middle domain where co-chaperones bind
(Figure 1.6).

wphindingdoman D c°‘°ha'z;':1';ien"'"d'"g

Flexible
linker

ATP binding domain . Co-chazzr;:ienblndmg

Figure 1.6: Schematic diagram of the three functional domains of Hsp90. Hsp90 exists as a dimer within the
cell. Located on the N-terminus domain the ATP binding domain. A flexible linker connects the N-terminus and
Middle domain, the Middle domain responsible for binding Hsp90 co-chaperones and the substrate binding domain
islocated on the C-terminus (adapted from Whitesell and Lindquist, 2005).

As mentioned above, the N-terminal domain is the most conserved and most studied domain out
of the three. The domain comprises of approximately 220 amino acids and has been shown to
bind both ATP and ADP. The presence of the structurally unique ATP-binding site classifies
Hsp90 into the GHLK family along with bacterial DNA gyrase, the DNA repair protein MutL
and severa bacterial histidine kinases (Dutta and Inouye, 2000). Although the listed proteins are
part of the same family and require the binding of ATP to function, they do not function in the
same way (Dutta and Inouye, 2000). The binding and hydrolysis of ATP causes a conformational
change in Hsp90 which is related to its chaperoning activities (Prodromou et al., 1997a; 1997b;
2000). The N-terminal ATP-binding site is aso the binding site of Hsp90 inhibitors,
geldanamycin (GA) and its analogues, as well as radicicol (Grenert et al., 1997; Stebbins et al.,
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1997; Roe et al., 1999). Hsp90 is known to interact with numerous co-chaperones as seen in
Figure 1.5. In order for the co-chaperones to bind to Hsp90, they have to contain 34 amino acid
tetratricopeptide repeats (TPRs), which they utilise to interact with the MEEVD motif that is
located at the end of the C-terminus (Prodromou et al., 1999; Ramsey et al., 2000). Some Hsp90
co-chaperones that contain the TRPs are Hsp70-90 organising protein (Hop), the immunophilins
FKBP51, FKBP52, and cyclophilin-40, protein phosphatase 5, the Ah receptor-interacting
protein AIP, the E3 ubiquitin ligase CHIP and the myosin-binding protein UNC-45 (Chen et al.,
1998; Carrello et al., 1999). Also located at the C-terminus is another ATP-binding site. It is
believed that the site opens up when the N-terminal ATP-binding site is occupied (Soti et al.,
2002). Hsp90 inhibitors, novobiocin (Nov), cisplatin and taxol are known to bind the C-terminal
ATP-binding site (Marcu et al., 2000a; reviewed by Donnelly and Blagg, 2008). Nov and GA
will be discussed in detail in Chapter 3, asthey were selected for analysisin this study.

The function of Hsp90 in cells under normal conditions is to maintain cell homeostasis. Thisis
achieved by correctly folding and stabilising client proteins. Recently it has been discovered that
Hsp90 plays a role in the regulation of severa factors involved in apoptosis. Hsp9O is also
involved in buffering cell mutation, cell survival promotion and recently been linked to the
preservation of transformation states of several cell types. The proteins that are controlled by
Hsp90 are involved in different roles in cells such as controlling the cell cycle, cell growth and
cell death and the inhibition of Hsp90 leads to the degradation of the various proteins via the
ubiquitin cycle resulting in arrested cell growth (reviewed by Chiosis et al., 2004). Two cytosolic
isomers of Hsp90 (Hsp90a and Hsp90B) have been identified and are expressed differently in the
cell, with the B form being induced by growth hormones and the o form expressed under stress
conditions (Buchner, 1999). A third form of Hsp90 called TRAPL or Hsp75 was discovered and
isfound in lower levels suggesting that it has a specialised function in the cell (Buchner, 1999).

1.4.3 Heat shock protein 70 (Hsp70)

Another well-studied chaperone is Hsp70. This class of chaperones is crucia in protein folding,
membrane translocation, disruption of protein aggregates and also rearranging multiprotein
complexes (reviewed by Mayer and Bukau, 1998; 2005; Fink, 1999; Pratt and Toft, 2003).

Hsp70s are highly conserved and are present in all organisms. Hsp70 consists of three domains,
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an N-terminal ATPase domain of about ~44kDa, substrate binding domain ~15kDa and a
~10kDa C-termina lid (Figure 1.7) (Flaherty et al., 1990; Zhu et al., 1996; reviewed by Fink,
1999). An EEVD motif is located on the far end of the C-terminus of the Hsp70 protein. This
motif is responsible for the interaction of the chaperone with its co-chaperones. Similar to
Hsp90, in order for an interaction to occur between the co-chaperones and the EEVD motif of
Hsp70, they require the 34 amino acid TPRs as seen in the case of HOP (Scheufler et al., 2000;
Odunuga et al., 2003).

ATPase Domain Substrate k‘nndmg Lid Domain
domain

~44kDa e
~15kDA 10kDA

Figure 1.7: Schematic representation of Hsp70 domains. A ~44kDa ATPase domain, is located on the N-
terminus of the protein and is the site where ATP binds. The substrate binding domain (SBD) of about 15kDa is
located in the middle of the protein and is the site were client proteing/substrates of Hsp70 bind. The lid domain
(LD) islocated on the C-terminus of the protein and is the site where co-chaperones bind and also is responsible for

covering the SBD.

The mode of Hsp70 function is the binding of substrates which is facilitated by the energy
provided by the hydrolysis of ATP (McCarty et al., 1995; Theyssen et al., 1996). In the ATP
bound form, Hsp70 has low affinity for substrate binding, but once ATP hydrolysis occurs with
the help of Hsp70 co-chaperone, Hsp40, a conformational change occurs and ADP-bound Hsp70
has substrate binding affinity greatly increased (reviewed by Mayer and Bukau, 1998; 2005).
Numerous isomers of Hsp70 are expressed under different conditions and location. Heat-shock
cognate 70 (Hsc70) is the cytosolic constitutive form and under stress conditions, Hsp70
expression is inducible. Bip and mHsp70 are the ER and mitochondrial forms, respectively
(reviewed by Fink, 1999).
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1.4.4 Heat shock protein 40 (Hsp40)

The Hsp40s are molecular chaperones also known as the J domain family because this domain
defines a protein as a member of the Hsp40 family. To date over a hundred Hsp40s have been
identified, forty four of the known Hsp40 are found in mammalian cells and localise to the ER,
nucleus, mitochondria, cytosol and ribosomes. Twenty homologues of Hsp40 such as Ydj1 have
been found in Saccharomyces cerevisiae and six in Escherichia coli (E. coli) where there mostly
known as Dnal (reviewed by Qiu et al., 2006). Hsp40s are divided into three different groups
based on their structural domains, namely, type 1 Hsp40s with a J domain, present in all Hsp40s,
a G/F rich domain and a zinc domain. Type 2 have the J and G/F domains but lack the zinc
domain and type 3 Hsp40s only have the J domain (Figure 1.8) (reviewed by Cheetham and
Caplan, 1998). The different domains within the Hsp40s have different functions.

Typel Cys Repeats
S
J Domain e s LH Ik/ I\_/ K‘/
Type 2 I Gly/ Pherich domain
J Domain e -
Type3
] Domain

Figure 1.8: Schematic diagram of the three different types of Hsp40s. Classification depends on the presence of
the different domains. The Jdomain is present in all Hsp40s and is involved in facilitating the interaction between
Hsp40s and Hsp70s. The G/F rich domain is found in type 1 and 2 and is responsible for stimulating the J domain.
The zinc domain which consists of four cysXXcys repeats is only present in type 1 (adapted from Qiu et al., 2006;
Rosser and Cyr, 2007).
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Structurally, the J domain is made up of four aphahelices and no beta sheets. The most
important part of the Jdomain is the exposed finger structure made up by the compression of two
of the helices making up the J domain (second and third helices). The finger tip is aloop between
helices 2 and 3 and it contains the functionally significant HPD motif, and this motif is found in
all Hsp40-like proteins. The side chain of the motif extends out from the structure and is believed
to facilitate the interaction between Hsp40 and Hsp70 (reviewed by Cheetham and Caplan,
1998). Studies have shown that the J domain is involved in the interaction and stimulation of the
ATPase activity of Hsp70 and the HPD motif is essential for this interaction as mutation of the
HPD motif leads to the loss of the interaction (Feldheim et al., 1992; Wall et al., 1994; Tsai and
Douglas, 1996). The function of the G/F domain is to stimulate the J domain when it interacts
with Hgp70 and its function appears to be dependent on the peptide binding state of Hsp70
because it has been shown that in the presence of bound peptide, the J domain can stimulate the
ATPase activity of Hsp70 in the absence of the G/F domain (Karzai and McMacken, 1996). The
zinc domain is only present in type 1 Hsp40s, it contains a cys-rich region that has a cysXXcys
motif repeated four times, and similar repeats are found in DNA binding proteins. It has been
suggested that the Hsp40 cys-rich domain might be involved in the stabilisation of Hsp70-
substrate complexes (Szabo et al., 1994; Banecki et al., 1996).

One of the most important functions of Hsp40s is to act as a co-chaperone to Hsp70s. Hsp40s are
classified as Hsp70 co-chaperones because they are able to bind Hsp70, pass substrates to Hsp70
and finally stimulate the ATPase activity of Hsp70. In order for Hsp70 to take part in these
functions, its affinity for substrates is regulated by its nucleotide binding state. When bound to
ATP, Hsp70 has low affinity for substrate proteins but when hydrolysis of ATP to ADP occurs,
the affinity of Hsp70 to substrates increases due to a conformational change that occurs. In order
for Hsp70 to act as a chaperone, it needs to undergo repeated cycles of ATP hydrolysis and
nucleotide exchange, allowing it to bind and release substrates numerous times (Figure 1.9)
(reviewed by Fink, 1999; Mayer and Bukau, 2005; Qiu et al., 2006; Rosser and Cyr, 2007).
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Figure 1.9: Systematic diagram illustrating the functions of Hsp40 as a co-chaperone to Hsp70. In its ATP
bound form, Hsp70 has low affinity for binding to substrates, Hsp40 is essential in changing the ATP bound to

Hsp70 to ADP, thisincreases the binding affinity of Hsp70 to its substrate (adapted from Fan et al., 2003).

Due to their versatile roles within the cell, Hsp40 and other chaperones have been targets of

exploitation by viruses of many families and genera as discussed below.

1.5 Virus-Chaperone Interaction

1.5.1 General viral-chaperone interactions

Since the discovery of minute particles using light microscopical techniques as disease causing
agents, extensive research has been conducted to understand these killers. The particles, termed
“viruses’ seem to hijack host cell machinery and pathways in order to undergo their infectious

cycle. The relationship between chaperones and viruses has been widely documented,
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implicating the mgjority of these proteins as unwilling participants in viral entry, replication and

assembly (extensively reviewed by Sullivan and Pipas, 2001; Xiao, 2010).

a) Viral entry

Viruses are known to interact with chaperones during their entry in to the host cell. The role of
chaperones during viral entry is to act as vira receptors or assist in the viral uncoating process.
Rotaviruses require the presence of Hsc70 during their entry into the host cell. The interaction
occurs during a post-attachment step, where the chaperone brings about a conformational change
to the viral capsid, facilitating the entry of the virus into the cytoplasm (Guerrero et al., 2002;
Zarate et al., 2003). Other examples of chaperone-virus interactions that mediate vira entry
include Hsp90/ Hsp70 and Dengue virus (Reyes-Del Valle et al., 2005), Hsp70 and Japanese
encephalitis virus (Das et al., 2009) and GRP78 (Hsp70) and Coxsackievirus (CV) A9
(Triantafilou et al., 2002).

b) Chaperone regulation by viruses

There is evidence of certain viruses inducing directly or indirectly the expression of cellular
chaperones such as Hsc70, Hsp90 and Hsp40 (reviewed by Sullivan and Pipas, 2001). It has been
suggested that the expression of these chaperones is an automatic response to the stress the cell
undergoes during viral infection and not to facilitate vira replication. This situation has been
noted in cells infected by viruses from the Polyomaviridae, where infection induces an increase
in the expression of Hsc70 but the protein does not have any functionsin viral replication (Sainis
et al., 1994). However, the increase of Hsc70 expression in avian Adenovirus is a clear
indication of how the virus is dependent on the presence of the chaperone. Hsc70 expression is
upregulated by the virus and shown to be essential in vira DNA nuclear import and binding to
capsid proteins (Saphire et al., 2000). The increase of gp96 (ER Hsp90) levels in Hepatitis B
virus (HBV)-infected cells correlates considerably with disease progression (Zhu et al., 2004).

c¢) Replication and gene expression

The magjority of virus-chaperone interactions occur during the replication of viral genomic
material. DNA viruses such as Hepadnaviruses replicate via the mechanism of protein-primed
reverse transcription using a specialised reverse transcriptase (RT) and it has been shown that the

presence of Hsp70 and to some degree, Hsp90, is required for the activation of the RT (Stahl et
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al., 2007). In duck HBV, Hsp90 activates the RT by forming a bridge between the two separate
domains of the protein, enabling the formation of a ribonucleoprotein complex and vira RNA
(Hu and Anselmo, 2000). In Influenza A virus, Hsp90 stimulates the activity of the RNA
polymerase and this leads to efficient transcription and replication of viral RNA (Momose et al.,
2002). In E.cali, in vivo experiments illustrated how the presence of DnaJ and other chaperones,
DnaK (Hsp70) and GrpE are required for the initiation of bacteriophage lambda DNA replication
(Alfano and McMacken, 1989; Zylicz et al., 1989; Hoffmann et al., 1992). Earlier studies
showed that these chaperones are crucia for DNA replication as mutated forms of the three
listed chaperones resulted in no DNA replication initiation when introduced to a crude in vivo
system containing the lambda DNA replication system (Zylicz and Georgopoulos, 1984; Zylicz
et al., 1985; 1987).

In both Influenza A and B viruses, Hsp40 has been shown to interact with the M2 protein (Guan
et al., 2010). The M2 protein functions as an ion channel and is important for virus uncoating
and essential for virus replication. Hsp40 has been illustrated to be a regulator of the PKR, a
crucia component of the host cell in the defence against vira infections. Hsp40 regulates the
PKR pathway by interacting with the cellular inhibitor of PKR, p58'™ (Mdlville et al., 1997). It
is proposed that the M2 protein forms a stable complex with both Hsp40 and p58'™ which
enhances the autophosphorylation of PKR which in turn induces cell death (Guan et al., 2010).
The resulting apoptosis has been shown to be beneficial for influenza virus replication (Oslen et
al., 1996; Wurzer et al., 2003).

The Hepatitis C virus (HCV) RNA-dependent RNA polymerase has been shown to interact with
cyclophilin A (a chaperone with isomerase activity) in order to facilitate its maturation by
exploiting its chaperone and isomerase activities (Chatterji et al., 2009). Within the same virus,
Hsp90 was identified as a crucial factor in the maturation of the protease protein, NS2/3, a vital
protein for viral replication (Waxman et al., 2001). In papillomaviruses, Hsp40 and Hsp70
improve the binding of the viral protein E1, a replication initiator helicase to the origin of
replication on viral DNA, unwittingly enhancing viral replication (Liu et al., 1998).

