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ABSTRACT

The Picornavirus family of positive sense RNA viruses includes some significant
human and animal pathogens including Poliovirus (PV), Foot-and-Mouth disease
virus (FMDV) and Human Rhinovirus (HRV). The genome is translated within the
host cell into a polyprotein that is proteolytically cleaved into the structural and non-
structural proteins. The highly conserved, non-structural protein 2C has numerous
roles during the virus life cycle and is essential for virus replication. Although the
protein has been well studied in the case of PV, its interactions with the host cell
during picornavirus infection is poorly understood. Theiler’s Encephalomyelitis virus
(TMEV) is a picornavirus that infects mice, and is being used in our laboratory as a
model in which to study the 2C protein. In this study, polyclonal antibodies against
the TMEV 2C protein were generated and used to localise the protein in infected cells
by indirect immunofluorescence. To produce antigen for immunisation purposes, the
TMEV-2C protein sequence was analysed to identify hydrophilic and antigenic
regions. An internal region of the 2C representing amino acid residues 31-210 was
selected, expressed in bacteria and purified by nickel NTA affinity chromatography.
Time course analysis of 2C (31-210) showed that the peptide was maximally
expressed at 5 hours post induction. The peptide was solubilised using a mild
detergent and 1.5 mg of purified antigen was used for immunisation of rabbits.
Western blot analysis confirmed that the antibodies could detect both bacterially-
expressed antigen, and virally-expressed 2C. Examination of virus-infected baby
hamster kidney cells by immunofluorescence and confocal microscopy using the anti-
serum (anti-TMEV 2C antibodies) showed that the protein had a diffuse distribution
upon early infection and at later stages it was located in a large perinuclear structure
representing the viral replication complex. Furthermore, 2C localised to the Golgi
apparatus as revealed by dual-label immunofluorescence using anti-TMEV 2C
antibodies and wheat germ agglutinin (WGA). Furthermore, it was shown that TMEV
infection results in changes in cell morphology and a redistribution of the cytoskeletal
protein, B-actin. The successful production of antibodies that recognise TMEV 2C
opens the way for further studies to investigate interactions between 2C and host-

encoded factors.
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1. LITERATURE REVIEW

1.1 Picornaviruses
The word “virus” is derived, from Latin and means poison. Viruses are so small that
they cannot be seen under the light microscope and are able to pass through filters
used to remove bacteria and other contaminating substances. Viruses are obligate
intracellular parasites meaning that they can only reproduce in host cells. More than
4000 different viruses have been identified and they are classified according to
structure, nature of their genome, host organisms and disease they cause (Flint et al.,

2004; Voyles, 2002).

Picornaviruses are small viruses with a RNA genome and are responsible for a
number of significant human and animal diseases. The picornaviruses are currently
divided into 12 genera: Aphthovirus, Avihepatovirus, Cardiovirus, Enterovirus,
Erbovirus, Hepatovirus, Kobuvirus, Parechovirus, Senecavirus, Sapelovirus,
Teschovirus and Tremovirus species (Stanway et al., 2005). Diseases caused by some
members of these genera are listed in Table 1.1 below. Notable members of the
Picornaviridae include the Human enterovirus C, of which poliovirus (PV) is one of
the serotypes which causes poliomyelitis in humans, Hepatitis A virus (HAV) causes
hepatitis, Foot and Mouth disease virus (FMDYV) is responsible for infection of cloven
hoofed animals and Human Rhinovirus (HRV) which has over 100 serotypes and

causes common cold.

Table 1.1; The Picornavirus genera and diseases caused by each species (Bedard and Semler, 2004).

Genus Species Disease

Apthovirus Foot-and Mouth Disease virus FMD-in cloven hoof animals

Cardiovirus Theiler’s virus Myelitis in mice

Enterovirus Poliovirus Poliomyelitis

Hepatovirus Hepatitis A virus Liver disease

Parechovirus Human parechovirus Chronic meningoencephalitis

Erbovirus Equine rhinitis B virus Upper respiratory diseases

Teschovirus Porcine teschovirus Teschen-Talfan-neurological
diseases



http://www.picornaviridae.com/avihepatovirus/avihepatovirus.htm
http://www.picornaviridae.com/senecavirus/senecavirus.htm
http://www.picornaviridae.com/sapelovirus/sapelovirus.htm
http://www.picornaviridae.com/tremovirus/tremovirus.htm

The diseases caused by the above-mentioned pathogens have diverse economic and
health effects. FMDV is notorious for its impacts on economically important
livestock. There are seven serotypes of FMDV which have been identified to date,
namely; Asia 1, O, A, C, SAT1-3 (Grubman & Baxt, 2004; Oem et al., 2008). In the
past, outbreaks caused by FMDYV resulted in great economic losses in the agricultural
industries as a consequence of animal culling so as to prevent the spread of the
disease. One such incident which cost damage of over 8 billion pounds was the

outbreak in the United Kingdom in 2001 (Thompson et al., 2002).

Poliovirus, the prototype picornavirus, is responsible for severe poliomyelitis.
Although the disease has been eradicated in most countries of the world (Bedard &
Semler 2004) some countries such as India, Nigeria, Afghanistan and Pakistan were
still reporting cases between the years of 2000 to 2005 (Arita et al., 2006). HRV is an
economic pest worldwide which is responsible for upper respiratory tract infections
and results in loss of working days. Acquisition of immunity to rhinoviruses is
difficult because of the presence of over 100 distinct antigenic serotypes (Fox, 1976;
Melnick, 1980). The only form of protection relies on the antibodies produced in the
upper respiratory tract (URT) and these do not offer lifelong protection due to the
changing genetic make-up of the virus (Fox et al., 1985). Hepatitis A virus is
transmitted via the fecal-oral route and the liver is the site of infection and results in
high cases of morbidity especially in developing countries of the world (Costa-
Mattioli et al., 2002). Parechoviruses cause respiratory tract infections, gastroenteritis

and central nervous system diseases (Krogerus et al., 2003).

TMEYV is a picornavirus belonging to the genus cardiovirus which infects the central
nervous system of mice eventually causing demyelination (Lipton, 1975). Virulent
strains of TME have been studied intensively as a model for understanding the
pathogenesis of multiple sclerosis (Oleszak et al., 2004). TMEYV is classified into two
groups based on infectivity and the type of disease that it produces following
intracerebral inoculation of mice. The two groups are GDVII and Theiler original
(TO). The GDVII group is characterised by two strains the GDVII and FA strain and
these are more neurovirulent than the TO strain and cause acute fatal encephalitis. The

strains, BeAn, DA, WW, TO4 and Yale fall under the TO group and these strains are



less neurovirulent and are responsible for chronic inflammatory demyelinating disease

(Lipton & Friedman, 1980).

Due to biosafety reasons TMEV was chosen as a model for this study because it is not
pathogenic to humans and thus can be safely used in the laboratory. A study system
has been developed whereby TMEV permissively infects and replicates in baby
hamster kidney (BHK-21) cells. This cell line is also widely used for diagnostic
purposes and vaccine production of FMDV (Barteling, 2004).

1.2 Picornavirus genome organisation

Picornaviruses are characterised by a positive sense single-stranded RNA genome
packaged into a non-enveloped capsid with icosahedral symmetry. The capsid is made
from 60 subunits arranged as 12 pentamers and is approximately 30 nm in diameter.
Each subunit consists of four structural proteins namely: VP1, VP2, VP3 and VP4
(Figure 1.1). Three of the structural proteins VP1, VP2 and VP3 are exposed on the
surface. VP4 is the smallest capsid protein which is embedded inside the icosahedron

structure (Racaniello, 2001).

VP1

Figure 1.1: Schematic organisation of the picornavirus capsid. The capsid proteins are arranged in
an icosahedral symmetry made up of 60 subunits each containing four capsid proteins VP1, VP2, VP3
and VP4. VP1-3 are shown on the surface while VP4 is within the capsid (adapted from Flint et al.,
2004).



The picornavirus proteins are encoded in a single, long open reading frame (ORF) of
about 7200-8500 kb as shown in Figure 1.2. Picornaviruses are believed to follow a
similar replication strategy since they are similar in genome organisation. At the 5’
end of the ORF is a long untranslated region (UTR) of about 600-1200 nucleotides
and it is attached to a small protein called VPg which acts as a primer for the viral
replicase (Rohll et al., 1995). The 5’ UTR is important for translation, virulence, and
encapsidation (Racaniello, 2001). Within the 5" UTR there is a cloverleaf structure
called the Internal Ribosome Entry Site (IRES) (Martinez-Salas et al., 2008). The
picornavirus IRES is a sequence that promotes translation initiation of the viral
genome while host cell protein translation is shut off and contains extensive regions
of RNA secondary structure (Racaniello, 2001). The 3" UTR is about 50-100
nucleotides long and forms a stem loop structure that is essential for viral replication
(Harris et al., 1994). The rest of the genome encodes a single polyprotein of between
2100 and 2400 amino acids (Cann, 2005).

S UTR Y UIR

Vige——— L 1B 1IC 1D 24 2B 2 A 3B 3C 3D LPoly-A
IRES

Figure 1.2: Schematic diagram showing genome organisation of picornaviruses. VPg is at the
extreme 5’ end of the genome. The IRES element is within the 5" UTR which is followed by the coding
sequences for viral proteins. The 3’ end is polyadenylated (adapted from Martinez-Salas et al., 2008).

1.3 Proteolytic processing of proteins

As mentioned in section 1.2, the picornavirus proteins are encoded in a single ORF
which is translated within the host cell cytoplasm to form a polyprotein. Several virus-
encoded proteases cleave the polyprotein into the structural and non-structural
proteins which are encoded by the P1 and P2-P3 domains respectively (Figure 1.3).
The 2A protease is responsible for the initial cleavage between the P1 domain and the
P2 and P3 domains (Donnelly et al., 1997; Ryan et al., 1991; Sommergruber et al.,
1989; Toyoda et al., 1986). Most of the other cleavages are mediated by 3C and 3CD
(Bedard & Semler, 2004). The structural proteins 1A, 1B, 1C and 1D are post-
translationally cleaved to produce VP1, VP3 and VPO of the provirion capsid. VPO is




cleaved to give VP4 and VP2 proteins which form the mature capsid reviewed in
(Agol, 2002; Hogle, 2002). 2A, 2B, 2BC, 2C, 3A, 3B, 3CD and 3D are the non-
structural proteins and they are responsible for many functions during replication of
the viral genome. The non-structural proteins will be discussed in detail in section 1.5

with a greater emphasis on the 2C protein since it is the focus of this study.

3’ UTR 5° UTR
VPg 1A 1B 1C 1D 2A 2B 2C 3A 3B 3C 3D Poly-A
l Translation
P1 P2 P3
| 1ABCD | 2ABC | 3ABCD |

l Polyprotein cleavage

[ 1ABCD ] [ 2A ] [ 2BC ][ 3AB ] [ 3CD ]
VPO [ 2B 2C ][ 3A ][ 3C ][ 3D ]
[ VP4 V:Z VP3 VP1 ] | Il}:;;::::sﬁon ‘

L )
Y

Capsid proteins

Figure 1.3: Schematic presentation of picornavirus polyprotein processing. The genome encodes
its proteins in a single open reading frame and this is translated into a long polyprotein which is
consequently cleaved by proteases into three domains P1, P2 and P3 respectively. The P1 domain
produces four structural proteins namely; VP1, VP2, VP3 and VP4. The P2 and P3 domains give rise to
non-structural proteins 2A, 2B, 2C, 3A , 3B, 3AB, 3C and 3D respectively (adapted from Bedard and
Semler, 2004).

1.4 Picornavirus replication

The replication of picornavirus occurs in the cytoplasm of infected cells within
membrane-bound replication complexes. The infection cycle is initiated by
attachment, penetration and uncoating to release the virus particles (Figure 1.4).
Picornaviruses use cell surface molecules known as receptors to adhere to membranes
of their host cells and different viruses use different receptors while others share the
same receptors. For example, PV uses a decay accelerating protein (CD55) as a

receptor, coxsackie B virus attaches to the coxsackievirus-adenovirus receptor (Car),



FMDYV uses a vitronectin receptor, and HRV uses sialic acid which is a carbohydrate
(Flint et al., 2004). Following uncoating, the RNA is released into the cytoplasm and
begins a round of viral translation. Unlike most host mRNAs, translated viral mRNA
does not contain a 7-methyl-Guanidine cap structure at its 5’ end and initiates protein
synthesis internally at the IRES (shown in Figure 1.2) by a cap-independent
mechanism (Belsham & Brangwyn., 1990; Kuhn et al., 1990). During picornavirus
replication, cap-dependent mRNA translation is inhibited as a result of the cleavage of

protein synthesis initiation factors (Devaney et al., 1988).

Figure 1.4: Schematic presentation of picornavirus replication. Replication occurs in the cytoplasm
of infected cells and takes the following order: 1: Attachment of virus particle to host cell receptor
followed by penetration into the cell; 2: Uncoating and release of the RNA; 3: Translation of the
mRNA to yield the polyprotein, 4: cleavage of the polyprotein into P1, P2 and P3 domains; 5: P1
domain is processed into three capsid proteins (VP1-3); 6: synthesis of the negative sense RNA by 3D
polymerase; 7: Synthesis of the positive strand from the negative sense strand; 8: nascent virions are
produced and packaged into the capsids and 9 the cell lysis and virions are released (adapted from Flint

etal., 2004).



The mRNA is translated to produce first the 3D protein, the RNA-dependent RNA
polymerase, which replicates the genome using VPg (3B) as a primer (Crawford &
Baltimore, 1983). Subsequently, synthesis of the capsid and non-structural proteins
follows. Positive strand RNA acts as a template for the replication of the negative
strand which in turn acts as a template for production of nascent positive strand RNA
(Flanegan & Baltimore, 1977; Flint et al., 2004). The positive strands are then
translated into structural and non-structural proteins on host ribosomes. It is
interesting to note that translation and replication are not thought to occur
simultaneously during the infectious cycle (Gamarnik & Andino, 1998). Following
synthesis of positive RNA strands capsid proteins associate with the RNA and enclose
it inside the provirion capsid which is non-infectious. Upon maturation, VPO is
cleaved into VP2 and VP4 to produce infectious virions which are released through

cell lysis (Flint et al., 2004).

1.5 The non-structural proteins

Picornavirus non-structural proteins are found within the P2 and P3 domains of the
polyprotein and include proteins 2A, 2B, 2BC, 2C, 3A, 3B, 3AB, 3C, 3CD and 3D.
These proteins are responsible for targeting and rearranging cellular membranes to
create vesicles on which virus replication takes place (Aldabe & Carrasco, 1995;
Bienz et al., 1983; Bienz et al., 1990; Cho et al., 1994; Knox et al., 2005; Moffat et
al., 2005; Monaghan et al., 2004; Palmenberg et al., 1992; Schlegel et al., 1996; Suhy
et al., 2000). The proteins 3A and 3B will be discussed together and the proteins 3C,

3CD and 3D discussed in one section.

1.5.1 24 protein

As mentioned in Section 1.3, the 2A protein is a protease responsible for the primary
cleavage of the P1 domain from the rest of the polyprotein. This strategy differs
between picornaviruses (Figure 1.5). For entero and rhinoviruses, this cleavage occurs
due to the 2A protein cleaving itself at the N-terminus. In cardioviruses and
apthoviruses, 2A protein cleaves the polyprotein between the C terminus of 2A
protein and the N terminus of 2B protein, giving rise to a P1-2A precursor protein.

The 2A protein of hepato and parechoviruses does not take part in cleaving of the P1



domain, rather 3CP™

(Palmenberg et al., 1992; Ryan & Flint, 1997).

is believed to be responsible for that processing event

Figure 1.5: Polyprotein processing in picornaviruses. Polyprotein cleavage is carried out by 2A and
3C proteins. In entero-and rhinoviruses the 2A protein cleaves the polyprotein at its N-terminus. In
cardio-and apthoviruses the 2A protein cleaves at its C-terminus. The leader (L) of aphtoviruses also
has proteolytic activity. The arrows indicate the sites of cleavage by the respective proteins (adapted

from Ryan et al., 1991).

1.5.2 2B protein

The picornavirus 2B protein is a small hydrophobic membrane protein of about 100
amino acids situated within the P2 domain. The exact role of 2B during replication is
not well defined but mutations within the PV 2B protein resulted in non-
complementable defects in viral RNA replication (Johnson & Sarnow, 1991). This
may reflect a need for the presence of 2B or 2BC proteins at the site of replication or a
disruption of the structure of the viral RNA causing defective RNA synthesis
(Bernstein et al., 1986; Johnson & Sarnow, 1991).

Other effects of the picornavirus 2B protein include disassembly of the Golgi complex
accompanied by inhibition of protein secretion (Doedens & Kirkegaard, 1995). 2B

protein has also been identified as a viroporin, which are hydrophobic proteins



encoded by animal viruses that are able to disturb membrane integrity, resulting in
virus egress (Carrasco & Smith, 1976; Nieva et al., 2003) and has been found to alter
membrane permeability (Aldabe et al., 1996; de Jong et al., 2006; van Kuppeveld et
al., 1997).

1.5.3 2BC protein

The 2BC protein is a membrane-associated precursor of the 2B and 2C proteins. Like
2C protein, 2BC protein has been shown to possess ATPase activity (Wimmer,
unpublished data). PV 2BC protein is found within the viral replication complex on
the surface of virus-induced vesicles, and when transiently expressed in HeLa and
yeast cells, is capable of inducing the proliferation of membranous vesicles (Aldabe &
Carrasco, 1995; Barco & Carrasco, 1995; Cho et al., 1994). Moreover, the FMDV
2BC protein modifies the ER and blocks protein transport between the ER and Golgi
apparatus (Moffat et al., 2005; Moffat et al., 2007).