Hsp90 has also been found to play arole in the assembly and function of the Flock house virus
(FHV) RNA replication complex (Kampmueller and Miller, 2005; Castorena et al., 2007). One

of the normal functions of Hsp90 in a cell is to transport mitochondrial proteins to the outer
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mitochondrial membrane import receptors. Using the same pathway, Hsp90 is able to facilitate
FHV RNA replication complex assembly and function by transporting the RNA replication
complex to the mitochondria membranes where it is assembled (Castorena et al., 2007). Weeks
and co-workers, illustrated how the yeast homologue Ydj1 facilitates viral replication, while
Hsp70 was shown to be a crucial regulator of FHV polymerase synthesis (Weeks et al., 2008;
2010).

Human immunodeficiency virus-1 (HIV-1) has also adapted its replication strategy to utilise
chaperones. The Nef protein is one of the most important viral proteins necessary for vira
pathogenesis and disease progression. The protein has aso been implicated in viral replication
and gene expression. Through in vivo and in vitro experiments, it was found that the Nef protein
induced the expression of Hsp40 in HIV-1-infected cells. The interaction is important because it
increases Hsp40 translocation into the nucleus of infected cells which, in turn, facilitates viral
gene expression by becoming part of the cyclin-dependent kinase 9-associated transcription
complex, regulating long terminal repeat-mediated gene expression (Kumar and Mitra, 2005). In
HIV-2, Hsp40 interacts with Vpx, a protein required for nuclear translocation of the vira pre-
integration complex (PIC) in dormant cells. Over-expression of Hsp40 was found to enhance the

nuclear import functions of Vpx (Cheng et al., 2008).

The positive strand RNA virus, Brome mosaic virus, a member of the aphavirus-like
superfamily which replicates in yeast and plant cells also depends on Y dj1 for the accumulation
of negative strand RNA synthesis. A mutation in Ydj1 resulted in the absence of viral RNA,
leading to the conclusion that Ydj1 is involved in forming replication complexes needed for
RNA synthesis (Tomitaet al., 2003).

Recent research has shown that Hsp40 is required in the Measles virus life cycle for itsrole as a
co-chaperone to Hsp70. Couturier et al., (2009) have illustrated how Hsp40's ATP hydrolysis
activity is required in the binding of Hsp70 to the measles virus nucleoprotein in order to
stimulate viral transcription and genome replication. Other examples of Hsp40 functioning in
conjunction with other cell components to facilitate viral replication are illustrated by Nanda et
al., 2004, where mitochondrial Hsp40 along with Hsp70 and Hsp60 have been shown to bind to
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the 3" untrandlated region of Murine hepatitis virus (MHV) genome prior to viral RNA import

into the mitochondria

d) Chaperone-mediated viral assembly

The chaperone-vira protein interaction is not only observed in vira replication but also in virion
assembly, although this interaction has not been studied in-depth. An example of a chaperone
assisting in virion assembly is seen in the case of Hsc70 and HIV-1, where Hsc70 is found
enclosed within the HIV-1 virions suggesting an interaction between the chaperone and virus
during the assembly process (Brenner and Wainberg, 1999). The ER chaperone calnexin is
involved in the formation of the HCV envelope, the chaperone assists in the assembly of the two
glycoproteins, E1 and E2 (Dubuisson and Rice, 1996; Choukhi et al., 1998; Dubuisson, 1998). In
Polyomavirus, it has been shown that Hsc70 binds to the VP1 capsid protein, regulating quality
and the location of virus assembly (Chromy et al., 2003). Another example of chaperone-
mediated viral assembly is the indirect involvement of GRP78/BiP, calnexin and calreticulin in
the assembly process of Rotavirus vira particles (Maruri-Avidal et al., 2008). Also, the
regulation of GRP78/BiP levels during Human cytomegalovirus infection enhances virion
assembly in the cytoplasm (Buchkovich et al., 2008). In picornaviruses, it was found that Hsp70
and Hsp90 play arole in the assembly process (Macgjak and Sarnow, 1992; Geller et al., 2007).
The association of Hsp70 and Hsp90 in picornavirus assembly will be discussed in-depth in an

upcoming section.

e) Chaperone-like viral proteins

The requirement for chaperones in viral replication is so crucia that some viruses have resorted
to mimicking the functional domains of the chaperones. Simian virus 40 (SV40) has been
intensively studied and has become a model to decipher the origin of cancer due to its uncanny
ability to control different phases of the cell cycle (Hahn et al., 2002). This ability has been
attributed to the large tumour antigen TAg, which has been shown to be essential for efficient
virus replication. The interesting feature of this protein is found on the N-terminal region, which
has functions similar to that of the J domain of Hsp40. The J domain enables TAg to interact

with endogenous Hsp70 as its natural co-chaperone and this interaction enables the virus to
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complete its vira cycle without utilising host Hsp40 (Campbell et al., 1997; Genevaux et al.,
2003).

The virally-encoded capsid-associated protein 80 is known to assist in the proper folding of the
major capsid protein p73 of African swine fever virus (Cobbold et al., 2001). The R1 subunit of
Herpes ssimplex virus (HSV) ribonucleotide reductase has been shown to have chaperone-like
activities similar to those of Hsp27 that assist in the protection of the cells from apoptosis during
infection (Chabaud et al., 2003). Also, the non-structural Rotavirus NSP4 glycoprotein regulates
the folding of the structural protein VP4 and facilitates protein transportation through the ER
membrane during virion assembly similar to ER chaperones (Suzuki, 1996).

d) Negative effects of chaperone-virus interactions

Not all virus-chaperone interactions are beneficial or facilitate vira replication. Some of these
interactions are detrimental to the survival of the virus. Unlike the other virus examples listed
above, the presence of Hsp40s seem to have a suppressive function on the replication ability of
HBV. The chaperones are able to suppress HBV replication by accelerating the degradation of
the viral core and HBx proteins. Inhibition of the Hsp40s resulted in an increase of HBV
replication, showing that the presence of Hsp40s is responsible for the virus's inability to
replicate (Sohn et al., 2006a; 2006b). Some of the viral-chaperone interactions discussed above

are summarised in Table 1.4.
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Table 1.4: Summary of selected virus-chaperone interactions.

g

Hsp70

Hsp90

Hsp40

Hsp70

Hsp90

Hsp40 (DnaJ)
Hsp70 (DnaK)
GrpE

Hsc70

Hsp90

Hsp70/ Hsp40

Hsp70/ Hsp90

Hsp90

Hsp90

Hsp40

Suppresses viral replication

Viral morphogenesis and
replication

Binds viral polymerase

Facilitates viral gene
expression, enhancesthe
Vpx nuclear import
functions

Associated with viral
transcription

Helpslocalise viral
polymerase to the nucleus

Initiates bacteriophage
lambda DNA replication

Viral replication, import of
viral DNA into nucleus
Stimulates RNA
polymerase

Stimulates viral
transcription and replication

Activatesreverse
transcriptase

Assemble viral replication
complexes

Involved in viral replication
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1.6 Picornaviruses and Chaperones

As described above for other virus families, picornaviruses are also known to utilise molecular
chaperones during their life cycle. Recent studies have shown that chaperones are also involved
in the assembly process of enteroviruses, PV, HRV and CV (Geller et al., 2007). The two
chaperones implicated are Hsp90 and Hsp70. Both of these chaperones have been shown to only
interact with picornavirus structura proteins and have no association with any of the non-
structura proteins. The studies conducted on Hsp70 and Hsp90 show that interaction occurs with
the capsid precursor protein, P1. Immunoprecipitation experiments showed that P1 was the only
viral protein to co-precipitate with the two chaperones (Geller et al., 2007; Macegjak and Sarnow,
1992). The interaction between Hsp70 and P1 was shown to be highly stable as high salt and
high detergent concentrations did not disrupt the association between the two proteins (Macejak
and Sarnow, 1992). When inhibition studies on Hsp90 using GA were conducted, it was
observed that when Hsp90 ATPase activity was inhibited, P1 could not fold into the proper
conformation necessary for the final cleavage step and this resulted in no viral capsid formation
and no new viral particles produced. The study also revealed that chaperone-mediated P1 protein
folding was governed by strict evolutionary constraints since the virus could not adapt to the
inhibition of Hsp90 and form an aternative folding strategy as seen by the absence of mutant
viruses that could replicate in the presence of GA (Geller et al., 2007).

1.7 Project Motivation

The involvement of host cell factors such as molecular chaperones in facilitating the replication
cycles of numerous viruses has been extensively researched. Molecular chaperones have been
shown to be involved in vira entry, replication, protein activation, assembly and exit and

picornaviruses are no exception.

In light of the information given above that highlights the importance of chaperones in
enteroviruses, this study intends to further investigate the role of chaperonesin picornaviruses. In
picornaviruses, studies have been conducted to examine the involvement of Hsp70 and 90, but

not Hsp40, a chaperone that is known to work in conjunction with Hsp70 and is part of the
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Hsp90 pathway. Secondly, no studies have been conducted to investigate the role of chaperones
in the replication of TMEV and cardioviruses, in general. With the discovery of new human
cardioviruses, using TMEV as a study model will aid in elucidating the host-virus interactions of
these viruses. By understanding these specific interactions, antivirals that target them may be
devel oped.

1.8 Hypothesis

Hsp40, Hsp70 and Hsp9O0 are host factors involved in the replication and assembly of TMEV.

1.9 Aims and Objectives
Overall Aim

The main aim of this research was to investigate the role of Hsp40, Hsp70 and Hsp90 in the life
cycle of TMEV by determining the effects of Hsp90 inhibitors on replication and examining
localisation of Hsp90, Hsp70 and Hsp40 in TMEV-infected and mock-infected Baby BHK-21
cells.

Objectives

= Conduct in slico analysis, to identify sequence or structural similarities between
picornavirus P1 polyproteins and examine protein domains of Hsp90 cellular and vira
client proteins using protein domain architecture.

= Determine the effects of Hsp90 inhibitors, Nov and GA on the development of CPE in
TMEV-infected BHK-21 cells and detect viral proteins in drug-treated and untreated cells
using anti-TMEV 2C antibodies.

= Examine the localisation of Hsp40, Hsp70 and Hsp90 in TMEV-infected and mock-
infected BHK-21 cells by indirect immunofluorescence (IF) and confocal microscopy.
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Chapter 2: In Silico Analysis of Picornavirus Capsid Proteins and
Hsp90 Client Proteins

2.1 Introduction

This chapter involves a bioinformatic analysis of the picornavirus capsid precursor protein P1,
focusing on the VP1 capsid subunit to identify sequence and structural conservations present
within the capsid protein. Protein domain features of Hsp90 cellular and vira client proteins
were also examined. Due to the small size of the viral genetic material, the protein coding
capacity of viruses is greatly limited. In order to complete their replication cycles, viruses have
evolved the ability to utilise host machinery including Hsps. Recently, Hsps have become the
focus of intensive research in virology because numerous viruses have been shown to utilise
them during different stages of the viral replication cycle (reviewed by Sullivan and Pipas, 2001;
Xiao, 2010) and picornaviruses are no exception. Studies have shown that an interaction between
Hsp90 and Hsp70 with the enterovirus capsid precursor polyprotein, P1 is essential during the
assembly process, in assisting folding and maturation of capsid proteins (Macegak and Sarnow,
1992; Geller et al., 2007). While numerous studies have been conducted to better understand the
virus-chaperone connection in viruses such as HIV (Brenner and Wainberg, 1999; Kumar and
Mitra, 2005; Cheng et al., 2008), HBV (Hu and Anselmo, 2000; Sohn et al., 2006a; 2006b) and
Influenza viruses (Momose et al., 2002; Guan et al., 2010), only two studies have focused on the
interaction between picornavirus proteins and chaperones (Hsp90 and Hsp70) (Macgak and
Sarnow, 1992; Geller et al., 2007).

Hsp90, one of the most studied chaperones, was chosen for analysis because studies have
indicated that Hsp90 interacts with a diverse group of specialised cellular proteins such as
transcriptional factors, kinases and several co-chaperones (reviewed by Young et al., 2004;
Picard, 2002; Pratt and Toft, 2003). Along with its chaperoning role, Hsp90 is aso involved in
different functions and processes such as tranglocation, buffering cell mutations, cell surviva
promotion and regulation of apoptosis (reviewed by Ellis, 1987; Frydman, 2001) within the cells.
The ability of Hsp90 to interact with a diverse group of proteins has made the chaperone a target
of exploitation by viruses to facilitate their life cycles by hijacking numerous pathways and

exploiting cellular processes mediated by Hsp90.
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The aim of this chapter was to discover identical or similar amino acid residues or protein
structures within picornavirus capsid proteins, focusing mainly on the VP1 capsid subunit. In
addition, examine protein domains of cellular and viral proteins to highlight the diversity of the

Hsp90 client proteins. The specific objectives were:

e To discover identica or similar amino regions within the sequence of severa
picornavirus VP1 proteins by conducting multiple sequence aignment analysis.

e To construct a three dimensional structure of TMEV GDVII VP1 protein and determine
structural similarities between VP1 proteins of various picornaviruses.

e To compare protein domains of cellular and viral clients of Hsp90 through protein
domain architecture using SMART.

2.2 Methods and Materials

2.2.1 Multiple sequence alignment

Alignment was performed with the ClustalW agorithm (Thompson et al., 1994) under the
BioEdit Sequence Alignment Editor Software, version 7.0.4.1 (Hall, 1999) with BLOSUMG62
scoring matrix and default parameters. The accession numbers of the VP1 protein sequences
used in the multiple sequence alignments were: cardioviruses (TMEV GDVII (AAA62147);
SAFV 1 (YP_001210296; ECMV (NP_056777)), enteroviruses (PV 1 (NP_041277); HRV 14
(NP_041009), CV B3 (ACY40750)) and aphthoviruses (FMDV Type O (NP_658990)).

2.2.2 Modelling of the VP1 Subunit of the TMEV GDVII P1 protein

The TMEV GDVII VP1 sequence (Accession No. AAA62147) was submitted to the Internet-
based modelling server HHPred to identify templates, search results were restricted to templates
with resolved structures. A model for TMEV GDVII VP1 was generated by the MODELLER
(Sali et al., 1995) software using TMEV DA VP1 (PDB ID: 1TME) as a template. Generated
TMEV GDVII VP1 model was compared to resolved three dimensional structures of severd
picornaviruses available in the Protein Data Bank (PDB). Three dimensional structures used: CV
(PBD entry 1Z7S), HRV (PDB entry 1AYM), PV (PDB entry 1POV). Model was rendered using
the open-source software PyMol v0.98 (2005 Delano Scientific LLC).
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2.2.3 Protein domain architecture

Protein domain architecture was carried out using the Internet based Simple Molecular
Architecture Research Tool [SMART] (http://smart.embl-heidelberg.de, Schultz et al., 1998;
Letunic et al., 2008) under default parameters, SMART mode: normal, search databases: outlier

homologues, PFam domains, signal peptides, internal repeats and intrinsic protein disorders. The
accession numbers of protein sequences used were. TMEV GDVII P1 (AAA62147); Insulin
receptor (AAA59452); Estrogen receptor (NP_0319821); Glucocorticoid receptor
(NP_00166458); Her2 (AAU019101); Stat3 (BAH47273); p23 (AAA18537); Influenza A virus
RNA polymerase (AAP04505).