1.5.4 The 34 and 3B proteins

These proteins are found in the P3 domain of the genome. 3A protein is a small
hydrophobic protein that associates with intracellular membranes (Doedens et al.,
1997; Moffat et al., 2005), and it is the cleavage product of the 3AB protein. The 3A
protein contains a conserved hydrophobic region of 22 amino acids near its C-
terminus, which is responsible for association with membranes (Lee et al., 2006).
Transient expression of PV 3A protein has been shown to inhibit ER-to-Golgi protein
traffic, resulting in the build up of proteins destined for secretion and the subsequent
distortion and swelling of the ER cisternae (Doedens et al., 1997; Suhy et al., 2000).
The 3B protein is known as VPg and is covalently linked to the 5’ end of the genome.
Three copies of the gene are present in the genomic RNA. 3B protein acts as a primer
for RNA synthesis and it is found linked to the 5" ends of both negative and positive
strand RNA (Paul, 2002).

1.5.5 3C, 3CD and 3D proteins

pro

The 3C, 3CD and 3D proteins are found within the P3 domain of picornaviruses. 3C

and 3CD proteins of picornaviruses are multifunctional viral proteases involved in



secondary cleavage events during polyprotein processing (Racaniello, 2001; Skern et
al., 2002). They are also involved in binding viral RNA and in replication (Bedard &
Semler, 2004). The 3CD protein is a precursor of the viral protease 3C and the viral
polymerase 3D. 3C protein functions with 3D protein to stimulate uridylylation of
VPg which acts as a primer during replication (Paul et al., 2000). 3CD protein has
protease activity but not polymerase activity (Harris et al., 1992). 3D protein is the
RNA-dependent RNA polymerase which is responsible for RNA chain elongation
during viral RNA synthesis (Flint et al., 2004; Racaniello, 2001).

1.6 2C protein

1.6.1 Conservation of the protein within the picornavirus family

The picornavirus 2C protein is encoded within the P2 domain and is approximately 36
kDa and is the most conserved protein within the picornaviridae family (Carrasco et
al., 2002; Emini et al., 1985). Amino acid sequence alignments of 2C protein of
different picornaviruses show that the protein is highly conserved (Argos et al., 1984).
In order to show this conservation, the 2C protein amino acid sequences of different
picornaviruses were aligned using the Clustal W Multiple Sequence Alignment
Program (Thompson et al., 1994). The program was used on default settings and
Gonnet 250 was used to determine the identity matrix. Figure 1.6 shows amino acid
sequence alignments of TMEV (Genbank accession number: M20562), FMDV
(accession number: NP 740508), PV (accession number: NP  740473), HRV
(accession number: NP_001552438) and HAV (accession number: NP_740555).

The green coloured residues in Figure 1.6 (shown by the asterisk; *) represent amino
acids which are 100% identical and many of these are within the boxed area which
represents the NTP binding regions of the protein. This result is in line with previous
findings which showed that the 2C protein is highly conserved especially within the
NTP domain (Argos et al., 1984; Gorbalenya et al., 1989; Gorbalenya & Koonin,
1989; Gorbalenya et al., 1990). Shown in red (:) are residues which have conserved
substitutions. Also observed in the figure are residues which share similar physical

and chemical properties and these are shown in yellow (.).
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TMEV ---GPLR AN GFTFA" IE----/ATKTIQSIVNW------- LTSWFK--Q DHPQSK 44

FMDV ----KAR IN IFAIL" GE----/WLVKLILAIRDW------- IKAWIA--S ------ 37
PV -GDSWLK FT ACNAAK LE----/VSNKISKFIDW------- LKEKIIPQA KLEFVT 48
HRV -GDGWLK FT CCNAA" LE----WIGIKISKFIEW------- LKNRLLPTL KKEILD 48

HAV SFSNWLR IC GITIF! FKDAIY/LYTKLKDFYEVNYGKKKDILNILKDNQ IEKAIE 60

TMEV LDKLLMEFPDHCRNIM MRNGRKAYCECTASF YFDDLYNLAVTCKRIPLASLC KFKNR 104
FMDV ---KFVTMTDLVPGIL KQRDLNDPSKYKDAK WLDNTRQVCLKNGNVHIANLC VVAP- 93
PV KLRQLEMLENQISTIH SCPSQEHQEILFNNV WLSIQSKRFAPLYAVEAKRIQ LEHTI 108
HRV ECKKIDLYQEQVKGFS -VDEPAQQELLIK-V KLKKGLDSLAPLYAVENKRVT IYKEL 106
HAV EADNFCILQIQDVEKF QYQKGVDLIQKLRTV SMAQVDPNLGVHLSPLRDCIA VHQKL 120
T™™EV [ -=-———-- HDHSVT!: P VVVLRC-AAQ TSQII"QSVSKMAFGR--QSVYSMIPD 156
FMDV | -==———- APSKSP VVCLRC-KS©-Q LANVL QAISTHLTGRT-DSVWYC"PD 145
PV NNY--IQFKSKH"I CLLVHCSPCT ATNLI"RAIAERENTS----TYSL"PD 162
HRV KAL--SAYKTTQ"T CILIRCAPCC VISII"RGLTKPGD------ IYSLUPD 158
HAV KNLGSINQAMVT!C VCYLY KRG TSIAL TKICKHYGVEPEKNIYTK'VA 180
* kkk s ok ok kkk | . Sk . . x
TMEV YF NOFSVIMODL D ELVF V MVESSTNFLPNVAHIERCCTPETSSFIVATT 216
FMDV HF QOTVVVMDUL D KUF Y MVSTTGFIPPV .S .EDXCKPISSKVIIATT |205
PV HF QUGVVIMUDL D ACM L MVETVEFIPPVASILEEXCILITENYVLAST 222
HRV HF QUEVVIMDUL D KL M MVSTTNFIPPV AT CDICKTITSKYILAST |218
HAV YW GULVCI I T EOW D LVSGCPMRLN/MASI.EEXCRHISSPFIIATS (240
cakkk |k cakke kk .k ok k.k*k . *k kk kk  kok .ok
TMEV LPK-FRI'VIVAHYP .VD-RITF TVTAGPHC TPAGMLDIEKAF EIPGSKPQLACFS 275
FMDV LYSGFTFKTMVCPD.LN-"FHF DVSAKDGY INN-KLDIIKAL DTHAN--PVAMFH 262
PV SSR-IS"PIVAHSD LA""FAF DIQVMNEY -RDGKLNMAMAT MCKNCH-QPANFK 279
HRV LIN-LQFPTVTVPEAID-"FYL DLKILQGY NQVGLLDTAKAL PCANCS-KPPHYK 276
HAV WSN-PS"KIVYVKE"ID -LHF EVKPASFF NPHNDMLNVNLA TNDAIK----DMS 295
* * k. K, kk. . . .
TMEV ADCPLLHKRGVMFTCNRTKTVYN---LQQVVKMVNDTITRKTENVSSKMNSLVAQ- 326
FMDV YDCALLNGMAVEMKRLQQDVFKPQPPLONVYQLVQEVIERVELHEKVSSHPIFKQ 317
PV RCCPLVCGKAIQLMDKSSRVRYS---IDQITTMIINERNRRSNIGNCMEALFQ-- 329
HRV QCCPLLCGKAVVLVNRRTKGSYA---INMVVQQLIEESKSRKSVGNNLTAIFQ-- 326

HAV CVDLIMDGHNISLIDLLS---—--------—- SLVMTVEIRKQNMSEFMELWSQ-- 335

Figure 1.6: Multiple sequence alignment of the picornavirus 2C amino acids were performed
using the Clustal W 1.81 program. Residues which are identical in all sequences are indicated by the
asteric (*in green). Most of these conserved residues are concentrated within the NTP binding regions
of the proteins (boxed area). Substitution conserved residues are shown by double dots (: in red) and
represent up to 75% sequence identity. Single dots (. in yellow) show amino acid residues which have

similar physical and chemical properties and have semi conserved substitutions.

1.6.2 Structure and organisation of the 2C protein

The secondary structure of 2C protein is proposed to have three functional domains
(Banerjee et al., 2004; Carrasco et al., 2002; Teterina et al., 1997). Figure 1.7 shows a
schematic diagram showing the different domains of the PV 2C protein. In orange are

the nucleoside triphosphate-binding (NTP) regions. RNA binding and membrane
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binding domains are shown in yellow (Rodriguez & Carrasco, 1995). Amphipathic a-

helices are present at the N- and C-termini of the protein.

a/a o/B al/a
< > < > —>
1 45 90 135 180 225 270 315 329

Y D —

Figure 1.7: Diagrammatic presentation of the structural domains of the PV 2C protein. The

diagram shows two RNA binding domains at the N and C-terminus (yellow), membrane binding
domain (grey) and the NTP-binding domains (orange). Double-headed arrows show regions of the
alpha helices at the N and C-termini and the alpha/beta helix in the central region of the protein

(adapted from Banerjee et al., 2004).

1.6.3 Functions of the 2C protein

As seen in Figure 1.7, the 2C protein has three different domains of which each gives
the protein a specific function. 2C is a multifunctional protein and it has numerous
important functions in virus replication. The functions include membrane binding and
domains have been identified at both the N- and C-termini of the protein (Echeverri et
al., 1998; Echeverri & Dasgupta, 1995; Paul et al., 1994; Teterina et al., 1997,
Teterina et al., 2006). Membrane binding activity of the 2C protein has been mapped
to the putative class A amphipathic helix at the N-terminus (Paul et al., 1994). By
engineering mutations in the N terminal amphiphatic helix, membrane-binding ability

was affected (Murray et al., 2009; Paul et al., 1994).

The protein also has RNA binding activity and this occurs due to its amino and
carboxyl RNA binding motifs (Banerjee & Dasgupta, 2001; Banerjee et al., 1997,
Mirzayan & Wimmer, 1994; Rodriguez & Carrasco, 1995). Using mobility gel shift
and UV cross-linking assays it was shown that PV 2C protein interacts with the 3’
cloverleaf structure of the negative strand (Banerjee et al., 2001). The ability of the
2C to bind to membranes and the negative strand RNA suggests that it is involved in

anchoring the negative strand RNA to the virus-induced replication complex
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(Banerjee & Dasgupta, 2001; Banerjee et al., 2001; Rodriguez & Carrasco, 1993;
Rodriguez & Carrasco, 1995).

In addition, the 2C protein also has NTPase activity (Mirzayan & Wimmer, 1994;
Rodriguez & Carrasco, 1993; Teterina et al., 1992). Biochemical studies have shown
that PV 2C ATPase activity is inhibited by low concentrations of guanidine
hydrochloride, an inhibitor of PV RNA replication (Pfister & Wimmer, 1999). The
NTP binding domains are necessary for the ATPase activity of the protein in RNA
replication (Mirzayan & Wimmer, 1992; Pfister & Wimmer, 1999).

PV 2C protein is implicated in the proliferation of induced membranous vesicles in
infected cells that become the site of replication (Aldabe & Carrasco, 1995; Bienz et
al., 1987; Bienz et al., 1990., Bienz et al., 1992; Cho et al., 1994; Schlegel et al.,
1996). The 2C and 2BC proteins have been shown to induce membrane vesicles
similar to those found in infected cells when expressed in the absence of the other

viral proteins (Aldabe & Carrasco, 1995; Cho et al., 1994).

Other processes in which 2C protein is implicated includes encapsidation (Vance et
al., 1997), regulation of 3C protease activity (Banerjee et al., 2004) and virus
uncoating (L1 & Baltimore, 1990). Evidence for viral encapsidation by the 2C protein
was obtained through use of an antiviral drug, hydantion which inhibits replication in
PV cultures. Late in infection the cultures were found to contain new assembly
intermediates which resemble those of viral encapsidation intermediates (Vance et al.,
1997). PV 2C protein was found to co-immunoprecipitate with viral protease 3C and
this resulted in inhibition of the protease activity of the 3C protein both in vivo and in
vitro (Banerjee et al., 2004; Schlegel et al., 1996).

1.7 Origin of membrane vesicles and site of replication

Infection with RNA viruses has been long associated with formation of membrane
vesicles which are derived from various cellular components. Membrane vesicles
have been found in the cytoplasm of picornavirus-infected cells as a result of
intracellular membrane remodelling and these vesicles are required for the replication

of viral RNA (Bienz et al., 1992; Guinea & Carrasco, 1990; Rust et al., 2001; Suhy et
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al., 2000). Insect viruses such as the Flock house virus, induce membranes outside the
mitochondria in infected cells (Miller et al., 2001). Brome mosaic virus forms the
vesicles found located in the ER of infected barley protoplasts (Restrepo-Hartwig &
Ahlquist, 1996). The replication of Semliki Forest and Sindbis virus is located in
complex structures associated with modified secondary lysosomes and endosomes
(Froshauer et al., 1988). Immunogold labelling, confocal and electron microscopy
analysis showed that rubella virus replication complexes are derived from modified

lysosomes (Magliano et al., 1998).

Picornaviruses are known to synthesize their genomes in association with newly
generated membranous vesicles that proliferate from the mid-phase of infection
(Caliguiri & Tamm, 1969; 1970). Electron micrographs of PV-infected cells showed
that the membrane vesicles had two lipid membranes and surrounding these vesicles
were virus particles (Rust et al., 2001). The membrane vesicles observed in the
cytoplasm of PV-infected cells are thought to derive from of the ER (Bienz et al.,
1987; Rust et al., 2001). However, Schlegel et al., (1996) performed biochemical
analyse on cells expressing PV 2C protein and found that these membranes were
derived from diverse intracellular organelles, including the endoplasmic reticulum,
Golgi apparatus, lysosomes and endosomes. Evidence that these vesicles originate
from the membranes of the secretory pathway comes from using brefeldin A, an
inhibitor of protein secretion, which was found to inhibit poliovirus RNA synthesis
(Trurzun et al., 1992; Maynell et al., 1992). Furthermore, in PV-infected cells, the
Golgi apparatus disassembles and the cellular secretory pathway is inhibited (Cho et
al., 1994; Doedens & Kirkegaard, 1995; Sandoval & Carrasco, 1997).

1.8 Antibody structure and Function

The focus of this study was to generate polyclonal antibodies against TMEV 2C in
order to study the localisation of the protein in infected cells. This section describes
briefly what antibodies are and their functions and applications in different settings.
Antibodies are serum glycoproteins known as immunoglobulins (Igs) and they are
secreted by differentiated B-cells. They are produced in response to molecules and
organisms foreign to the host. Antibodies are made of four protein subunits. Two

copies of the heavy and light chain are identical and these are held together by
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disulfide and noncovalent bonds. The structure of an antibody takes the form of a
“Y”—shaped molecule (Figure 1.8). The N-termini of the Y molecule form the antigen
binding domains known as Fab regions and these regions vary from one antibody
molecule to another, while the C-terminus forms the Fc domain, which defines the
class of antibody and determines functional properties. The Fab domain and the Fc
regions are connected by a region known as the hinge which imparts lateral and

rotational movement of the Fab domain (Janeway et al., 2005; Lipman et al., 2005).

There are five classes of antibodies each having a different function and these are;
IgG, IgD, IgE, IgM and IgA. IgG is predominant in serum, it functions to activate the
classical complement pathway and binds macrophages and neutrophils for
enhancement of phagocytosis. IgD is found on surfaces of B-lymphocytes and
mediates B-cell activation and suppression. IgE is found bound to basophils and mast
cells where it controls allergic reactions. IgM it is the first to be produced during an
immune response and it activates the classical complement pathway. IgA antibodies
are mainly secreted by mucosal lymphoid tissues where they protect body surfaces
exposed to the environment by blocking entry of bacteria and virus through the

mucous membranes (Coico et al., 2003; Janeway et al., 2005).

Antibodies have many functions in humoral immune responses including
neutralisation of toxins by blocking the active sites on toxins, agglutination of
particulate antigens and precipitation of soluble antigens. Opsonisation is another
function of antibodies whereby the antigen is engulfed and destroyed inside the cell
by phagocytosis. The complement pathway is activated by binding of antigen or
pathogen specific antibodies. Complement activation occurs as a series of steps which
leads to the opsonisation and ultimately lysis and/or phagocytosis of the invading
organism. Antibody-dependant cell mediated cytotoxicity is another function of
antibodies which is activated by binding of the target cell to the Fab region and the Fc
region binds to Fc receptors on natural killer cells whereby the natural killer cells are
focused on the target cells and are consequently killed (Coico et al., 2003; Janeway et
al., 2005; Lipman et al., 2005).
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Figure 1.8: Schematic diagram of an antibody molecule. The antibody molecule is composed of two
sets of identical heavy and light chains, which make the Y-shaped structure. Each chain contains a
constant (grey) and variable (orange) region which are held to together by disulfide bonds. Antigen
binding sites are situated in between the amino (N) terminal point and are referred to as fragment
antigen binding (Fab). The carboxyl (C) terminus of the two chains fold together to form the effector
domains (Fc) (adapted from Janeway et al., 2005).

1.9 Monoclonal versus Polyclonal antibodies

Monoclonal antibodies (MAbs) are derived from a single clone of antibody producing
B-cells. They are also produced by injection of mammals with the antigen. The spleen
of the animal is then removed and the B cells are fused to immortal myeloma cells
forming a hybridoma which is screened by enzyme linked-immunosorbent assay
(ELISA). The selected hybridoma is then injected into a second mouse whereby it
induces a localised tumor which is full of antibody fluids, which can then be extracted
and monoclonal antibodies isolated by column chromatography (Kohler & Milstein,

1975).

Polyclonal antibodies (PAbs) are synthesised by injection of an antigen into a host
animal (e.g. goat, rabbit or mouse), harvesting the plasma, and removing clotting
factors to produce serum containing the antibodies. As mentioned in section 1.8,
antibodies are produced in response to antigens by secreting B cells which divide to
produce effector cells some of which produce memory cells. Memory B-cells form

the basis of immunological memory and ensure a more rapid and effective response
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on a second encounter with a pathogen and provides a longer lasting protective
immunity. It is for this reason that animals are given booster injections as the first or
primary response to antigen does not yield a high titer of the antibody or antibodies
with high affinity to the antigen (McCullough & Summerfield, 2005). PAbs are
generated much quicker, are less expensive and the skills required to know the
technique are less complicated than those for generation of MAbs. PAbs normally
have greater specificity than MAbs since they are produced from a large group of B-

cell clones (Lipman et al., 2005).