2.3 Results

2.3.1 Identification of conserved amino acid residues in the capsid protein of

picornaviruses

Multiple sequence alignment of VP1 amino acid sequences from three cardioviruses (TMEV,
ECMV, SAFV), three enteroviruses (PV, HRV, CV) and one aphthovirus (FMDV) was
conducted to identify within the VP1 sequences, regions that were highly conserved in identity
or similarity which may suggest that they have similar functional significance within the family.

Results are presented in Figure 2.1.

The size of the sequences alignment ranged from 211 amino acids (FMDV) to 302 amino acids
(PV). The figure dso illustrated severa residue deletions, with the major deletions occurring
within the VP1 protein sequence of FMDV. The alignment anaysis revealed that the number of
amino acid residues conserved or similar within query sequences was extremely low, as
indicated by the number of amino acids highlighted red and blue, representing identical and
similar residues, respectively. Overal, 29 out of 302 (10%) amino acids were found to be
identical and 35 out of 302 (12%) amino acids share similar physical properties.
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http://smart.embl-heidelberg.de/�

TMEV GDVII NAEKGKVSN- - -DBASVDFVAEPVK ENQTRVAF 35
SAFV1 NAEKGKVSD - - -DNASADFVAVPIQ ENQTEVSF 35
ECMV NAEKGVTEN- - -THNATADFYVAQPVYY ENQTKVAF 35
FMDV Type O TTSAGESADP -VTATVENYGGETQVQRRQHTDIAF 34
HRV14 EVIVEKTKQO- -TVASISSGPKHTOQK| ILTANETG 40
CVB3 DAITAAIGR- -VABTVGTGPTNSEA ALTAAETG 37
PV RETVGAATSRDALPNTEASGPTHSKE ALTAVETG 50
TMEV GDVII AVIJAI GMERPG - -QONMETTFSYQENDFRLNCLLETPLPSYCPDSSSG 8683
SAFV1 AVILAS A AVGTNQGLNISFSLESASGVMNNIL TPLPSDRLKENE - 84
ECMV SSUIGAFTVKS -GSLESGFAPFSNGTCPNSVIETPGPQFDPAYDOQ- 83
FMDV Type O FUKVKPKEQVNVLDLMOQIPAHTLVGALLRTATYYFS - - - - - - - - - - 74
HRV14 ATMPVELUSDSHETRTTYMHFNGSETDVECFLGRAACMHVTEI QNKDATGI1 90
CVB3 VIR AGD TMOTRHVKNYHSRSESTIENFLCRSACMYFTEYENSG- - - - 83
PV ATHNPL I JASD TMQTRHVVOHRS RSESSIESFFARGACMTIMTVDNPAST - - 98
TMEV GDVII PVRTKAPVOQWR RSGGANGANFPLMTKQDA - JLCFSPLUTYYKCDLEVT 132
SAFV1 ---FGLDEQHR|JILSFOSATSSTPPYRTKQDMWN - JLMFSPRUTYYKCDLEVT 130
ECMV --LRPQRLTEI| JGNGNEETSKVFPLKSKQDIS -JCLFSPJVYYKCDLEVT 130
FMDV TYPE O - - = = = - = o o s s e e e m s s e e m s e e m e m e e mmmm === == mmmmmm === == 74
HRV14 DNHREAKLFNDLUIKINLSSLYVOLRKKLELFTRUVR UUDSEYTILATAS - -QPD 138
cvyez @00 - - - - - AKRYAE LTPROAAQLRRKLEFFTUVR|GDLELT|gVITSTQQPST 128
PV - -TNKDKLFAV|/IKITYKDTVOQLRRKLEFFTSR|QDMELT|QVVTAN--FTE 144
TMEV GDVII VSAMG.GTVSSV RWA AT VY JADVTDQLIGNTPHILGETR[IJH IVGSGN 182
SAFV1 LSLNSGSAAGAVMRIAAS A JIVDITTQTMPETPHILADTREBH LVGAGS 180
ECMV LSPHTSGNHGLLMR TTKPTTGVLHEVS 180
FMDV Type O -DLELAVKHEGDETM A N FIJETALDNTT - - - - - - - - - - 113
HRV14 SAN-YSSNLVVOQAM Qs 183
CVB3 TOQNQDAROQI LTHOEM QT 174
PV TNNGHEALNQVY OljMm QT 190
TMEV GDVII S-QISFV vV LP GMN- - - = = - = = 223
SAFV1 TNQISFV vV LP SN---=-=-- - = 222
ECMV SNQISFV VLS DMN- - = - = - - = 222
FMDV Type O R----LA -PHRVL GDTSTN - 154
HRV14 ---SRFS SAYNCEV D -WE-IHDDA - - - - - - - - 221
CVvB3 P--PRMS GNAY S NIEFL N E.Sll -------- 213
PV P--ARIS NAYSHEWWE - F-IKVPLKDQSAALGDSL 237
TMEV GDVII R IBGNS - - - - - - - - - SASUR I [JY SAAJTLFFPWPTPTTTKI 264
SAFV1 REFVERBGSD - - - - - - - - - RFS FlJY SAAJTVYFPWPSESVSKI 263
ECMV TEFFAGTKPD - - - - - - IKFT LIAdYLINK SAAJTVFFPHMPT -SGDKI1 265
FMDV Type O AERTLPTSFNFGAIKATRVTERLY IMIIRAETHESJd4JLLAIQPSDARHKQR 204
HRV14 SMA F IVNEHDEHKTLVKIR HUJALILNME A A JAPRALPYTSIGRTNY 271
CVB3 TEYARHVNAGSTGPIKSTIR FP| 1H A AAJPRLCOEKAKNVNF 263
PV IEAVRVVNDHNPTKVTSKIR LEPL{H V=LA AJIPRAVANIYGPG-VDY 286
TMEV GDVII NADMNPVPILELE - - - - - - 276

SAFV1 HANTPVQILELQ- - - - - - 275

ECMV DMTPRAGVLMLE - - - - - - 27T

FMDV Type O IVAPAKQ - - - = = = = = = = = 211

HRV14 PKNTEPVIKKRKGD I KSY 289

CVB3 QPSGVTTTRQSITTMTNT 281

PV KDG- -TLTPLSTKDLTTY 302

Figure 2.1: Multiple sequence alignment of picornavirus VP1 protein sequences using ClustalW. A multiple
sequence alignment was conducted on sequences of the VP1 subunit of the capsid precursor protein, P1 from the
following picornaviruses: TMEV GDVII (AAA62147); FMDV Type O (NP_658990); SAFV 1 (YP_001210296);
PV 1(NP_041277); ECMV (NP_056777); HRV 14 (NP_041009); CV B3 (ACY40750). Identical amino acids are
highlighted in red and amino acids with similar chemical properties are highlighted in blue (software used under
default parameters and BLOSUM62 scoring matrix).
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2.3.2 Three dimensional structural modelling and comparison analysis of
picornavirus VP1 proteins

The following analysis involved the use of MODELLER to construct a TMEV GDVII VPL1 three
dimensional model using TMEV DA (ITME) as atemplate. To determine structural conservation
or similarity between picornavirus capsid proteins, the predicted structural model of TMEV
GDVII was compared to resolved VP1 structures of PV, CV and HRV. Results are presented in
Figure 2.2.

Structural analysis of the selected picornavirus VP1 protein (compare panels i-iv of Figure 2.2),
all had apha-helixes (coloured red), but the positions and number differed for each proteins. The
most striking difference between the models is the length and conformation of the loops
(coloured green) connecting the secondary structures. Interestingly, an eight-stranded anti-
paralel beta-barrel structure (coloured yellow) was present in all analysed VP1 proteins.

It is important to note that the TMEV GDVII VP1 structure was previously resolved by Luo et
al., 1996.
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Figure 2.2: Structural model of TMEV GDVII and resolved structures of various picornavirus VP1 proteins.
Cartoon representation of various picornaviruses VP1 capsid proteins, (i) MODELLER predicted structure of
TMEV GDVII; resolved structures of (ii) HRV (INCQ), (iii) CV (1Z79), (iv) PV (1POV). Beta-shesets, apha
helices and loops are coloured yellow, red and green, respectively. Model was rendered using PyMol v0.98
software.

2.3.3. Protein domain comparison of cellular and viral Hsp90 client proteins

To illustrate the diversity of Hsp9O0 client proteins, protein domain architecture was conducted on
several well studied Hsp9O cellular and viral client proteins, with the exception of TMEV P1.

Results are presented in Figure 2.3.

The SMART program was used as an aternative evaluation tool to multiple sequence alignment
which is commonly used in comparison analysis. The PFam database was used to analyse the

domain organisation of the proteins because it is large and widely used as it contains a vast
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amount of protein domains and families. The six cellular client proteins chosen for comparison
are part of the co-chaperone family (p23), transcription factors (STAT3, glucocorticoid
receptors, estrogen receptor) and kinases (HER2 and insulin receptor). Extensive studies have
been conducted to characterise the interaction of Hsp90 and the listed proteins, STAT3 (Sato et
al., 2003), p23 (Sullivan et al., 2002), estrogen receptor (Bouhouche-Chatelier et al, 2001),
glucocorticoid receptor (Bohen, 1995), insulin receptor (Takata et al., 1997) and HER2 (Citri et
al., 2004). The Influenza A virus polymerase was chosen for analysis as the viral client protein
(Momose €t al., 2002). The features of selected client proteins were compared to those of the
TMEV P1, since it was the protein of interest.

The black lines and the multiple coloured shapes in Figure 2.3 represent the protein sequence and
the different protein domains, respectively. The figure illustrated that the proteins differ in
complexity as seen by the variation of protein domains within each protein. The insulin receptor
consists of six different domains, four in STAT3 and the estrogen receptor , three domains in the
glucocorticoid receptor and only one in the Her2, p23 and the Influenza A virus polymerase
sequences. Although, three protein domains were identified in TMEV P, they were al classified
as capsid domains. In addition, common and unigue proteins domains were aso identified within
the proteins. Some common domains present in more than one protein were; the ligand binding
domain, the tyrosine kinase catalytic domain, and the zinc finger domain. Mgority of the
domains were unique to one protein such as the furin-like repeats, STAT interaction domain,
fibronectin type 3 domain, picornavirus capsid domain, DNA binding domain, all alpha helica
domain and polymerase domain. The main observation was that, no common protein domain was

identified within the proteins.

It is important to note that the protein domains identified amongst the proteins do not represent

all the domains that may be present but limited to those found within the PFam database.
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Figure 2.3: Schematic representation of the protein domains of cellular and viral Hsp90 client proteins.
Protein domain architecture generated by submitting the amino acid sequence of each protein to SMART program.

Program used under default parameters.
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2.4 Discussion

Multiple sequence alignment analysis of various picornavirus VP1 protein sequences was
conducted in an attempt to identify a region or regions within the query sequences that might
show a high degree of conservation or similarity. The VP1 protein in picornaviruses forms the
virus capsid along with three other proteins, VP2, VP3 and VP4, where 60 copies of each subunit
are required for the formation of the icosahedral capsid (Racaniello, 2001). Although studies
have shown VPL to be the most variable capsid protein in terms of length, sequence and charge
which makes the alignment of the sequences complicated (Palmenberg, 1989), it was selected for
further analysis. The variability makes VP1 the best suited capsid protein for prediction studies
under the assumption that any series of amino acid residues or regions found conserved
throughout the family may suggest that they have a vita role in the function of the protein.
Figure 2.1 showed that the VP1 protein sequences were highly divergent within picornaviruses.
VP1 sequences play an important role in the determination of virus tropism and antibody
neutralisation (Oberste et al., 1999; reviewed by Racaniello, 2001), which might contribute to
the sequence divergence. Insertions and deletions within VP1 protein sequences aso contributed
to the low sequence identity and similarity. According to the literature, FMDV lacks surface
canyons or “pits’, which are known to be receptor binding sites within cardio- and enteroviruses
(Luo et al., 1987; Muckelbauer et al., 1995; Kolatkar et al., 1999), suggesting the lack of these
surface structures might be linked to the deleted residues. Another possible explanation for the
observed sequence divergence could be due to the presence of the CD loops (I and I1) only found
in cardioviruses, which play a vital role in virus pathogenicity and persistence (Wada et al.,
1994; McCright et al., 1999). Interestingly, athough the loops are only present within
cardioviruses VP1 sequences, the loop regions vary greatly within the genus (Zoll et al., 2009).

Since the multiple sequence alignment analysis illustrated the divergence of the capsid protein
sequences, the structural model of TMEV GDV I and resolved structures of several picornavirus
VP1 proteins were analysed. Anaysis was conducted in an attempt to identify structura
similarities between the analysed picornavirus (TMEV, PV, HRV, and CV) capsid proteins.
Although a resolved structure for TMEV GDVII VPl protein exists (Luo et al., 1996), a
modelled structure was used in this study. All VP1 proteins had a similar conserved core, a
wedge shaped eight-stranded anti-parallel beta-barrel structure (also called a beta-barrel jelly roll
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or a Swiss-roll beta-barrel). The wedge shape of the structure is thought to facilitate the
packaging of structural subunits to form a dense and ridged protein shell, allowing the virus
particles to be acid-stable and to retain infectivity at various pHs (reviewed by Racaniello, 2001).
Interestingly, the conserved eight-stranded anti-parallel beta-barrel also makes up the core of
both VP2 and VP3 capsid proteins. Due to the size of VP4 (17 to 34 amino acids) compared to
VP1 (209-302 amino acids), VP2 (218-267 amino acids) and VP3 (219-246 amino acids)
(Pamenberg, 1989), it is the only capsid protein that does not possess the eight-stranded anti-
paralel beta-barrel structure. Overal, the structure of VP1 capsid proteins is highly conserved
within the family and may be linked to the assembly process being highly conserved within the
family. The conservation of the capsid protein structure, which is thought to be linked to the
assembly process, suggests that the involvement of Hsp90 in facilitating the proper folding and
maturation of the capsid proteins as seen in enteroviruses, (Geller et al., 2007) may also be

required in TMEV and other picornaviruses.