PAbs against the TMEV 2C protein were produced in this study by injection of two
rabbits with the 2C antigen. The rabbits were bled three times and the serum was

collected and used as antibody.

1.10 Applications of antibodies

Antibodies have been extensively applied for research, therapeutic, and diagnostic
purposes for the improvement of the health and welfare of humans and animals. Some
applications in research are biochemical and include immunoblotting and
immunoprecipitation to detect antigens in samples. ELISA involves the use of enzyme
labelled antigens to detect antibodies in samples. Microscopical techniques include
Immunofluorescence (IF), immunohistochemistry and electron microscopy (EM) that
utilise antibodies to detect antigens in a single cell or in the context of the whole
tissue (Bonifacino et al., 2001; Gallagher et al., 1998; Harlow & Lane, 1988; 1999;
Hornbeck, 1991).

Antibodies are widely used in virus research and many of the mechanisms by which
the virus replicates in host cells could not have been examined without appropriate
specific antibodies. For example, as in this particular study, antibodies have been used
in IF analysis to localise the site of replication in host cells and also to localise
individual viral proteins in order to dissect their functions (Cho et al., 1994; de Jong
et al., 2003; de Jong et al., 2008; Doedens & Kirkegaard, 1995; Knox et al., 2005;
Moftat et al., 2005; Moffat et al., 2007; Rouiller et al., 1998; Sandoval & Carrasco,
1997; Suhy et al., 2000; van Kuppeveld et al., 1997). Cytoplasmic vesicles have been

identified in infected cells using electron microscopy (Bienz et al., 1987, Monaghan
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et al., 2004; Schlegel et al., 1996; Suhy et al., 2000). Membrane binding properties of
proteins have also been elucidated using antibodies specific to the proteins by
immunoprecipitation and immunoblotting (Echeverri et al., 1998; Echeverri &

Dasgupta, 1995; Paul et al., 1994; Teterina et al., 2006).

Antibodies are widely used in diagnostic applications. For example, Dot ELISA is an
antibody detection assay for immunological diagnosis of patients with
neurocysticercosis and is a promising tool for the diagnosis of cysticercosis as a
screening test (Agudelo et al., 2005). MAbs also allow rapid detection of hepatitis,
influenza, herpes, streptococcal and chlamydia infections (de Soet et al., 1990;
Goldstein et al., 1983; Hawkins et al., 1985; Keck et al., 2008; Pothier et al., 1986) .
The HIV test is also a diagnostic application where antibodies against the virus are
detected using techniques such as immunoprecipitation, Western blot (WB) and
ELISA (Cao et al., 1987). PG9 and PG16 antibodies have recently being discovered
as neutralizing antibodies for HIV and are being explored for use as effective AIDS

vaccine (http://www.physorg.com/news171207257.html).

In therapeutics, MAbs such as Avastin, Humira, Remicade, and Herceptin, among
others have been accepted by the FDA and are used to treat different types of cancer
ranging from colotectal cancer, breast cancer and kidney cancer (reviewed by Carter,
2001). Mabs have also been used in the treatment of leukaemia, lymphoma and
inhibition of angiogenesis (Stephan et al., 2004). Cancer cells were discovered in
blood sample using FACs sorting mechanism of CD45 cells using anti-CD45
monoclonal antibodies. This method represents a useful tool in the detection of tumor
cells in cancer patients (Baran et al., 1998). MAbs are also used in transplantation to
suppress the immune system after organ transplantation (Bumgardner et al., 2001;
Koch et al., 2002) and treatment of autoimmune diseases such as diabetes, multiple
sclerosis and rheumatoid arthritis which occurs. Some antibodies are widely used in
the treatment of graft-versus-host disease and graft rejection in patients receiving
bone marrow transplants (Anasetti et al., 1994). Palivizumab (Synagis), an antibody
to respiratory synctial virus (RSV), which causes severe illness in newborn infants is

used to offer passive immunity (Wu et al., 2008).

18


http://www.medicalnewstoday.com/articles/17131.php
http://www.medicalnewstoday.com/articles/17131.php

1.11 Motivation

The picornavirus 2C protein has been extensively investigated and many studies have
shown that it is involved in the proliferation of cytoplasmic membrane vesicles that
support virus replication. Many other functions of this protein have been identified,
yet the exact molecular mechanism by which it interacts with host cell components is

not well understood.

Picornaviruses cause a number of economically important diseases and since their
genomes are composed of RNA, they are susceptible to mutation during replication
which leads to genetic changes rendering existing vaccines and therapies less
effective. An alternative route is developing antiviral agents that specifically target
particular interactions between viral and host cell proteins that are essential for
replication and assembly. In order to develop such antiviral agents an understanding

of these interactions is crucial. Antibodies are essential tools in these types of studies.

1.12 Aims and Objectives

The overall aim of this research was to generate polyclonal antibodies against TMEV

2C protein and use the antibodies to detect and localise the protein in infected cells.

Specific Objectives of the study were to:

e Identify a region of TMEV 2C protein that is potentially hydrophilic and
antigenic and thus would elicit an immune response when injected into
animals

e To express the peptide in a bacterial system

e To purify the protein by nickel NTA affinity chromatography and
provide antigen for immunisation of rabbits

e To test antibodies for their ability to detect bacterially-expressed antigen
and 2C protein in infected cell lysates.

e To localise 2C protein in infected cells by indirect immunofluorescence

e To determine changes in the distribution of Golgi markers in infected

cells

19



To examine the effects of virus infection on cell morphology
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2. Preparation of antigen for the generation of polyclonal antibodies

for detection of TMEYV 2C protein

2.1 Introduction

The lack of an antibody against the TMEV 2C protein has limited our ability to
understand the role of the protein during infection and its interaction with the host
cell. Although many studies have shown that 2C is essential for virus replication, it is
still not clear how it functions during the infectious cycle. Studies which have used
epitope tags in order to detect 2C protein have shown that TMEV and FMDV 2C
proteins localise to the Golgi apparatus and ER when expressed alone in cells (Bienz
et al., 1987; Bienz et al., 1992). Moreover, the FMDV 2C protein targets the Golgi
complex in infected cells where it forms part of the replication complex (Knox et al.,
2005). No study has described the localisation of TMEV in infected cells because
antibodies to detect it are not available. In this chapter, the expression and purification
of a peptide region of the TMEV 2C protein for immunisation of rabbits in order to
generate polyclonal antibodies is described. The 2C nucleotide sequence was first
analysed to predict hydrophobic, hydrophilic and antigenic regions, and amino acids
31-210 were selected for expression and purification. The specific objectives of this
chapter were to perform a bioinformatic analysis of the TMEV 2C protein in order to
identify hydrophilic and antigenic regions. The next aim was to express the 2C
peptide in a bacterial system and purify it for immunisation of rabbits. The final aim

was to test the rabbit anti-serum for detection of bacterially-expressed 2C (31-210).

2.2 Materials and Methods

2.2.1 Bacterial strains and growth media

The E. coli JM109 bacterial strain was used throughout this study. The cells were
stored in 30% glycerol and 0.1 M CaCl, as stocks at -80°C. Luria Bertani broth (LB;
0.5% NaCl, 0.5% yeast extract, 1% tryptone powder) and Luria Bertani agar (LA)
(LB supplemented with 3% bacteriological agar) were used as growth media. Growth

of the bacterial strain was carried out at 37°C in LB or LA supplemented with
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ampicillin (Amp) at a final concentration of 100 ug/ml. The growth medium will be

referred to as LB/Amp and LA/Amp.

2.2.2 Plasmids

Nucleotides 90-630 of the TMEV 2C coding sequence were PCR amplified and
cloned into pQE-80L (Qiagen) which had been digested with Bam HI and Hind III to
create pAST2C4 (created in our laboratory by A. Spracklen). The selected nucleotide
region of 2C corresponded to amino acids 31-210 of the protein and the peptide
expressed from this plasmid was termed 2C (31-210).

2.2.3 Agarose gel electrophoresis

Agarose gels of 1% (w/v) were prepared in TAE buffer [40 mM Tris (pH 8.0), 0.1%
glacial acetic acid, 1 mM EDTA] containing 0.5 pg/ml ethidium bromide. DNA
samples were mixed with 6 x loading dye (0.25% bromophenol blue, 40% sucrose)
prior to loading. Gels were electrophoresed for 45 minutes (min) at 90 V in TAE
buffer. The DNA was visualised by illumination with UV light, and images captured
using the Gel Bio-Rad's VersaDoc™ Model 4000 imaging system (Biorad, USA).

2.2.4 Sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

In all experiments, proteins were resolved by 15% SDS-PAGE. Gels were prepared
using a 30:1 acrylamide/bisacrylamide reagent (Biorad) according to manufacturer’s
instructions. Protein samples were prepared for analysis by boiling for 5 min in 5 x
SDS-PAGE sample buffer [62.5 mM Tris-HCl (pH 6.8), 10% glycerol, 1.25%
bromophenol blue, 0.5% B-mercaptoethanol, 2% SDS]. The gels were electrophoresed
at 150 V for 1 hour 45 min in 1 x SDS running buffer [1.44% glycine, 25 mM Tris
(pH 8.3), 0.1% SDS]. Gels were stained with Coomassie brilliant blue [6.25%
Coomassie (R125), 50% methanol, 10% acetic acid] and then incubated in destain

solution (40% methanol, 7% acetic acid).

22



2.2.5 Western blotting

Proteins separated by SDS-PAGE were transferred onto nitrocellulose Hybond C+
membrane (Amersham Biosciences) in transfer buffer [25 mM Tris-HCI (pH 8), 192
mM glycine, 20% methanol] for 1 hour at 100V on ice with stirring. Prior to the
transfer fiber pads and filter paper were pre-soaked in the transfer buffer. In order to
determine whether the transfer was successful the membrane was stained with
Ponceau-S stain (0.1% Ponceau S in 1% glacial acetic acid) for 2 min. This was
followed by rinsing in water and Tris buffered saline [TBS; 150 mM NaCl, 50 mM
Tris (pH 7.6)]. The membrane was incubated for 1 hour with shaking or overnight in
5% block [5 g non-fat milk powder in TBS containing 1% Tween (TBS-T)] at 4°C.
Primary and secondary antibodies were diluted in 5% block. The membrane was
washed with TBS-T in between antibody incubations either 2 x 20 min or 4 x 15 min.
Detection was performed using the BM Western blotting chemiluminescence
mouse/rabbit kit (Roche) according to manufacturer’s instructions. HRP-conjugated
secondary antibodies were used at a dilution of 1:12000. Proteins were detected using

the VersaDoc™ Model 4000 imaging system (BioRad, USA).

2.2.6 Bioinformatics

In order to successfully prepare an antigen that would elicit an immune response
when injected into rabbits and be purified in a bacterial system, a bioinformatic
analysis of the 2C protein was performed. The nucleotide sequence of TMEV 2C
(strain GDVII) was obtained from the Genbank database (Genbank accession number:
M20562). The amino acid sequence of the 2C protein was subjected to the internet-

based program Protscale in the Expasytool website (www.expasytool.com) which

uses the Kyte and Doolittle method to predict hydrophilic and hydrophobic regions of

the protein and the Hopp & Woods method to predict antigenic characters thereof.

2.2.7 Confirmation of integrity of pAST2C4 by restriction analysis and DNA
sequencing

pQE-80L was used for the expression and purification of the peptide of interest. The

vector consists of an inducible TS5 promoter responsible for high expression level of
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fusion protein, a polyhistidine tag (His-tag) N-terminal to the multiple cloning site, a
replication of origin (ColE1) which allows replication of the plasmid in E. coli and the
B-lactamase gene which encodes ampicillin resistance. The vector also has a Lac
repressor gene (Lacl) which ensures that expression of fusion protein does not occur,
or is low in the absence of an inducer such as isopropyl-pf-D-thiogalactosidase

(IPTG).

pAST2C4 (Figure 2.1) was transformed into E. coli cells using standard procedures.
Plasmid DNA was extracted from overnight cultures inoculated with a single colony
using the QIAprep® Spin Miniprep plasmid extraction kit (Qiagen). Integrity of the
pAST2C4 construct was confirmed by restriction analysis with Bam HI and Hind III

as these enzymes were used for cloning purposes.

T5 Promoter

6x Histag

Bam HI

B-lactamase
— 2C domain 4

Hind 111

PAST2C4
5261 bp

ColE1 ~

" lacrepressor

Figure 2.1 Schematic map of pAST2C4. The plasmid was constructed by ligating nucleotides 90-360
of the 2C coding sequence into the multiple cloning site of pQE-80L using Bam HI and Hind III

restriction enzymes.

Digests were analysed by agarose gel electrophoresis in order to estimate fragment
sizes. The recombinant plasmid was subjected to DNA sequencing (Ingaba
Biotechnology, South Africa) and analysed using Blast to verify that the open reading

frame was intact, and that no mutations were generated during the PCR procedure.
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2.2.8 Time course of induction

E. coli IM109 cells were transformed with pAST2C4 and pQE-80L using standard
procedures. The cells were cultured in LB/Amp at 37°C overnight with aeration.
Following overnight incubation, the cultures were diluted 1:10 in LB/Amp and
allowed to grow to mid log phase (ODgg of 0.6-0.8) at 37°C. The cultures were then
induced with IPTG at a final concentration of 1 mM and harvested hourly for 6 hours.
1 ml samples were collected in duplicate, one sample was used for SDS-PAGE
analysis to determine protein expression and the other sample to measure cell density.
This was done by measuring optical density of the sample at 600 nm using a UV-VIS
spectrophotometer (Shimadzu). The cells were harvested by centrifugation at 13000
rpm and the pellet was resuspended in a volume of phosphate buffered saline (PBS)
[137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO4, 2 mM KH,PO4 (pH 7.4)] as

determined by the equation:

Volume of PBS (ul) = Agp¢/0.5 x 150

Samples were prepared for SDS-PAGE and Western analysis using anti-His

antibodies (Roche) as described in sections 2.2.4 and 2.2.5 respectively.

2.2.9 Solubility studies

In order to determine whether the truncated 2C peptide (31-210) was soluble,
duplicate overnight cultures of E. coli cells transformed with pAST2C4 were induced
for 5 hours as above. The cultures were harvested by centrifugation at 13000 rpm.
One of the pellets was resuspended in 500 ul ice-cold PBS, and the other in PBS
containing 7.5% N-lauroylsarcosine (sarcosyl; Sigma) which was prepared as a 20%
stock in STE buffer [10 M Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA]. The cell
suspensions were sonicated using Vibra Cell apparatus (Sonics and Materials) at 4°C.
Each sample was sonicated for a total of 2 min at 60 A on ice. A 100 pl sample was
taken to represent total protein (TP) and the samples clarified by centrifugation to
pellet the insoluble fraction. The supernatant or soluble fraction (SF) was collected
and the pellet (P) was resuspended in 500 ul PBS. The samples collected were boiled
in SDS-sample buffer and stored at -20°C for later analysis by SDS-PAGE.
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2.2.10 Purification of 2C (31-210) by Ni-NTA affinity chromatography

Having established the optimum time for protein expression in section 2.2.8, the
culture volume was scaled up to 1 L in order to obtain sufficient peptide antigen for
immunisation of rabbits. 250 ml aliquots were harvested in a JA-14 centrifuge rotor at
14000 rpm for 10 min. The pellets were resuspended in 5 ml lysis buffer [S0 mM
NaH,PO,4, 300 mM NaCl, 10 mM imidazole (pH 8.0)] and stored at -20°C overnight.
Prior to sonication, lysozyme, PMSF and sarcosyl were added to a final concentration
of 1 mg/ml, 1 mM and 7.5% respectively. After 30 min incubation at room
temperature (RT), samples were sonicated as described above. A sample representing
total protein was taken as before, boiled in SDS sample buffer and stored at -20°C.
The samples were then clarified by centrifugation at 14000 rpm for 1 min to obtain

the soluble fraction. Pellets (insoluble fraction) were discarded.

The supernatants were pooled and mixed with 50% slurry of nickel-charged beads (in
a ratio of 200 pl beads/ml of supernatant) which was prepared by charging Sepharose
beads (Amersham Biosciences) with 0.1 M NiSO,. Briefly, beads were resuspended
in lysis buffer and sedimented by centrifugation at 4000 rpm for 2 min. The
supernatant was removed, and a 0.5 bead volume of 0.1 M NiSO,4 was added,
followed by incubation for 30 min at RT. The beads were sedimented by
centrifugation and the supernatant removed. The beads were washed three times with
double-distilled H,O, and centrifuged to sediment the charged beads. The beads were
then resuspended in one volume of lysis buffer and stored at 4°C until use. Samples
were incubated with the beads for 3 hours with shaking followed by an overnight
incubation at 4°C and then washed three times in 10 ml wash buffer [S0 mM
NaH,PO4, 300 mM NaCl, 20 mM imidazole (pH 8.0)], followed by centrifugation at
4000 rpm for 2 min. Wash fractions (W1, W2 and W3) were collected. The protein
was eluted in 2 ml elution buffer [SO mM NaH,PO,4, 300 mM NaCl, 250 mM
imidazole, (pH 8.0)] for 1 min on ice with shaking and then centrifuged at 14000 rpm
for 2 min. The elution step was repeated three times and samples were collected after
each step (E1, E2 and E3). Samples collected during the purification procedure were
analysed by SDS-PAGE and stained as described in section 2.2.4. Protein
concentration was determined using the Bicinchoninic Acid (BCA) Kit for protein

concentration (Sigma) according to the manufacturer’s protocol. In total, 1.5 mg of
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purified 2C (31-210) peptide was used for immunization of rabbits by Professor D. U.
Bellstedt, Department of Biochemistry, University of Stellenbosch, South Africa.