Protein domain architecture was conducted on several cellular and viral proteins known to be
Hsp90 clients, with the exception of TMEV P1. Through protein domain comparison, several
differences were observed that highlighted the diversity of Hsp90 client proteins. The complexity
of each protein contributed to the differences observed. The first difference observed was the
absence of a pattern in the number of protein domains present within each client; seven domains
were identified in the insulin receptor, four in STAT3 and the estrogen receptor and only one in
p23, HER2 and the Influenza A virus polymerase. Secondly, the insulin receptor had repeats of
identical domains, the furin-like repeats domain and fibronectin type 3 domain. Interestingly, this
feature was only observed in one other protein, TMEV P1, a protein not known to interact with
Hsp90. Thirdly, the mgority protein domains were unique to one protein as seen in the case of
the polymerase domain, STAT interacting domain and CS domain which belong to the Influenza
A virus polymerase, STAT3 and p23, respectively. The unique domains might be linked to the
specific function of each protein within the cell or virus. Some protein domains were present
within more than one protein and this might be because the proteins having function equivalence
within the cell as seen in the cases of HER2 and the insulin receptor and the glucocorticoid and
estrogen receptors which are known to be part of the kinases and transcription factors,
respectively. Interestingly, athough all analysed proteins are known Hsp90 client proteins with

the exception of TMEV P1, no common protein domain that could be functionally connected to
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Hsp90 was identified. As mentioned, the protein domains identified during this study were those
only present within the PFam database, meaning that if the domain linked to Hsp9O0 is not part of
the PFam database, therefore it could not be identified. Also, even though the client proteins
chosen for analyses represented different classes of Hsp90 client proteins, the number of proteins
anaysed might not have been significant to recognise any possible subtle sequence
motifs/patterns that might be common between Hsp90 client proteins. Alternatively, this
observation suggests that Hsp90 most likely recognises surface features rather than a sequence
motif/pattern. Several studies have suggested that surface features such as exposed hydrophobic
residues in partially denatured regions might be responsible for the formation of stable
complexes between Hsp90 and its client proteins, such as p53 (Mdller et al., 2004), a well
characterised H5p90 client. Identifying a similar or identical hydrophobic feature on the surface
of al known Hsp9O0 client protein and then on the TMEV P1 protein, would suggest that TMEV
P1 might also interact with Hsp9O0.

2.5 Conclusion

By using multiple sequence alignment anaysis and structural comparison anaysis, the
identification of a conserved structure in the VP1 capsid protein of picornaviruses was
successful. The following conclusions were reached with regards to the VP1 protein:

e The amino acid sequences of the VPl proteins are highly divergent within the
Picornaviridae as highlighted by the presence of few identical and similar amino acid
residues. The divergence in the sequences might be linked to the function of VP1 in

determining virus tropism and antibody neutralisation.

e All analysed VP1 proteins had a similar conserved core structure, a wedged-shaped el ght-
stranded anti-parallel beta-barrel structure. This structure is thought to be involved in the
packaging of structural subunits to form the picornavirus protein capsid and possibly

linked to the conversation of the assembly process between picornaviruses.

Differences in the features of selected Hsp90 client proteins were successfully identified using
protein domain architecture analysis. From the analysis it was concluded that:
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e The analysed client proteins differed in their complexity as seen by the existence of
varying numbers of domains and repeats of identical domains and the presence of unique
domains within any particular protein, which might be linked to the different functions of

each protein.

e No common protein domains or domain that could be functionally connected to Hsp90
were identified. Suggesting that Hsp90 most likely recognises a surface feature rather
than a sequence pattern/motif.

The next chapter describes the effects of Hsp9O0 inhibitors, GA and Nov on TMEV growth.
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Chapter 3: Effects of Hsp90 Inhibitors, Geldanamycin and
Novobiocin on TMEV Growth in BHK-21 Cells

3.1: Introduction

This chapter describes the effects of Hsp90 inhibitors, Nov and GA, on the growth of TMEV in
BHK-21 cells. Protein domain architecture analysis of Hsp90 client proteins (previously
conducted in chapter 2), illustrated the ability of Hsp90 to interact with a diverse group of
proteins including viral proteins. In recent years, evidence from severa studies has shown that
viruses have evolved to require host factors including Hsp90 during different stages of their life
cycles such as vira entry, genome replication, activation and expression and viral assembly
(discussed in section 1.5 of chapter 1). The requirement of Hsp90 during the life cycles of
numerous viruses despite the type of genetic material (RNA or DNA), genome strandedness
(double or single), genome sense (positive, negative or ambisense) and host range (animal,
human, plant and bacteria) is widely documented (reviewed by Sullivan and Pipas, 2001; Xiao,
2010).

Further importance of Hgp90-viral interactions has been illustrated by the consequences of
inhibiting Hsp90 on various stages of the virus replication. The inhibition of Hsp9O in virus-
infected cells seemed to reduce or inhibit viral replication. For example, in FHV, the inhibition
of Hsp90 activity using GA suppressed the production of infectious virions and prevented the
accumulation of viral RNA (Kampmueller and Miller, 2005). In enteroviruses, the production of
new virions or the development of drug-resistant viruses was prevented in infected cells treated
with GA (Geller et al., 2007). Inhibition of Hsp90 using numerous inhibitors such as GA, its
analogue 17-allylamino-17-demethoxygeldanamycin (17AGG) and radicicol were shown to
significantly reduce and/or inhibit replication of the Ebolavirus (Smith et al., 2010). In Vesicular
stomatitis virus (VSV), the inhibition of Hsp90 using GA and radicicol was able to reduce vira
replication irrespective of the virus load used for infection (Connor et al., 2007). The listed
examples illustrate the possibility of using non-toxic Hsp90 inhibitors as universal antivirals,

since many viruses require the chaperone to facilitate one or more aspect of their replication.
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Currently there are several well-known and characterised Hsp90 inhibitors such as GA, 17AGG,
Nov and radicicol. For this study, Nov and GA were selected for analysis. Nov is a coumarin
antibiotic isolated from several strains of Streptomyces (reviewed by Donnelly and Blagg, 2008).
As an antibiotic, Nov was found to exhibit potent activity against Gram-positive bacteria. Along
with other coumarin antibiotics, Nov binds to type Il topoisomerases including DNA gyrase, the
binding inhibits ATP hydrolysis that is catalysed by the enzymes, resulting in the inhibition of
DNA synthesis (Reece and Maxwell, 1991; Ali et al., 1993; Lewis et al., 1996; Laurin et al.,
1999). Recently Nov has been shown to bind weakly to the newly discovered C-terminal
nucleotide binding site of Hsp90 (Marcu et al., 2000a). The binding of Nov to the ATP binding
site results in the disruption of Hsp90 late multi-chaperone complexes, resulting in the release
and degradation of Hsp90 client proteins (Marcu et al., 2000b; Yun et al., 2004).

The other drug of interest, GA, is a naturally occurring antitumor antibiotic (DeBoer et al.,
1970). Initially, GA was thought to be a nonspecific kinase inhibitor until it was discovered that
it specifically binds to Hsp90 and its ER homologue, GRP94 (Whitesell et al., 1994; Chavany et
al., 1996). The antitumor activity of GA is suggested to be aresult of the drug’s ability to deplete
the cell of essential growth-regulatory signaling proteins known to interact with Hsp90 such as
the progesterone receptor (Smith et al., 1995), erB-2 (Miller et al., 1994; Chavany et al., 1996)
and the glucocorticoid receptor (Whitesell and Cook, 1996). GA inhibits Hsp90 by binding to the
nucleotide-binding site located on the N-terminal region of the chaperone. When GA binds to the
ATP dite, it prevents a conformational change in Hsp9O0 that is essential for the binding of p23, a
co-chaperone that is part of the multi-chaperone complex of the Hsp90 pathway (Sullivan et al.,
1997). The inability of Hsp90 to bind to p23 results in the accumulation of intermediate
complexes, retardation of ATP-driven substrate maturation and folding and ultimately the
degradation of substrates (Grenert et al., 1997; Stebbinset al., 1997).

Although there is substantial evidence of viruses requiring chaperones during their life cycles, at
present there are only two studies that have been conducted to examine the interaction of
chaperones with picornaviruses (Macegjak and Sarnow, 1992; Geller et al., 2007). Only one of
these studies observed the effects of inhibiting Hsp90 using GA, and found that the drug had an
inhibitory effect on virus assembly (Geller et al., 2007). To the best of our knowledge, no studies
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have been conducted to examine any interactions between Hsp90 and the virus of interest,
TMEV, or determine the effects of inhibiting Hsp90 on virus growth.

Based on the above information that illustrates the importance of Hsp90 in the replication of
various viruses including picornaviruses, the overall am of this chapter was to determine if the
inhibition of Hsp90 in TMEV-infected BHK-21 cells would have the same effects on virus

growth as observed for other viruses. The specific objectives of this chapter were:

e Toprepare a TME virus stock and determine the virus titre by plaque assay.

e To examine the effects of Nov and GA on the development of CPE in TMEV-infected
BHK-21 cells over a48hr time period.

e To detect virally-expressed non-structural TMEV 2C protein in Nov- and GA-treated
BHK-21 cells 48hrs post-treatment.

3.2 Methods and Materials

3.2.1 Mammalian cell lines and culture conditions

BHK-21 cells (Kind donation from Professor Martin Ryan, St Andrews University, UK) were
used in this study. Cells were maintained in HEPES-buffered Dulbecco modified Eagle's
medium (DMEM, Lonza Group Ltd., Basel, Switzerland) containing 5 % fetal calf serum (FCS)
(Sigma-Aldrich, St Louis, USA) and 1 % penicillin, streptomycin and fungizone (PSF) (Lonza
Group Ltd., Basdl, Switzerland) and incubated at 37°C with 10 % CO,

3.2.2 Reagents and antibodies

Geldanamycin (Biomol Internationa Inc, PA, USA) was resuspended in DMSO and used a a
final concentration of 0.125 uM. Novobiocin (Sigma Aldrich, St Louis, USA) was resuspended
in sterile water and used at a final concentration of 250 puM. Polyclonal anti-TMEV 2C
antibodies generated in rabbits using a peptide region of the non-structural TMEV 2C protein
previously described (Jauka et al., 2010) were used in the detection of virally-expressed TMEV
2C by Western analysis.

43



3.2.3 Maintaining a BHK-21 cell line

3.2.3.1 Subculturing cells

Cells at 100 % confluency (percentage of cell growth where the growth surface is completely
covered by cells), were subcultured into fresh complete medium (DMEM containing 5 % FCS
and 1 % PSF). Spent medium was discarded and cells rinsed in phosphate buffered saline (PBS)
[137 mM NaCl, 27 mM Na2HPO4, 2 mM KH2PO4 (pH 7.4)]. Cell matrix and cell-cell
interactions were interrupted by the addition of trypsin (Sigma-Aldrich, St Louis, USA) and the
cells resuspended in 1 ml of complete medium and seeded into 5ml of fresh complete medium.

3.2.3.2 Cryopreservation of BHK-21 cells

To prepare cell stocks, a 25 cm? flask of 100 % confluent BHK-21 cells was resuspended in 1 ml
cryopreservation solution (20 % FCS, 10 % glycerol, 1 % PSF, 69 % DMEM). Cells were
aliquoted into cryovials and stored at -80°C.

3.2.4 Preparation of TMEV stock

An existing TMEV stock maintained at -80°C (previously prepared in our |aboratory) at atitre of
7 x 10°® plague forming units/ml (pfu/ml) was used to prepare new TMEV stocks used during
this study. A 100 % confluent 25 cm? flask was subcultured into a 75 cm? flask in 10 ml
complete medium. When cells reached 100 % confluency, they were infected with 1 ml TMEV
stock and resuspended in serum-free DMEM. Cells were incubated at 37°C for 1 hr with shaking
to alow virus adsorption, 9 ml of serum-free DMEM was added and the cells incubated
overnight at 37°C with 10 % CO,. Cell lysis was accomplished by three cycles of freeze-thawing
and cell debris was pelleted by centrifugation for 1 min a 1000 x g. The supernatant was
aliquoted into 1 ml fractionsin cryovials and placed at -80°Cfor long-term storage.

3.2.5 Plaque assay for TMEV stock titration

To titre TMEV stocks, a plaque assay was performed to determine the pfu/ml. BHK-21 cells
were grown to 100 % confluency in 6-well plates in complete medium. A ten-fold dilution series
of the previously prepared TMEV viral stock solution was made in serum-free DMEM in atota
volume of 1.5 ml. Spent medium was aspirated from the 6-well plate and cells rinsed with PBS.

Virus stock dilutions between 1 x 10° and 1 x 10™° were aliquoted into each well and virus

44



absorption was conducted at 37°C with gentle shaking for 1 hr. Virus was aspirated, cells rinsed
in PBS and overlayed with 3 ml of overlay solution (50 % DMEM, 1.25 % Methocel (Sigma
Aldrich, St Louis, USA), 60 mM NaCl in sterile water). Cells were incubated at 37°C and 10 %
CO, until zones of clearance (plaques) were visible by light microscopy. Plaques appeared on the
cell monolayer after 48 hrs of incubation. The overlay solution was gently washed off using
PBS, taking care not to disturb the monolayer. Cells were fixed for 20 mins with shaking at room
temperature in 4 % paraformaldehyde and rinsed in PBS. Cells were stained with Coomassie
staining solution (45 % methanol, 10 % glacial acetic acid, 0.002 % Coomassie Brilliant Blue) at
room temperature for 20 mins, staining solution removed by rinsing with sterile water and
plagues visualised as clear zones against the Coomassie-stained cell monolayer. Numbers of
plagues were counted for each dilution and virus titre calculated in terms of pfu/ml with dilution

factor taken into account.

3.2.6 Nov and GA treatments

BHK-21 cells were sub-cultured into four 6-well plates and grown to 100 % confluency.
Treatments are described in Table 3.1. A ten-fold dilution series of TMEV stock (titre: 5.5 x 108
pfu/ml) was prepared in serum-free DMEM. Spent medium in the wells was aspirated and cells
infected with fresh virus stock at a multiplicity of infection (MOI) of 10 and 0.1 (orange and blue
wells respectively). Two wells from each plate were mock-infected with serum-free DMEM
(yellow wells). The plates were incubated for 1 hr with shaking at 37°C to alow virus
adsorption. Virus dilutions were aspirated and the wells rinsed in PBS before 3 ml of serum-free
DMEM containing Nov and GA at final concentrations indicated in section 3.2.2 was added to
the wells in duplicate. 3 ml of serum-free DMEM was added to the third plate (untreated
sample). The fourth plate was incubated with 3 ml of serum-free DMEM containing 1 pl of
DM SO, the solution used to resuspend GA, to ensure that changes observed in GA-treated cells
were not due to DMSO. Plates were incubated at 37°C and monitored for the development of
cytopathic effect (CPE) over a 48 hr time period. Photographs were captured 24 hrs, 36 hrs and
48 hrs post-treatment using Nikon a Cool Pix 990 light microscope under 2x magnification. After
the 48 hr time point, cells from each well were collected and analysed by SDS-PAGE and
Western analysis.
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Table 3.1: Treatment of mock-infected and TMEV-infected BHK-21 cell using Nov and GA.
The table illustrates wells of mock-infected cells in yellow, well so cell infected with TMEV at a
MOI of 10 in orange and wells of cellsinfected with TMEV at aMOI of 0.1 in blue.
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3.2.7 SDS-PAGE and Western analysis.