2.2.11 Testing of Day 0 and Day 44 serum

Approximately 6 weeks after immunisation, antiserum collected at day O (pre-
immune), 29 and 44 post immunisation was received. The antiserum was tested for its
ability to recognise bacterial expressed 2C (31-210) peptide. Firstly, day 0 serum was
tested in order to determine whether the rabbit serum contained antibodies which
could cross-react with 2C (31-210) peptide. Bacterial cultures harbouring pAST2C4
and pQE-80L were induced for 5 hours with IPTG as described in section 2.2.8.
Crude cell lysates were prepared by boiling in SDS sample buffer and samples were
resolved in duplicate by SDS-PAGE. Proteins were transferred to nitrocellulose and
one membrane was probed with Day 0 serum at dilution of 1:1000. The other
membrane was cut into four strips and probed with Day 44 serum at dilutions of
1:1000, 1:10000, 1:100000 and 1:1000000 in order to determine the optimal antibody
concentration for subsequent experiments. To determine sensitivity of the Day 44
serum, different amounts of purified 2C (31-210) peptide ranging between 29 and 232
ng were resolved by SDS-PAGE. Proteins were detected by staining using Coomassie
brilliant blue or transferred onto nitrocellulose membrane for Western blot analysis

using Day 44 antiserum at a dilution of 1:10000.

2.3 Results and Discussion

2.3.1 Prediction of hydrophilic, hydrophobic and antigenic regions of 2C protein

The TMEV 2C protein sequence was analysed using the internet based program
Protscale to predict hydrophobic, hydrophilic and antigenic regions of the protein.
The aim of these analyses was to predict a region of the protein which is hydrophilic
and more likely to be exposed on the surface of the protein in its tertiary
conformation. The protein appears to have numerous hydrophobic and hydrophilic
regions with no defined domains of either hydrophobicity or hydrophilicity (Figure

2.2). This is surprising as the amino-terminal region of the 2C protein forms an
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amphipathic o-helix (Paul et al., 1994) and is involved in membrane binding
(Echeverri et al., 1998; Echeverri & Dasgupta, 1995) and the C-terminus of the
protein is thought to be involved in membrane binding (Echeverri et al., 1998;

Teterina et al., 1997).

A
A 4

Figure 2.2: Kyte & Doolittle hydrophobic and hydrophilic plot of TMEV 2C. Peaks which are
below zero are predicted to be hydrophilic and those above zero are predicted to be hydrophobic

regions. Highlighted by the arrow is the region of 2C that was selected for antigen preparation.

Figure 2.2 shows the full-length 2C protein and highlighted by the arrow is an internal
region of the protein which predominantly contains hydrophilic regions as seen by
peaks below the zero axis. It is necessary that the antigen used for antibody
production is capable of eliciting an immune response in the host. An antigenic plot of
the 2C protein was generated using Protscale to predict such antigenic regions. Figure
2.3 is a Hopp & Woods plot showing the antigenic characters of 2C. The N-terminus
of the protein contains few predicted antigenic characters. The region highlighted by
the arrow is potentially antigenic as indicated by peaks above the zero line, and peaks
tend to correspond to regions of predicted hydrophilicity shown in Figure 2.2. On the
basis of these results, amino acid residues 31-210 were selected for expression and

purification in order to produce antigen. The peptide is referred to as 2C (31-210).
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Figure 2.3: Hopp & Woods antigenic plot of TMEV 2C. The regions of the protein below the zero
value are predicted to be hydrophobic and non-antigenic. Regions above zero contain predicted
antigenic characters. Highlighted by the arrow is the region of the protein that was selected for antigen

preparation.

2.3.2 Confirmation of pAST2C4 by restriction analysis

To determine the integrity of pAST2C4, the plasmid and vector were digested with
Bam HI and Hind III and analysed by agarose gel electrophoresis. The results are
shown in Figure 2.4. The size of the pAST2C4 is 5261 nucleotides and that of pQE-
80L is 4751 nucleotides.

Figure 2.4 shows that when the vector is digested with the two enzymes the result is a
linear fragment corresponding to the size of pQE-80L (lane 4). For pAST2C4, we
expected the double digest to result in two DNA fragments, one running above the
4000 bp marker and the other just above 500 bp (lane 5). The larger fragment
corresponds to the 4751 bp of linearised pQE-80L, and the smaller one to a 540 bp
fragment representing nucleotides 90-630 of 2C. Lane 1 contains the kb DNA ladder,
and Lanes 2 and 3 undigested pQE80L and pAST2C4 respectively.
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Figure 2.4: Restriction analysis of pQE80L and pAST2C4 confirming the presence of 2C (90-630)
in pAST2C4. Lane 1: DNA ladder in base pairs (bp) (Fermentas); lane 2: undigested pQE-80L; lane
3: undigested pAST2C4; lane 4: pQE-80L digested with Bam HI and Hind III; lane 5: pAST2C4
digested with Bam HI and Hind III showing the linearized vector and a band just above the 500 bp
marker representing nucleotides 90-630 of the 2C sequence (540 bp).

To further examine the integrity of pAST2C4, DNA sequencing was carried out and
the results are shown in Figure 2.5 below. The analysis showed that the open reading
frame was correct when nucleotides were read in triplicate from the start codon
(green) through the histidine tag (blue) to the stop codon, tga (red). Furthermore, the
sequence contained no mutations when compared with the TMEV 2C sequence

(Genbank accession number: M20562) using BLAST.

atgagaggatcgcatcaccatcaccatcac actagctggttcaagcaggaagaggacc
acccccaatcaaaattagacaaattgcttatggaattccccgatcattgtaggaacattatggatatga
ggaacggtcgaaaggcctattgtgaatgcactgcttectttaagtattttgatgatctttacaatcttget
gttacttgcaaaagaattccattagecctcectttgtgagaaatttaagaatagacacgaccactctgtca
ccagacccgagecggtggttgtcatcctgegeggegeegetgggcaaggceaaatetgtgaccage
caaatcattgcccaatctgtttctaagatggcectttggecgtcagtctgtttattctatgeccccecgatte
ggaatattttgatggctatgaaaatcaattttctgtgattatggatgatctaggacaaatcccgatggtga
agatttcaccgtcttttgtcaatggtttctagcacaaattttctcccgaatatggctcacctggaaagaaa
aggcacccctttcacctctagetga aattag

Figure 2.5: Integrity of pAST2C4 as confirmed by DNA sequencing. Shown in green is the start
codon, in blue is the 6x histidine tag upstream of the sequence for 2C (31-210). The Bam HI restriction
site and Hind III restriction sites are shown in brown and yellow respectively. Underlined in black are

the forward and reverse primers. The stop codon is shown in red.
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2.3.3 Time course of induction

To analyse the expression of 2C (31-210) over time, E. coli cultures harbouring
pAST2C4 and pQESOL were grown to mid-log phase and induced with 1 mM IPTG
for six hours. Samples collected were analysed by SDS-PAGE with Coomassie
staining (Figure 2.6, panel A).

kDa

85

48

34

26 2C (31 -210)
¢ 20.4 kDa

19

- aeae . ) €—2C (31-210)

Figure 2.6: Time course of 2C (31-210) expression. Cells were induced and cultivated for 6 hours,
samples collected hourly and subjected to 15% SDS-PAGE (A) and Western blotting (B) using anti-
His antibodies. Lane 1: protein molecular weight marker in kDa. Lane 2: uninduced cells harbouring
pQE-80L (-0); lane 3: cells expressing 2C (31-210) prior to induction; lanes 4-9: cells expressing 2C
(31-210) 1 h-6 h post-induction; lane 1 0: cells harbouring pQE-80L at 6 h post-induction.

2C (31-210) expression was detectable at 1 hour post-induction and levels increased
with time reaching a maximum at around 5 hours (lanes 3-9). The peptide is not
evident in lane 3 before induction as expected. Moreover, the peptide was not present
in lanes 2 and 10, which contain lysate from cells harbouring pQE-80L before
induction (-0) and at 6 hours (-6) post-induction respectively. To confirm that the
peptide present in lanes 3-9 was indeed 2C (31-210), Western blotting was performed
using anti-His antibodies (Figure 2.6, panel B). The Western blot result shows that 2C
(31-210) can be detected between 0 and 6 hours post-induction, with the maximal

expression at 5 hours.
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2.3.4 Solubility analysis

The results of the time course experiment showed that 2C (31-210) was maximally
expressed at 5 hours post-induction. Therefore, cultures were cultured for 5 hours
after induction in order to perform a solubility analysis of the peptide. Cells
expressing 2C (31-210) were collected and resuspended in lysis buffer with (Figure
2.7 B) and without 7.5% sarcosyl (Figure 2.7 A) prior to sonication. A sample was
taken to represent total protein (TP) before clarifying the sonicates by centrifugation
to obtain soluble (S) and pellet (P) fractions. TP, S and P samples were analysed by
SDS-PAGE and the results are presented in Figure 2.7.