All samples analysed by SDS-PAGE were resolved on a 12 % polyacrylamide gel at 100V. For
Western analysis, proteins were transferred onto nitrocellulose membrane (Bio-Rad
Laboratories, Hercules, USA) for 2 hrs at 250 mA in cold transfer buffer (25 mM Tris-HCI pH
7.4, 192 mM glycine, 10 % methanol). Ponceau stain (0.1 % Ponceau stain in 1 % acetic acid)
was used to verify protein transfer. The stain was removed by rinsing the membrane in water and
then Tris buffered saline (TBS) [150 mM NaCl, 50 mM Tris-HCI (pH 7.6)]. The membrane was
incubated for 1 hr in blocking solution (TBS containing 5 % fat-free powdered milk), followed
by an overnight incubation with anti-TMEV 2C rabbit polyclonal antibodies (1:10 000) prepared
in blocking solution. The membrane was washed three times for 15 mins in TBS-Tween (TBS
containing 2 % Tween-20). For secondary antibody incubation, the membrane was incubated
with mouse/ rabbit secondary antibody (1:12 000) provided by the BM Chemiluminescence
Western Blotting Kit (Mouse/Rabbit) (Roche, Mannhein, Germany) for an additional 45 mins,
followed by three 15 mins washes with TBS-Tween. The reaction was detected by the VersaDoc
™ Model 4000 imaging system (Bio-Rad Laboratories, Hercules, USA).
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3.3 Results

3.3.1 Titration of TMEV stock by plaque assay

The concentration of virus particles in the TMEV stock solution was determined as pfu/ml by
conducting a plaque assay. The assay was conducted by growing BHK-21 cells to a 100 %
confluent monolayer in a 6-well plate and infecting the cells with ten-fold seria dilutions of
TMEV between 10° and 10™°. From the plague assay, the concentration of virus particles in the
prepared virus stock was determined to be 5.5 x 10® pfu/ml. The virus titre was used to calculate
the MOI used during the different experiments in this study.

3.3.2 Determining the effects of Nov and GA on TMEV growth by monitoring
the development of CPE

To determine the effects of Hsp90 inhibitors, GA and Nov on TMEV growth, BHK-21 cells
were mock-infected or infected with the virus and grown in the presence or absence of the two
drugs. The development of CPE, defined as change in cell morphology, detachment of cells from
growth surface and cell clumping, was used as an indicator of the effects the drugs had on
TMEV infection. Cells were monitored over a 48hr period with images being captured at (a) 24
hrs, (b) 36 hrs and (c) 48 hrs post-treatment. Results are presented in Figures 3.1, 3.2 and 3.3.

a) 24 hrs post-treatment

Left panels of Figure 3.1 represent images of mock-infected BHK-21 cells subjected to various
drug treatments as indicated after 24 hrs. The middle and right columns illustrate images of
BHK-21 cdlls infected with different MOls, 10 and 0.1 in the absence and presence of both GA
and Nov. Compared to mock-infected and untreated cells (left column, upper panel), subtle
changes in cell morphology including rounding-up of cells, were observed in cells infected with
TMEV in the absence of both GA and Nov, which may indicate the onset of CPE. No indication
of CPE was observed in TMEV-infected cells treated with either Nov or GA at this time point
(middle and lower panels, respectively).
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Mock infection MOI~ 10 TMEV

-NOV/GA
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Figure 3.1: Effects of novobiocin (Nov) and geldanamycin (GA) on the development of CPE in TMEV-
infected BHK-21 cells, 24 hrs post-treatment. BHK-21 cells were infected with TMEV at a MOI of ~10, 0.1 or
mock-infected. CPE development was monitored in the absence of both drugs (upper panel), presence of Nov at a
final concentration of 250 uM (middle panel) or presence of GA at a fina concentration of 0.125 uM (lower panel).
Images were captured using a Nikon Cool Pix 900 light microscope under 2x magnification.
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b) 36 hrs post-treatment

36hrs post-treatment, mock-infected cells not treated with either Nov or GA (left column, upper
panel of Figure 3.2) still retained their fibroblast shape. Compared to cells at 24 hrs (Figure 3.1),
the cells infected with virus in the absence of both drugs showed advanced stages of CPE (upper
panels). Changes in cell morphology, detachment of cells from the growth surface and disruption
of the cell monolayer was observed, particularly in the cells infected with a higher MOI of 10
(middle column, upper pandl). Infected cells treated with either drug also depicted a change in
cell morphology as seen by rounding-up of cells with a “glossy” finish for Nov-treated cells
(middle panels) and rounding-up of cells with a“grainy” appearance for GA-treated cells (lower
panels). Compared to cells infected in the absence of both drugs (upper panel), the changes in
cell morphology were not the typica symptomatic indicators of virus-induced CPE. Mock-
infected cells treated with Nov and GA also exhibited the same changes in cell morphology as
the infected cells (left columns of middle and lower panels, respectively).
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Figure 3.2: Effects of novobiocin (Nov) and geldanamycin (GA) on the development of CPE in TMEV-
infected BHK-21 cells 36 hrs post-treatment. BHK-21 cells were infected with TMEV at a MOI of ~10, 0.1 or
mock-infected. CPE development was monitored in the absence of both drugs (upper panel), presence of Nov at a
final concentration of 250 uM (middle panel) or presence of GA at a final concentration of 0.125 uM (lower panel).
Images were captured using a Nikon Cool Pix 900 light microscope under 2x magnification.

50



c) 48 hrs post treatment

After 48 hrs, CPE was clearly observed in cells infected with TMEV in the absence of the drugs
(upper panels), as detachment of cells from the growth surface and cell clumping was extensive.
Mock-infected cells untreated with either Nov or GA till exhibited the typical fibroblast cell
morphology after 48 hrs (left column, upper panel). After 48 hrs, typical virus-induced CPE was
still not observed in Nov and GA-treated cells (middle and lower panels). The change in cell
morphology and detachment of cells from the growth surface was more apparent in Nov-

compared to GA-treated cells (compare middle and lower panels of Figure 3.3).
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Mock infection MOI~ 10 TMEV MOI~ 0.1 TMEV

- Nov/GA

Figure 3.3: Effects of novobiocin (Nov) and geldanamycin (GA) on the development of CPE in TMEV-
infected BHK-21 cells 48 hrs post-treatment. BHK-21 cells were infected with TMEV a a MOI of ~10, 0.1 or
mock-infected. CPE development was monitored in the absence of both drugs (upper panel), presence of Nov at a
final concentration of 250 uM (middle panel) or presence of GA at a final concentration of 0.125 uM (lower panel).
Images were captured using a Nikon Cool Pix 900 light microscope under 2x magnification.

3.3.3 Detection of virally-expressed non-structural TMEV 2C protein in treated
cells, 48 hrs post-treatment

In order to determine that TMEV-infection had occurred in Nov- and GA-treated BHK-21 cdlls,
untreated and treated cells were collected from each well after the 48 hr time point. The cells
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were lysed, subjected to SDS-PAGE and Western analysis for the detection of the TMEV non-
structural 2C protein using anti-TMEV 2C antibodies. Results are presented in Figure 3.4.

Mock infection MOI ~ 10 TMEV MOI ~ 0.1 TMEV
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Figure 3.4: Western analysis of BHK-21 cells infected with TMEV in the presence and absence of Nov and
GA using anti-TMEV 2C antibodies. After the 48 hr time point, treated cells were collected and analysed by SDS-
PAGE and Western analysis. Virus presence was verified by detection of the non-structural TMEV 2C protein using
anti-TMEV 2C antibodies (1:10 000).

As expected, no 2C signal was detected in mock-infected lysates of cells treated or untreated
with Nov or GA (Lanes 1-3). A signa corresponding to TMEV 2C was detected in the lysate
infected with TMEV at a MOI of 10 and 0.1 in the absence of both Nov and GA as expected
(Lanes 4 and 7). Interestingly, a 2C signal was detected in lysates of cells treated with GA
(Lanes 6 and 9) but absent in Nov-treated cells lysates (Lanes 5 and 8).

3.4 Discussion

This chapter describes the effects of Hsp90 inhibitors GA and Nov on virus growth by
monitoring the development of CPE in TMEV-infected BHK-21 cells. Detection of TMEV 2C
protein in TMEV-infected cells treated with Nov and GA was also conducted by Western
analysis.

During the 48 hr time period, it was observed that both Nov and GA prevented the onset of virus-
induced CPE in TMEV-infected BHK-21 cells which was apparent in untreated cells. To ensure
that the observed changes in cells were due to virus-infection or drug treatments and not due to
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cell senescence, mock-infected cells grown in the absence of both drugs were also analysed over
the same time period as the infected and treated cells. BHK-21 cells were able to survive and
retain their fibroblast cell shape during the 48 hrs of the experiment incubated in serum-free
DMEM at 37°C. Another precaution taken during this study was the observation of cells grown
in the presence of DM SO, the solvent used to resuspend GA. This was done to ensure that the
changes observed in GA-treated cells were due to the drug's effects and not to DMSO. No
visible changes were observed in DMSO-treated cells (data not shown), indicating that the
solvent did not affect the cells at the concentration applied.

The development of CPE was used as an indicator of the drug's effects on TMEV growth. This
was done by observing cells infected with TMEV in the absence of both GA and Nov, and cells
infected in the presence of either Nov or GA. Cells infected in the absence of both drugs were
used as an indicator of TMEV-induced CPE. 24 hrs post-treatment, slight changes in cell
morphology (rounding-up) were observed in cells infected in the absence of both drugs and not
in the cells infected in the presence of Nov or GA. This observation indicated that the drugs
inhibited or delayed the development of CPE at that time point. After 36 hrs, the progression of
TMEV infection was observed in cells infected in the absence of the both drugs as seen by the
advanced stages of CPE. Cells had rounded-up and began detaching from the growth surface in
cells infected at a MOI of 10. Although changes in cell morphology were observed in infected
cells treated with GA or Nov, they were not indicative of TMEV-induced CPE as seen in
untreated cells. The changes which included cells rounding-up with a “glossy” finish for Nov-
treated cells and cells rounding-up with a “grainy” appearance for GA were a result of the drug
and not due to virus since mock-infected cells treated with either drug also exhibited the same
changes. After 48hrs, CPE indicative of TMEV infection was still not observed in drug-treated
cells even though untreated cells infected with the virus showed advanced stages of CPE as
illustrated by the detachment of cells from the growth surface and the formation cell aggregates.
These observations suggested that both Nov and GA were able to inhibit TMEV growth in BHK-
21 cdlls.

The ability of GA to inhibit TMEV growth agrees with results described in the literature where
the drug’s ability to inhibit Hsp90 was able to reduce or inhibit replication of numerous RNA
viruses such as FHV (Kampmueller and Miller, 2005), PV (Geller et al., 2007), VSV (Connor et
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al., 2007), Influenza virus (Chase et al., 2008) and Ebola virus (Smith et al., 2010). The
inhibitory effects of Nov on TMEV growth as indicated by the absence of CPE development is
also supported by literature where the anti-viral activity of the drug was reported in DNA viruses
such as HSV-1 (Franke and Margolin, 1981), Human cytomegalovirus (Landini and Baldassarri,
1982) and murine and avian Retroviruses (Sumiyoshi et al., 1983). An interesting observation
made here was that, although Nov is considered to be less cytotoxic than GA, changes in cell
morphology and detachment of cells from the growth surface was more advanced in cells treated
with Nov than in GA-treated ones. This suggests that the BHK-21 cell line was more susceptible
to the drug at the dosage used compared to other cell lines such as human embryo fibroblast cells
(Landini and Baldassarri, 1982). This was unexpected since the dosage used (250 uM) was
selected based on numerous studies conducted on fibroblast cells (Landini and Baldassarri, 1982;
Sumiyoshi et al., 1983) and it was observed that Nov concentrations below 1000pM are non-
toxic to cells (Hussy et al., 1986). The susceptibility of BHK-21 cells to Nov may be affecting
the cells ability to support viral processes, which prevents TMEV replication, hence virus-
induced CPE is absence in Nov-treated cells.

To determine the effects of Hsp90 inhibition using GA and Nov on TMEV growth, the detection
of the TMEV 2C protein by Western analysis was conducted. Based on the observations of
Geller and co-workers (2007), that the inhibition of Hsp90 using GA did not interfere with the
processing of non-structural viral proteins, the detection of a replicative, non-structural protein
was used as an indicator of virus presence in Nov- and GA-treated cell lysates. The TMEV non-
structural protein, 2C was selected for this study because studies are currently being conducted
within our laboratory to better understand the functions of the protein. One of these studies
resulted in the production of highly specific and sensitive polyclonal anti-TMEV 2C antibodies
raised against a peptide region of the protein which have been shown to detect virally-expressed
TMEV 2C protein by Western analysis and IF (Jauka et al., 2010). The 2C protein is a non-
structural protein of about 36kDa and is highly conserved within the picornavirus family. 2C isa
replicative, multifunctional protein that plays a vita role in the picornavirus replication cycle
(reviewed by Racaniello, 2001), therefore it was chosen as a marker to indicate the presence of

vira proteins.
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As expected, no signal for TMEV 2C was detected in the mock-infected lysates of cells grown in
the presence or absence of both Nov and GA. These results also illustrated that the antibody used
does not crossreact with cellular proteins, indicating the specificity of the antibodies as
previoudly illustrated by Jauka et al., 2010. Also expected was the signa corresponding to the
TMEV 2C protein detected in the lysates of TMEV-infected BHK-21 cells at both MOls of 10
and 0.1 in the absence of both Nov and GA.

A prominent signal for TMEV 2C was detected in GA-treated cell lysates. This suggested that
although the drug had a negative effect on TMEV growth as illustrated by the lack of CPE
development, the drug did not affect the translation or the processing of the TMEV non-
structura protein, 2C. This result supports the findings made by Geller and co-workers (2007)
during their study on enteroviruses. The study concluded that the inhibition of Hsp90 using GA
in enterovirus-infected cells had no effect on the early, post-infection stages of the viruses or
processing of the P2 and P3 polyproteins but affected the processing of the structural
polyprotein, P1. As discussed before, GA binds to the ATP-binding site located on the N-
terminal of Hsp90 preventing a conformational change that is required for the binding of p23,
causing the accumulation of intermediate multi-chaperone complexes. This then blocks
substrates from progressing through the Hsp90-mediated protein folding and maturation pathway
and proteasome-mediated substrate degradation (Grenert et al., 1997; Stebbins et al., 1997). In
picornaviruses, the reduction of new virions was suggested to be a result of P1 degradation due
to the inhibition of Hsp90 activity using GA (Geller et al., 2007). Replication processes of
picornaviruses is highly conserved within the family, the non-structural proteins of TMEV
similar to PV, HRV and CV may not be affected by the inhibition of Hsp90 using GA, hence the
TMEV 2C protein could be detected in treated sampl es.

Interestingly, in three independent experiments, no signal for TMEV 2C was detected in Nov-
treated cells. One explanation is that Nov prevented either the production or the processing of
TMEV 2C. This observation suggested that, unlike GA, Nov through an unknown mechanism
was able to indirectly or directly influence the translation or processing of TMEV 2C. Another
possibility is that Nov was able to ater the function of TMEV 3CP°, the vira protease
responsible for processing the polyprotein. Another explanation could be that, as observed and

discussed in the previous section, the dosage of Nov used during the research might have been
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unexpectedly toxic to the cells to the point that they were unable to support TMEV replication or
trandlation and processing of the non-structural viral proteins, hence no TMEV 2C protein was
produced. Another explanation as to why TMEV 2C could be detected in GA-treated and not
Nov-treated cell lysates may be linked to the different mechanisms involved in the inhibition of
Hsp90. Unlike GA, Nov binds to the C-termina ATP-binding site of Hsp90 and the binding
results in the disassociation of the late Hsp90 multi-chaperone complex which leads to the
release and degradation of substrates (Marcu et al., 2000a; 2000b; Yun et al., 2004), in this case,
TMEV 2C. However, there is no evidence in the literature that supports the theory that an

interaction occurs between Hsp90 and any picornavirus 2C protein.

3.4 Conclusion

The effects of the Hsp90 inhibitors, Nov and GA, on virus growth in TMEV-infected BHK-21
cells were successfully examined. Additionally, the presence of TMEV 2C protein in infected
cell lysates treated with Nov and GA was investigated by Western analysis using anti-TMEV-2C
antibodies. The following conclusions were reached regarding the effects of each drug on TMEV
growth:

e At the concentrations used, both Nov and GA were able to inhibit the development of
TMEV-induced CPE, 48 hours post-treatment, which suggests that Hsp90 is involved in
TMEV replication.

e TMEV 2C was detected in GA- and not Nov-treated, TMEV -infected cell lysates. This
suggested that Nov may affect the trandlation or the processing of the TMEV non-
structural protein, 2C.

The next chapter describes the effects of TMEV-infection on the distribution of Hsp90, Hsp70
and Hsp40 in BHK-21 cells by IF.
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Chapter 4: Distribution of Hsp40, Hsp70 and Hsp90 in TMEV-
Infected BHK-21 Cells

4.1 Introduction

Having established in the previous chapter that the inhibition of Hsp90 using GA and Nov
hindered the development of TMEV growth in BHK-21 cells, this chapter examines the
distribution of Hsp90, Hsp70 and Hsp40 in TMEV-infected and mock-infected cells. H5p90,
Hsp70 and Hsp40 were selected for analysis based on the available evidence that Hsp90 and
Hsp70 are host factors that play a role in picornavirus replication (Macgjak and Sarnow, 1992;
Geller et al., 2007) and that Hsp40 works in conjunction with Hsp70 in numerous virus activities
(Alfano and McMacken, 1989; Zylicz et al., 1989; Hoffmann et al., 1992; Liu et al., 1998;
Couturier et al., 2009; Weeks et al., 2008). Examples of specific interactions are described in
chapter 1, section 1.5.

In recent years, confocal, fluorescence and electron microscopy have become major techniques
in understanding interactions between viral proteins and host factors. IF and confocal
microscopy has been instrumental in deciphering various aspects of the picornavirus life cycle,
such as entry and genome replication. As mentioned and illustrated in chapter 1 section 1.3.3, the
first step in picornavirus replication is the receptor-mediated attachment of the virus to the host
membrane. Through the use of confocal microscopy Triantafilou et al., (1999; 2002) identified
and verified that, along with the receptor integrin a, 31, CVA9 requires the chaperone GRP78 as
a co-receptor to successfully enter the host cell. Similarly, Echovirus requires a specific surface
receptor, in this case, the a2p1 integrin to successfully attach to the host cell and initiate entry
(Roivainen et al., 1994; Xing et al., 2004). Confocal analysis was aso crucia in deciphering a
new caveolar pathway utilised by Echovirusto gain entry into host cells (Marjoméki et al., 2002;
Upla et al., 2004; Pietidinen et al., 2004). Caveol ae have been described as invaginations in the
plasma membrane of about ~ 50- 80 nm in size and are involved in the potocytosis of small
molecules and the trafficking of cholesterol (reviewed by Kurzchalia and Parton, 1999;
Pelkmans and Helenius, 2002; Parton 2003). Caveolae have been shown to be the aternative
route for clathrin-dependent endocytosis for viruses such as SV40 (Mukherjee et al., 1997,
Norkin, 1999; Parton and Lindsay, 1999). Through the use of confocal microscopy,
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colocalisation of Echovirus capsid proteins and SV40 capsid proteins was observed, verifying
that Echovirus utilises the caveolae during endocytosis (Marjoméki et al., 2002; Pietidinen et al.,
2004).

IF and confocal analysis have also been used to understand picornavirus-host cell interactions
during vira genome replication. Confocal analysis has been used to identify cellular
compartments where various picornavirus and host proteins localise during replication. By
expressing FMDV non-structural proteinsin BHK cells, FMDV 3C™™ was identified as the viral
protein responsible for altering cell morphology by changing the distribution of microtubule and
intermediate filament components (Armer et al., 2008). With the aid of fluorescence microscopy,
it was shown that FMDV structural and non-structural proteins co-localised next to the nucleus,
close to the Golgi complex in punctuate structures that represented the sites of replication for the
virus (Knox et al., 2005). Using confocal microscopy, FMDV non-structural proteins 2B, 2C,
2BC and 3A were shown to localise to cellular compartments such as the Golgi apparatus and
ER. Using confocal microscopy to track the movement of a GY FP-tagged TsO45 mutant of the
VSV G protein (VSV 045 temperature-sensitive glycoprotein) from the ER to the cell surface,
2BC protein was able to obstruct the movement of the tagged G protein through the secretory
pathway, suggesting that the protein was able to block ER-to-Golgi transport (Moffat et al.,
2005).

Using microscopical techniques, it was shown that, in HAV- and PV-infected cells, 2C and 2BC
induced intercellular rearrangement of the ER membrane and also localise to the perinuclear
region in punctuate structures when expressed alone (Cho et al., 1994; Aldabe and Carrasco,
1995; Teterina et al., 1997). In CV, the vira protein responsible for host cell membrane
permeability in infected cells, 2B, was found to localise to the ER and Golgi membranes using
confoca microscopy. This study aso provided evidence that the 2B protein forms
homomultimers (van Kuppeveld et al., 2002). Confocal microscopy was used to localise TMEV
2C to the Golgi apparatus during infection and in transfected cells (Murray et al., 2009; Jauka et
al., 2010).

Although, numerous studies have observed the interaction between viral proteins and chaperones
(discussed in chapter 1, section 1.5), information on the distribution of Hsp90, Hsp70 and Hsp40
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ininfected cellsislacking. To our knowledge, no such studies have been conducted on TMEV or
any other picornavirus. Based on the previous chapter, it is clear that TMEV is utilising Hsps
including Hsp90 in some aspect of its life cycle. Due to the fact that Hsp90 works in conjunction
with Hsp70 and Hsp40 in various cellular pathways and processes, it is possible that Hsp70 and
Hsp40 may also be required to facilitate virus replication. The above evidence illustrates that
confocal microscopy is a vital tool in examining and understanding the dynamics of viral-host
interactions. Therefore, the overall aim of this chapter was to examine the distributions of Hsp90,
Hsp70 and Hsp40 in BHK-21 cells mock-infected or infected with TMEV using this technique.

Specific objectives were:

e To examine the distribution of Hsp90, Hsp70 and Hsp40 in mock-infected and TMEV -
infected BHK-21 cells by IF and confocal microscopy.

e To examine the expression levels of Hgp90, Hsp70 and Hsp40 in TMEV-infected cell
lysates by Western analysis.

4.2 Methods and Materials

4.2.1 Preparation of BHK-21 cells for immunofluorescence

Cells were grown to 80 %-90 % confluence on ethanol-sterilised 13mm glass coverdlips in 6-
well plates in complete medium. Spent medium was discarded and cells rinsed in serum-free
DMEM. Cells were infected with TMEV in serum-free DMEM at a MOI of 50. Cells were
mock-infected using 1 ml of serum-free DMEM. The plates were incubated at 37°C for 1 hr with
shaking to allow virus absorption. Virus was removed and 4 ml of serum-free DMEM aliquoted
into each well and plates incubated at 37°C. 6.5 hours post-infection (h.p.i), the medium was
discarded and the cells rinsed in PBS before fixing with 4% paraformaldehyde for 20 mins with
shaking at room temperature. Coverdips were rinsed in PBS and transferred to 24-well plates for
IF staining. In a separate experiment, to monitor the distribution of Hsp90 over time, cells were
fixed 4, 6 and 8 h.p.i as described above.

4.2.2 Indirect immunofluorescence staining of BHK-21 cells

Cells were permeabilised in permeabilising buffer (PBS containing 10 % sucrose, 1 % Triton X-
100) for 20 mins with shaking at room temperature (all steps following were conducted at room
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temperature with shaking unless stated otherwise). Cells were rinsed twice for 10 mins in wash
buffer (PBS containing 0.1 % Tween-20) and blocked in blocking solution (PBS containing 1 %
BSA) for 30 mins. Cells were incubated in primary antibodies (described in Table 4.1) prepared
in blocking solution for 1hr with shaking at 37°C. To monitor Hsp40 distribution, cells were
dual-stained with anti-Hsp40 and anti-TMEV P1 antibodies, for Hsp70 distribution, cells were
dual-stained with anti-Hsp70/Hsc70 and anti-TMEV 2C antibodies. To monitor the distribution
of Hp90 at 6.5 h.p.i and at 4, 6 and 8 h.p.i, cells were dual-stained with anti-Hsp90 and anti-
TMEV 2C antibodies. Cells were washed twice for 10 mins in wash buffer and then incubated in
species-specific Alexa-Fluor 488 and 546-conjugated secondary antibodies (Molecular probes
through Invitrogen, Paisley, UK) for 30 mins. Three 10 mins washes were conducted with the
second wash containing 0.8 pg/ml of 4’, 6- Diamino-2, phenylindole dihydrochloride (DAPI,
Sigma, St Louise, USA) in order to stain the cell nucleus. Cover slips were mounted onto glass
dlides using Dako fluorescence Mounting Medium (Dako North America, Inc, CA, USA) and
stored at 4°C.

Table 4.1: Detailed information of primary antibodies utilised in Western analysis and IF.

1:2000 Polyclonal Sigma-Aldrich, St
Rabbit Louis, SA
1:10 000 1:1000 Polyclonal Tembisa Jauka
Rabbit (Rhodes U)
1:1000 1:1000 Monaoclonal Prof Lipton (U of
Mouse Chicago)
1:2000 1:500 Polyclonal StressMarq, BC,
Rabbit Canada
1:1000 1:100 Monoclonal Santa Cruz Biotech,
Mouse Santa Cruz, USA
1:1000 1:100 Monaoclonal StressMarq, BC,
Mouse Canada

Anti-actin antibodies were raised against the C-terminal actin fragment and recognise three
isoforms of actin (o, p and y). Anti-TMEV 2C antibodies were raised against a peptide of TMEV
2C (31-210) and recognise the full length viraly-expressed TMEV 2C protein (Jauka et al.,
2010). Anti-TMEV P1 antibodies were raised against the VP1 peptide and recognise the TMEV
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VP1 subunit of the capsid precursor protein, P1 (Fujinami et al., 1988). Anti-Hsp40 antibodies
were raised against recombinant human Hsp40 and recognise all J domain proteins. Anti-Hsp90
antibodies were raised against a peptide of Hsp90B (610-723) and recognise both o and 3
isoforms of Hsp90. Anti-Hsp70/Hsc70 antibodies were raised against recombinant Hsp70/Hsc70
and recognise inducible Hsp70 and constitutive Hsc70. Both inducible Hsp70 and constitutive
Hsc70 will be referred to as Hgp70.

4.2.3 Confocal microscopy and image acquisition

Cellswere visualised using an inverted LSM 510-Meta confocal laser scanning microscope (Carl
Zeiss, Germany) using the 40x and 63x oil immersion objective lens. The helium/neon and argon
lasers at wavelengths 405, 488 and 543 nm were used to excite DAPI, Alexafluor 488 and
Alexafluor 546 respectively. Images were analysed using the Axiovision LE/ SE freeware
software (Carl Zeiss, Germany) and processed using Microsoft Office PowerPoint 2007.

4.2.4 Preparation of cell lysates and Western analysis

Cells were grown in T-75 cm? flasks to 90 %-100 % confluency, and infected with TMEV at a
MOI of 50 and harvested 0, 2, 4, 6 and 8 h.p.i. Cells were collected by trypsinisation and rinsed
with PBS to remove excess trypsin. Cells were resuspended into 100 pl of lysis buffer [50 mM
Tris-HCI, (pH 7.5), 150 mM NaCl, 2 % Triton X- 100, 1 mM PMSF, 1 mM DTT, 1 x EDTA-
free protease inhibitor cocktaill (Roche, Mannhein, Germany)] kept on ice for 30 mins with
vigorous vortexing every 5 mins. Cells were centrifuged at 1000 x g for 1 min, the supernatant
collected and analysed by SDS-PAGE and Western analysis as described in section 3.2.7. Details
of antibodies used for Western analysis are summarised in Table 4.1 and described on page 60.

4.3 Results

4.3.1 Distribution of Hsp40, Hsp70 and Hsp90 in TMEV-infected and mock-
infected BHK-21 cells

To determine the effects of virus infection on Hsp40, Hsp70 and Hsp90 distribution, BHK-21
cells were mock-infected or infected with TMEV, fixed at 6.5 h.p.i with paraformaldehyde and
dual-stained with antibodies against TMEV P11, TMEV 2C, Hsp70, Hsp40 and Hsp90 and

examined by confocal microscopy. The results are presented in Figures 4.1, 4.2 and 4.3. It is
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important to note that the antibody combinations used in the study were chosen based on the
availability of the antibodies. In our possession were anti-TMEV 2C antibodies (rabbit), anti
TMEV-P1 antibodies (mouse), anti-Hsp40 (rabbit), anti-Hsp90 (mouse) and anti-Hsp70/Hsc70
(mouse). Therefore, the following dual -staining combinations were performed:

» Anti-Hsp40 in combination with anti-TMEV P1.
» Anti-TMEV 2C in combination with anti-Hsp90.

» Anti-TMEV 2C in combination with anti-Hsp70/Hsc70.

a) Distribution of Hsp40

To monitor the distribution of Hsp40, BHK-21 cells were either mock-infected or infected with
TMEV for 6.5 hrs, fixed with paraformaldehyde, dual-stained with anti-TMEV P1 and anti-
Hsp40 antibodies and examined by confocal microscopy. Results are presented in Figure 4.1. In
mock-infected cells (panel A), no signal for TMEV P1 was observed as expected. Hsp40 was
found distributed uniformly in the cytoplasm, concentrated in the perinuclear region and within
the nucleus. Panels B and C represent two separate fields of TMEV-infected BHK-21 cells 6.5
h.p.i. The presence of the TMEV P1 signal verified that infection was successful. The signal for
P1 was both punctative and diffuse in the cytoplasm, while at the same time same was
concentrated around the perinuclear region. In the maority of cells in both panels B and C,
Hsp40 was found concentrated mainly in the nucleus but there was still residual cytoplasmic
staining. The merged images in panels B and C show that there was some overlap between the
signal for TMEV P1 and Hsp40 in the perinuclear region as illustrated by the yellow colour. As
can be seen in panel B indicated by the white arrow, there is a cell that did not stain positive for
TMEV P1, indicating that the cell was uninfected. Interestingly, the mgority of the Hsp40 signa
was in the nucleus of the cell, as seen in the case of infected cells. The magnified images of an
infected cell (panel D), clearly shows concentration of Hsp40 in the nucleus and TMEV P1
around the perinuclear region and distributed in the cytoplasm in a distinct punctative and diffuse
pattern. The overlap of TMEV P1 and Hsp40 signals in the perinuclear region was evident in the
merged image.
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Figure 4.1: Distribution of Hsp40 in mock-infected and TMEV-infected BHK-21 cells. Cells were grown on
coverdips and mock-infect or infected with TMEV, fixed with 4 % paraformaldehyde at 6.5 h.p.i, permeabilised and
dual-stained with anti-Hsp40 and anti-TMEV P1 antibodies. Primary antibodies were detected with species-specific
Alexa Fluor 488-conjugated secondary antibodies for Hsp40 or Alexa Fluor 546-conjugated secondary antibodies
for TMEV PL. Panel A : Mock-infected cells. Panel B, C and D : TMEV-infected cells. The white arrow indicates
an uninfected cell.
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b) Distribution of Hsp70

To monitor the distribution of Hsp70, BHK-21 cells were either mock-infected or infected with
TMEV for 6.5 hrs, fixed with paraformaldehyde, dual-stained with anti-TMEV 2C and anti-
Hsp70/Hsc70 antibodies and examined by confocal microscopy. Results are presented in Figure
4.2. In mock-infected cells (panel A), no signa for TMEV 2C was observed as expected. The
Hsp70 signal was found in punctative structures throughout the cytoplasm and faint staining was
also present in the nucleus. Panels B and C represent two separate fields of TMEV-infected
BHK-21 cellsfixed at 6.5 h.p.i. The presence of the TMEV 2C signal verified that infection was
successful. At this time point, two distinct staining patterns of TMEV 2C were observed. The
arrow in panel C indicates a cell in an earlier stage of infection (yellow) as indicated by the
diffuse staining pattern and the slight concentration of the TMEV 2C signal around the nucleus.
The other arrow (white) indicates a cell in alater stage of infection, where the staining pattern for
TMEV 2C was concentrated within a large structure adjacent to the nucleus. In the mgjority of
cellsin both panels B and C, where the TMEV 2C staining was concentrated next to the nucleus,
the signal for Hsp70 was still punctative but found converging around the TMEV 2C-containing
structure. In cells where TMEV 2C staining was diffuse in the cytoplasm and dightly
concentrated around the perinuclear region, most of the Hsp70 was still distributed in the
cytoplasm with the same distinct punctative staining pattern observed in mock-infected cells. In
the merged images (panels B and C), it was clear that the signals for Hsp70 and TMEV 2C did
not overlap as seen by the separate green and red signals, this is evident in the infected cell
depicted in panel D. The magnified image in panel D clearly shows the convergence of Hsp70
around the TMEV 2C-containing replication complex.
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Figure 4.2: Distribution of Hsp70 in mock-infected and TMEV-infected BHK-21 cells. Cells were grown on
coverdips and mock-infect or infected with TMEV, fixed with 4 % paraformaldehyde at 6.5 h.p.i, permeabilised and
dual-stained with anti-Hsp70/Hsc70 and anti-TMEV 2C antibodies. Primary antibodies were detected with species-
specific Alexa Fluor 488-conjugated secondary antibodies for Hsp70 or Alexa Fluor 546-conjugated secondary
antibodies for TMEV 2C. Panel A: Mock-infected cells. Panel B, C and D: TMEV-infected cells. The yellow and
white arrows indicate cellsin early and late stages of infections, respectively.
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c) Distribution of Hsp90

To monitor the distribution of Hsp90, BHK-21 cells were either mock-infected or infected with
TMEV for 6.5 hrs, fixed with paraformaldehyde, dual stained with anti-TMEV 2C and anti-
Hsp90 antibodies and examined by confocal microscopy. Results are presented in Figure 4.3. In
mock-infected cells (panel A), no signal for TMEV 2C was observed as expected. The Hsp90
signal was found uniformly distributed throughout the cytoplasm and faint nuclear staining was
also present. Panels B and C represent two separate fields of TMEV-infected BHK-21 cells at
6.5 h.p.i. captured during two separate experiments. The presence of the TMEV 2C signa
verified that infection was successful. In both panels B and C, two different staining patterns of
TMEV 2C were observed as indicated by the two arrows, A and B in panel B. Arrow A indicates
an infected cell where the staining of TMEV 2C was mostly diffuse in the cytoplasm,
representing an earlier stage of infection. Arrow B points to a cell where the TMEV 2C signal
was mostly concentrated around the perinuclear region, representing a later stage of infection. In
infected cells (panels B and C), a shift in Hsp90 distribution was observed when compared to
mock-infected cells (panel A). The Hsp90 signal was mostly found concentrated around the
perinuclear region in cells where the TMEV 2C signal was also concentrated within the same
region, but cytoplasmic and nuclear staining was still apparent. The merged images of panels B
and C indicate that the TMEV 2C and Hsp90 signals overlapped in the perinuclear region of
some cells as seen by the presence of a yellow signal. The yellow colour suggests that the two
proteins may colocalise within this region. The magnified images of an infected cell in panel D,
verify the observations made in panels B and C. The images clearly indicate that the signal for
Hsp90, aswell as that of TMEV 2C were concentrated around, and overlapped in the perinuclear

region. At the same time, cytoplasmic and nuclear staining of Hsp90 was also visible.
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Figure 4.3: Distribution of Hsp90 in mock-infected and TMEV-infected BHK-21 cells. Cells were grown on
coverdips and mock-infect or infected with TMEV, fixed with 4 % paraformaldehyde at 6.5 h.p.i, permeabilised and
dual-stained with anti-Hsp90 and anti-TMEV 2C antibodies. Primary antibodies were detected with species-specific
Alexa Fluor 546-conjugated secondary antibodies for Hsp90 or Alexa Fluor 488-conjugated secondary antibodies
for TMEV 2C. Panel A: Mock-infected cells. Panel B, C and D. A and B arrows indicate cells in early and late
infection stages, respectively.
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d) Distribution of Hsp90 over time

Based on the observations made during the examination of Hsp90 distribution at 6.5 h.p.i, where
Hsp90 staining was observed in different regions during infection, the following experiment
monitored the distribution of Hsp90 over time. BHK-21 cells were infected with TMEV, fixed
with paraformaldehyde at 4, 6 and 8 h.p.i, dua stained with anti-TMEV 2C and anti-Hsp90
antibodies and examined by confocal microscopy. Results are presented in Figure 4.4. At 4 h.p.i
(panel A), which represents an earlier stage of infection, the TMEV 2C signal was found
throughout the cytoplasm, while the Hsp90 signal was distributed uniformly in the cytoplasm,
with faint nuclear staining. The merged image of panel A shows that the two signals did not
overlap at this time point as indicated by the presence of separate red and green signals. At 6
h.p.i (panel B), during the middle stages of infection, the majority of the TMEV 2C signal had
concentrated around the nucleus. A concentration of Hsp90 was also observed around the
perinuclear region, although cytoplasmic staining was still present. Interestingly, the intensity of
the Hsp90 signal had increased in the nucleus (compare panel A and B). The merged image of
panel B indicated that, at 6 h.p.i, the Hsp90 and TMEV 2C signals overlapped mainly around the
nucleus as indicated by the presence of the yellow signal (white arrow), suggesting that the two
proteins colocalised. The images of two cells in panel C were captured at 8 h.p.i during late
infection. TMEV 2C was found concentrated in a large structure adjacent to the nucleus in both
cells. On the other hand, Hsp9O0 staining was found in three different locations. Hsp90 was found
concentrated next to the nucleus where the magjority of the TMEV 2C signal was located. It was

also observed in the cytoplasm and within the nucleus.
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Figure 4.4: Distribution of Hsp90 in TM EV-infected BHK-21 cells during different stages of infection. Cells
were grown on coverdips and infected with TMEV, fixed with 4% paraformaldehyde at 4 h.p.i (panel A), 6 h.p.i
(panel B) and 8 h.p.i (panel C), permeabilised and dual-stained with anti-Hsp90 and anti-TMEV 2C antibodies.
Primary antibodies were detected with species-specific Alexa Fluor 546-conjugated secondary antibodies for Hsp90
or Alexa Fluor 488-conjugated secondary antibodies for TMEV 2C. White arrow indicates where Hsp90 and 2C
signals overlap.

4.3.2 Time course of Hsp expression

Confocal analysis indicated that Hsp90, Hsp70 and Hsp40 are involved in one or other aspect of
TMEV infection. Based on this observation, the following experiment sought to examine the
expression levels of Hsp90, Hsp70 and Hsp40 during TMEV -infection. In order to conduct such
astudy, it was necessary to ensure that the antibodies used in the IF experiments could detect the
Hsps and vira proteins in infected cell lysates by Western analysis. BHK-21 cells were infected



with TMEV, harvested at 0, 2, 4, 6 and 8 h.p.i, lysed and analysed by SDS-PAGE and Western
analysis using antibodies raised against TMEV P1, TMEV 2C, Hsp90, Hsp70 and Hsp40. Actin
was aso analysed as an interna control. Results are presented in Figure 4.5. As the figure
illustrates, all six antibodies tested detected their respective proteins in cell lysates by Western
analysis. As expected, no signals for TMEV 2C and TMEV P1 were detected in cell lysates
collected at O h.p.i. Both viral proteins were only detected at 6 h.p.i (imagesi and ii), confirming
that cells were infected with TMEV at this time point. Host proteins, Hsp40, Hsp70, Hsp90 and
actin were detected in al cell lysates collected O, 2, 4, 6 and 8 h.p.i, as indicated by the presence

of the strong signals (imagesiiii, iv, v and vi).

Due to time constraints, the expression levels of Hsp90, Hsp70 and Hsp40 in TMEV-infected
cell lysates were not examined. The ability of these antibodies to detect their protein antigens in
TMEV-infected cell lysates will allow future experiments involving expression of Hsp90, Hsp70
and Hsp40 in TMEV-infected cells to be conducted. These experiments will be described in
Chapter 5.
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Figure 4.5;: Western analysis of TM EV-infected cell lysates. Cells were infected with TMEV and collected at 0,
2,4, 6 and 8 h.p.i and analysed by SDS-PAGE and Western analysis. The following proteins were detected (i)
TMEV Pl using anti-TMEV P1 antibodies, (ii)) TMEV 2C using anti-TMEV 2C antibodies, (iii) Hsp90 using anti-
Hsp90 antibodies, (iv) Hsp70 using anti-Hsp70/Hsc70 antibodies, (v) Hsp40 using anti-Hsp40 antibodies and (vi)
Actin using anti-Actin antibodies.



4.4 Discussion

This chapter describes the use of confocal microscopy to examine the distribution of Hsp90,
Hsp70 and Hsp40 in mock-infected and TMEV-infected BHK-21 cells. In addition, the
distribution of Hsp90 during the course of infection was aso examined.

All three Hsps showed a change in distribution in TMEV-infected cells at 6.5 h.p.i. In mock-
infected cells, the Hsp40 signal was mostly concentrated in the perinuclear region, with some
nuclear staining. In the majority of cells examined, Hsp40 redistributed to the nucleus,
suggesting that Hsp40 had a specialised role in the nucleus during infection. Interestingly, it was
also observed that, in uninfected cells surrounded by TMEV-infected cells, Hsp40 had also
relocated into the nucleus. Although the significance of these observations is not understood, it is
tempting to speculate that the re-localisation mimics that of stress situations such as heat and
hypoxia, where it has been shown that, in cells under heat stress, Hsp40 is upregulated and
relocates to the nucleus (Hattori et al., 1992; 1993; Yamane et al., 1995). However, it must be
acknowledged that the anti-Hsp40 antibodies used during this study recognise all J domain
proteins because they were raised against the conserved J domain region. The signal detected in
the nucleus could represent multiple Hsp40 type proteins. As described in chapter 1 (section
1.4.4), there are numerous Hsp40s in eukaryotic cells, belonging to different classes, namely type
1, type 2 and type 3. Hsp40s are localised in the cytosol, the nucleus, endosomes, mitochondria,
the ER, and ribosomes and depending on the type, have different cellular functions (reviewed by
Qiu, et al., 2006). For example, type 1 Hsp40s are known to function as chaperones to suppress
protein aggregation, and are independent of Hsp70. Type 2 Hsp40s, on the other hand, assist in
transferring substrates to Hsp70 and act as co-chaperones (reviewed by Fan et al., 2003; Qiu et
al., 2006; Rosser and Cyr, 2007). Type 3 Hsp40s have a more specialised function such as the
recruitment of a specific isoform of Hsp70 to a particular site as seen in the case of Sec63 which
is anchored in the ER by transmembrane domains. The J domain is exposed in the lumen of ER
where it recruits Hsp70 to polypeptides that are in transit to the ER (Corsi and Schekman, 1997).
Many viruses have been shown to utilise different types Hsp40s during replication. For example,
HIV-1 requires DnalB6, a type 2 Hsp40 to facilitate nuclear import of viral proteins (Cheng et
al., 2008). In both Influenza A and B viruses, Hdj1, another type 2 Hsp40, bindsto M2 protein, a
protein that is essentia for virus uncoating and replication (Guan et al., 2010). Hdj1, along with
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Hdj2, a type 1 Hsp40, have been shown to enhance the binding affinity of the human
papillomavirus-11 protein E1, a replication initiator helicase, to the origin of replication on viral
DNA (Liu et al., 1998). The presence of the Hsp40 signals in the cytoplasm and nucleus in
TMEV-infected cells, suggests that different types of Hsp40s play different roles in vira
activities. For example, type 2 Hsp40s may be remaining in the cytoplasm to assist Hsp70 in
capsid assembly. On the other hand, other types of Hsp40s relocalise to the nucleus, where they
have specialised functions during stress situations, as seen in cells under heat stress (Hattori et
al., 1992; 1993; Yamane et al., 1995). In order to identify which Hsp40s are remaining in the
cytoplasm or moving in to the nucleus during TMEV infection, antibodies specific to different

Hsp40 types will be required to define their respective localisation.

The punctuate Hsp70 staining pattern observed in mock-infected BHK-21 cells using anti-
Hsp70/Hsc70 antibodies was unexpected because severa studies have illustrated that staining of
Hsp70 in cells under homeostatic conditions is uniformly distributed throughout the cytoplasm
(Bivik et al., 2006; Leger et al., 2000). The staining pattern observed in this study, however
correlates with that reported in clonal striatal cells (Kegel et al., 2000) and hippocampal neurons
(Moon et al., 2001) using anti-Hsp70/Hsc70 antibodies. Unlike in the typical stress response
induced by heat shock (Ohtsuka and Laszlo, 1992, Hatayama et al., 1993; Hattori et al., 1993;
Yamane et al., 1995), Hsp70 in TMEV-infected BHK-21 cells did not relocalise to the nucleus.
Instead, during late infection, Hsp70 converged around the large TMEV 2C-containing structure
that was adjacent to the nucleus. This large structure has been identified as the viral replication
complex which is the site of viral genome synthesis and is formed in the region of the Golgi
apparatus (Jauka et al., 2010). At present, the significance of this observation is currently
unknown. However, it may be linked to the observation made by Macejak and Sarnow (1992)
who illustrated that Hsp70 interacted and formed a highly stable association with the enterovirus
precursor capsid protein suggesting that it plays a role in the virus assembly process. It is
possible that, during TMEV infection, Hsp70 converges around the replication complex as
opposed to moving into the nucleus because Hsp70 is sequestered by nascent Pl in the
cytoplasm to facilitate in the folding of the precursor protein into a conformation that alows the
proper cleavage of the protein into mature capsid proteins. Alternatively, Hsp70 may be
performing one of its natural roles in the cell which is to transport newly synthesised proteins to

various membranes (reviewed by Bukau and Horwich 1998), in this case, those of the replication
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complex. Although Hsp70 converged around the replication complex, there was no overlap
between the two signals, indicating that TMEV 2C and Hsp70 do not colocalise.

Confoca analysis illustrated that, a 6.5 h.p.i, Hsp90 in mock-infected cells was distributed
uniformly in the cytoplasm but, in TMEV-infected cells, had redistributed to the perinuclear
region where it overlapped with TMEV 2C during the later stages of infection. It was aso
observed that Hsp90 moved into the nucleus during late infection.

Based on the localisation pattern observed at 6.5 h.p.i, the distribution of Hsp90 was examined
over time at 4, 6 and 8 h.p.i. Analysis of infected cells at the different time points demonstrated
that the redistribution of Hsp90 into the perinuclear region and nucleus of TMEV-infected cells
was clearly dependent on the stage of infection. Although the significance of this observation is
not clearly understood, this stage-dependent redistribution was observed in numerous cells.
During early stages of infection (4 h.p.i) 91% of 172 imaged cells showed that Hsp90 was
mainly localised in the cytoplasm. Later during infection, (6 h.p.i), a significant amount of
Hsp90 was concentrated in the perinuclear region as seen in 89% of 106 imaged cells, where the
Hsp90 signal overlapped with TMEV 2C, suggesting the two proteins colocalised at that region.
During the late stages of infection (8 h.p.i), the Hsp90 signal was found in the nucleus as well as
concentrated within the replication complex, as observed in 84% of 93 imaged cells, suggesting
that colocalisation between Hsp90 and TMEV 2C is aso occurring during late infection.
Currently there is no evidence in the literature that supports the possibility of an interaction
between TMEV 2C and Hsp90, although it has been shown that Hsp90 interacts with the capsid
precursor protein in enteroviruses where it facilitates in the proper folding and maturation of the
protein (Geller et al., 2007).

One explanation for the observation that Hsp90 is concentrated in the perinuclear region of
infected cells as well as in the cytoplasm and nucleus could be because it is an abundant protein
that makes up ~1% of all soluble proteins (Lai et al., 1994), suggesting that only a small pool of
the total protein is required by the virus. Also, based on the model of Geller et al., 2007, the
interaction between Hsp90 and P1 could be dynamic, suggesting that once the precursor capsid
protein is cleaved into the various mature capsid proteins, Hsp90 is released back into the
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cytoplasm and is free to move into the nucleus as seen in heat stressed cells (van Bergen en
Henegouwen et al., 1987; Berbers et al., 1988).

Based on the observations made during confocal analysis, where Hsp90, Hsp70 and Hsp40 were
illustrated to be involved in TMEV-infection, the following experiment sought to examine the
expression levels of Hp90, Hsp70 and Hsp40 in infected cell lysates. Before the expression
levels of Hspsin TMEV-infected cell lysates could be examined, it was crucial to determine that
the antibodies used during IF could detect their protein antigens including Hsp90, Hsp70 and
Hsp40, as well as TMEV 2C and TMEV Pl by Western anaysis in infected cell lysates.
Antibodies raised against TMEV 2C and TMEV P1 were able to detect the vira proteins in
infected cell lysates at 6 and 8 h.p.i, which confirmed that TMEV-infection was successful.
Western analysis also illustrated the specificity of both viral antibodies as indicated by the
absence of protein signals in the cell lysate prepared at O h.p.i. The antibodies raised against
Hsp90, Hsp70 and Hsp40 detected their respective antigensin all cell lysate samples collected 0,
2, 4, 6 and 8 h.p.i. Actin was chosen as an internal control in this experiment because it is a
highly conserved protein that is maor component of the cytoskeleton in all cells and is known to
be the most abundant protein within the cell, accounting for about 15% of proteins within some
cells. Due to the abundance of actin compared to other cellular proteins and the fact that the
expression levels of actin are constant within cells, actin is commonly used as a loading control
during Western analysis. Anti-Actin antibodies were able to detect actin in TMEV-infected
lysates. Due to time constraints, examination of Hsp90, Hsp70 and Hsp40 expression levels in
TMEV-infected cell lysates could not be conducted.

4.5 Conclusion

The distribution of Hsp90, Hsp70 and Hsp40 was successfully examined in TMEV-infected
BHK-21 cells. In addition, infected cell lysates were probed with antibodies against Hsp90,
Hsp70, Hsp40, actin, TMEV 2C and TMEV P1 in order to test their specificity using Western
analysis. The following conclusions were reached relating to the localisation and detection of
Hsp90, Hsp70 and Hsp40 in TMEV -infected cells:
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Hsp40 localised to the nucleusin infected cells, while some of the protein remained in the
cytoplasm. Hsp40 and TMEV P1 signals overlapped in the perinuclear region, suggesting
that the two proteins colocalise.

Hsp70 converged around the large TMEV 2C-containing, juxta-nuclear structure
representing replication complex in the late stages of infection. Hsp70 and TMEV 2C
signals did not overlap.

Hsp90 localised to the perinuclear region and the replication complex, where TMEV 2C
was also located, during the middle and later stages of TMEV-infection, respectively.
Overlap between Hsp90 and TMEV 2C was observed.

Hsp90, Hsp70, Hspd0 and actin were detected at 0, 2, 4, 6 and 8 h.p.i and TMEV 2C and
TMEV P1 were detected 6 and 8 h.p.i in TMEV-infected cell lysates by Western

anaysis.
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Chapter 5: General Conclusions and Future Work

This study sought to increase the present understanding of picornavirus-Hsp interactions,
specifically those between TMEV and Hsp90, Hsp70 and Hsp40. Using confocal microscopy
and Western analysis, severa important observations were made. Firstly, the inhibition of Hsp90
function in TMEV-infected cells using GA and Nov had a negative effect on TMEV growth as
seen by the absence of CPE. In addition, TMEV 2C was detected in the lysates of TMEV-
infected cells treated with GA, but not in those treated with Nov. Secondly, confocal microscopy
showed that the distribution of Hsp40, Hsp70 and Hsp90 changed in TMEV-infected cells
compared to mock-infected cells. Thirdly, the distribution of Hsp90 appeared to be dependent on
the stage of infection. In the case of Hp40, the protein appeared to concentrate in the nucleus
during infection. However, some of the protein remained in the cytoplasm and an overlap
between the Hsp40 and TMEV Pl signals was observed in the perinuclear region. Hsp70
converged around the TMEV 2C-containing replication complex, but overlap of the two signals
was not observed. Hsp90 concentrated in perinuclear region where TMEV 2C was also located

and an overlap between the two signal's was observed.

The role of Hsp90 in vira activities has been widely documented. Studies have shown that
inhibition of Hsp9O in virus-infected cells affects virus growth by either reducing or inhibiting
vira replication in viruses such as FHV (Kampmueller and Miller, 2005), enteroviruses (Geller
et al., 2007), Influenza virus (Chase et al., 2008) and Ebola virus (Smith et al., 2010). In this
study, the Hsp90 inhibitors, GA and Nov, were used to determine if the inhibition of Hsp90 in
TMEV-infected BHK-21 cells would inhibit virus growth as observed for other viruses. Absence
of TMEV-induced CPE in Nov- and GA-treated cells suggests that Hsp90 is required during
some aspect of the TMEV replication process as was seen for enteroviruses where Hsp90 is
required to mediate the proper folding and maturation of virus capsid proteins (Geller et al.,
2007).

Although, the inhibitory effects of Nov on viruses such as HSV-1 (Franke and Margolin, 1981),
Human cytomegalovirus (Landini and Baldassarri, 1982) and murine and avian Retroviruses

(Sumiyoshi et al., 1983) have been examined, to our knowledge, no studies have been conducted
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to examine the effects of Nov in picornavirus-infected cells. This study provides the first
evidence demonstrating that this drug affects the life cycle of the picornavirus, TMEV. Although
both drugs affected TMEV growth, they appeared to act differently. A prominent signal for
TMEV 2C was detected by Western analysis in infected cell lysates treated with GA, indicating
that the drug had no effect on the synthesis and processing of the non-structural protein. These
results coincided with those in literature, where it was found that the inhibition of Hsp90 with
GA did not affect the translation or processing of viral non-structural proteins (Geller et al.,
2007). In contrast, TMEV 2C was not detected in TMEV-infected cells treated with Nov
suggesting that, unlike GA, Nov is able to affect the trandlation or processing of TMEV 2C. This
is possibly due to the different mechanisms by which these drugs inhibit Hsp90 function. The
absence of the TMEV 2C signal in Nov-treated cells may aso be indicative of an additiona yet
unknown role for Hsp90 during TMEYV infection that is somehow linked to the production of
TMEV 2C. However, it is clear from the results presented in this study that Hsp90 isinvolved in
TMEV replication. Future studies to examine the mechanism involved will investigate TME
virus yield in Nov- and GA-treated BHK-21 cells by plague assays. These experiments will
determine if the absence of CPE observed in TMEV-infected cells treated with either Nov or GA

is due to areduction in the production of viable virus particles.

The absence of a TMEV 2C signa in Nov-treated cell lysates and its presence in GA-treated
cells is not clearly understood and will need to be further examined. This observation suggests
that Nov may affect the trandation and processing of TMEV 2C, while GA does not. An
important future study will be to investigate the effects of Nov and GA on TMEV protein
production by IF and confocal microscopy. For example, BHK-21 cells infected in the presence
of Nov and GA can be stained using anti-TMEV 2C or anti-TMEV P1 antibodies at various
times post-infection to monitor the presence or absence of these viral proteins. In addition,
Western analysis can also be conducted to analyse infected cell lysates treated with Nov and GA
for the presence or absence of TMEV P1 and non-structural proteins other than TMEV 2C.

The observation that Hsp90 inhibitors prevented TMEV growth prompted an experiment which
sought to examine whether the distribution of Hsp90, as well as Hsp70 and Hsp40, was affected
by TMEV infection in cells using IF and confocal microscopy. TMEV 2C and TMEV P1 were
used as markers for infection.
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It was observed that Hsp40 redistributed to the nucleus during infection although a significant
proportion of the signal remained in the cytoplasm and in the perinuclear region. In mock-
infected cells, the signal was mostly concentrated in the perinuclear region, athough, nuclear
staining was also present. In infected cells, partial overlap between Hsp40 and TMEV P1 was
observed in the perinuclear region suggesting colocalisation between the two proteins. Future
experiments will be conducted to investigate this possibility by performing Z-stack analysis
using the Axiovison LE/ SE software (Carl Zeiss, Germany). Co-immunoprecipitation
experiments will also confirm possible interactions between TMEV P1 and Hsp40.

Since the antibodies used in this study are raised against all J domain proteins, it is not known
which Hsp40s are involved in TMEV infection. Future experiments involving antibodies specific
for the different types of Hsp40s will be conducted to investigate their distribution in infected
cells.

It is known that Hsps including Hsp40, Hsp70 and Hsp90 may be upregulated in stress
situations. In addition, certain viruses are known to up or down regulate Hsps. Preliminary
experiments described in this study reveaed that Hsp40, Hsp70 and Hsp90 could be detected in
cell lysates of infected cells. Future experiments will involve investigating expression levels of
Hsp40, Hsp70 and Hsp90 in infected cells by Western analysis. It was also noted that anti-Actin
antibodies detect the protein in infected cells. This protein can be used as an internal control to
monitor expression of Hsp90, Hsp70 and Hsp40 during infection as has been performed in other
studies. Densitometry analysis using the ImageJ Java-based image processing program will be

conducted to quantitatively measure Hsp90, Hsp70 and Hsp40 expression levels.

The Hsp70 staining pattern in mock-infected cells was predominantly diffuse and punctative in
the cytoplasm. During late infection, it had converged around the large TMEV 2C-containing
replication complexe adjacent to the nucleus, and no overlap between the two signals was
observed. This observation may possibly be as a result of nascent TMEV P1 sequestering Hsp70
to assist in the folding of the precursor capsid protein into a conformation required for cleavage,
as suggested by Macgiak and Sarnow, 1992. Additiona studies will need to be conducted to
further investigate the significance of these observations. These experiments could involve
conducting co-immunoprecipitation analysis to examine interactions between Hsp70 and TMEV
P1.
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The redistribution of Hsp90 was found to be dependent on the stage of infection. During earlier
stages of infection, the Hsp90 signal was uniformly dispersed in the cytoplasm, similar to that
observed in mock-infected cells. During the middle and late stages of infection, the Hsp90 signal
was found concentrated in the perinuclear region and within the replication complex, where
TMEV 2C was aso located. An overlap between the signals of Hsp90 and TMEV 2C was
observed at both regions, suggesting colocalisation. To investigate the possibility of co-
localisation between the two proteins, Z-stack analysis can be performed using the Axiovision
LE/ SE software (Carl Zeiss, Germany). Co-immunoprecipitation experiments can also be

conducted both in the presence or absence of GA and Nov.

In conclusion, this study was able to identify Hsp90, Hsp70 and Hsp40 as possible host cell
factors involved in either the replication or assembly process of TMEV. The results reported in
this study have set a platform for future studies to examine Hsp-TMEV interactions that will
provide better understanding of these conserved and vital proteins in the life cycle of
picornaviruses. There are currently no anti-viral agents for the treatment of picornavirus
infections which have a devastating effect on human and animal health. It is therefore of vital
importance to gain a better understanding of virus-host interactions that can be targeted by novel
antiviral therapies.
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