Figure 2.7 (A) clearly shows that 2C (31-210) is present in the insoluble fraction
(compare lanes 2 and 3). This result was undesirable although not unexpected since
the Kyte and Doolittle plot previously showed that the protein has both hydrophilic
and hydrophobic regions within the sequence chosen. It could also be that the protein

is located within inclusion bodies in the cytoplasm because of the high level of

expression.
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Figure 2.7: Solubility analysis of 2C (31-210). Cells expressing 2C (31-210) were collected and
sonicated at 5 hours post-induction in the absence (A) or presence (B) of 7.5% sarcosyl. Samples were
clarified to obtain soluble (S) and pellet (P) fractions and resolved by 15% SDS-PAGE. Lane 1: total
protein 5 hours post-induction after sonication; lane 2: soluble fraction; lane 3: pellet fraction. Lanes 4-
6 contain fractions sonicated after the addition of 7.5% sarcosyl. Lane 4: total protein; lane 5: soluble

fraction; lane 6: pellet fraction.
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In an attempt to solubilise 2C (31-210), cultures were treated with 7.5% sarcosyl prior
to sonication. Sarcosyl is a mild anionic detergent which disrupts cell membranes and
thus releases membrane bound proteins. Following treatment with 7.5% sarcosyl,
some of the peptide appeared in the soluble fraction (compare lanes 5 and 6).
Although a significant amount of the peptide remained in the pellet fraction (lane 6),
it was decided to upscale protein expression to produce sufficient amounts of peptide

for immunisation.

2.3.5 Large scale protein production and purification

With the aim of producing 1 mg of antigen for immunization of rabbits, the culture
was scaled up to 1 L. Following induction for 5 hours, the cells were pelleted,
resuspended in lysis buffer supplemented with 7.5% sarcosyl and sonicated at 4°C.
Sonicated samples were pooled and clarified by centrifugation at 14000 rpm.
Supernatants were mixed with nickel-charged beads in order to purify the peptide.
Samples collected during purification steps were analysed by SDS-PAGE (Figure
2.8).

Figure 2.8: SDS-PAGE analysis of purification of 2C (31-210) by nickel affinity chromatography.
Samples collected at various stages during the purification procedure were resolved by 15% SDS-
PAGE. In lane 1: protein molecular weight marker; lane 2: total soluble protein following sonication
and centrifugation (SF); lanes 3-5: wash fractions (W1-W3); lanes 6-8: elution fractions (E1-E3); lane
9: bead fraction (B).

Lane 2 contains total protein after sonication (SF). Numerous proteins are present as

expected, with the dominant protein being 2C (31-210) running about the 20.4 kDa
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band. The beads were washed 3 times in wash buffer containing 20 mM imidazole.
The low concentration of imidazole in wash buffer ensured that proteins that were not
bound to the beads or those that were weakly bound by their histidine residues to the
beads could be easily washed away. This concentration was low enough to not
remove histidine-tagged 2C (31-210). Three elution steps were performed in elution
buffer containing 250 mM imidazole. The increase in imidazole concentration results
in disruption of the histidine-nickel interaction which results dissociation of the
protein. The wash fractions (lanes 3-5) indicate that some 2C (31-210) was lost in the
first wash (lane 3) but not in subsequent washes. The peptide was eluted three times
with a buffer containing 250 mM imidazole (lanes 6-8). The eluted fractions
contained 2C (31-210) with most of the peptide being eluted in the first step (lane 6).
The eluted fractions contained 2C (31-210) without any visible contaminating
proteins. The bead sample (lane 10) indicates that a substantial amount of the peptide
is still bound to the beads following elution. In an attempt to remove more of the
peptide from the beads, the concentration of imidazole was increased to 500 mM in
the elution buffer and the eluent dialysed against a large volume of PBS, followed by
concentration using polyethylene glycol (PEG). This proved unsuccessful as the
peptide precipitated during the concentration procedure forming a white precipitate.
Since 250 mM imidazole is tolerated by the rabbits (personal communication,
Professor D. U Bellstedt), no further attempt was made to dialyse the eluted peptide.
The peptide was quantified using the BCA method, and 1.5 mg of purified 2C (31-

210) was sent to the University of Stellenbosch for immunisation of rabbits.

2.3.6 Testing of Day 0 and Day 44 serum
a) Specificity testing

To test for cross-reacting antibodies in the pre-immune serum, Western blotting was
performed using Day 0 serum at a dilution of 1:1000. As expected, no 2C (31-210) or
cellular proteins were detected (data not shown). Day 44 serum was tested by Western
blotting at different dilutions using crude cell lysate for its ability to detect 2C (31-
210) and to confirm that antibodies against 2C (31-210) were predominant in the

serum.
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Figure 2.9: Detection of 2C (31-210) using Day 44 serum at different dilutions. Equal amounts of
2C (31-210) were resolved by 15% SDS-PAGE and the peptides transferred to nitrocellulose
membrane. Following transfer the membrane was cut into 4 strips and subjected to Western blotting
using Day 44 serum at dilutions of 1:1000 (lane 1), 1:10000 (lane 2), 1:100000 (lane 3) and 1:1000000
(lane 4).

Figure 2.9 shows that 2C (31-210) was detected at all dilutions and that signal
intensity decreased with increasing dilution of the serum (Lanes 1-4). No other
protein bands were observed on the blot. These results confirmed that the serum
contained anti 2C (31-210) antibodies. The Day 44 serum will be referred to as anti-
TMEV 2C antibodies from here onwards.

b) Sensitivity testing

From the above results, it was decided to apply the anti-TMEV 2C antibodies at a
dilution of 1:10000 for subsequent tests. Sensitivity testing was done by resolving
various amounts of purified 2C (31-210) by SDS-PAGE (A) and performing Western
blotting (B) using anti-TMEV 2C antibodies (Figure 2.10).
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Figure 2.10: Sensitivity testing of anti-TMEV 2C antibodies at 1:10000 dilution. Different
concentrations of 2C (31-210) were resolved by 15% SDS-PAGE and stained with Coomassie brilliant
blue (A). The bottom image is Western blotting (B) analysis of purified 2C (31-210) using anti-TMEV
2C antibodies. Lanes 1-4: 29, 58, 116 and 232 ng of purified 2C (31-210). Lane 5: lysate harbouring
pQE-80L.

Panel A shows increasing amounts of 2C (31-210) visible by Coomassie staining
(lanes 1-4). As seen in panel B, anti-TMEV 2C antibodies were highly sensitive in
that they could detect as little as 29 ng of purified peptide following a 30 second
exposure (lane 1). As the amount of peptide loaded onto the gel was increased, the
signal became stronger (lanes 2-5). As expected 2C (31-210) was not detected in
lysate harbouring pQE-80L (lane 5).

2.4 Conclusions

The preparation of antigen for immunisation of rabbits in order to generate polyclonal
antibodies against TMEV 2C is described in this chapter. A bioinformatic analysis of
TMEV 2C was carried out and showed that hydrophilic and hydrophobic regions were
present in the sequence. The N- and C-terminal regions of the protein were found to
be hydrophobic consistent with studies showing that these domains of the protein are
responsible for membrane binding. An internal region of 2C (residues 31-210) was
predominantly hydrophilic and antigenic as determined by the Kyte-Doolittle and
Hopp-Woods plots, and this was selected for antigen preparation. 2C (31-210) was
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successfully expressed from pAST2C4 in a bacterial system. The peptide was
maximally expressed 5 hours post induction and detected using anti-His antibodies by
Western blotting. Solubility studies showed that the peptide was present in the pellet
fraction and not in the supernatant fraction. However, some of the peptide was
solubilised following treatment with 7.5% sarcosyl. Nickel affinity purification of the
peptide was successful as the peptide was obtained in pure form with no
contaminating proteins. Following elution, most of the peptide was still bound to the
beads, however the amount purified was sufficient for immunisation of rabbits. Rabbit
antiserum was obtained and could detect bacterially-expressed antigen and no cross
reacting antibodies were present in the serum. The anti-TMEV 2C antibodies were
able to detect the antigen at dilution as a high as 1:1000000, but a 1:10000 dilution
was determined to be optimal for detection of purified 2C (31-210). Sensitivity tests
showed the antibody to be highly sensitive by detecting as little as 29 ng of purified
2C (31-210). Having established that the anti-TMEV 2C antibodies detect bacterial
antigen, we sought to test the antibody for its ability to detect virally-expressed

protein as described in the next chapter.
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3. Detection of 2C in TMEYV infected BHK-21 cells

3.1 Introduction

In this chapter the detection of virally expressed 2C protein in infected BHK-21 cells
is described. These cells were chosen as the cell line for experiments as they support
TMEV replication. Although studies have been performed on TMEV 2C when
expressed alone in cells, it is important to study the protein with other viral proteins
involved so as to help elucidate the function of the protein during infection. The use
of anti-TMEV 2C antibodies to detect viral protein by Western blotting of infected
cell lysates is described. The antibodies were optimized for indirect
immunofluorescence analysis in order to localise the protein in infected cells by laser
scanning confocal microscopy (LSCM). 2C protein is essential for virus replication
and in the case of PV it is found in association with viral replication complexes on the
surface of induced vesicles (Domingo & Holland, 1997). When expressed alone in
cells, both TMEV and FMDYV 2C proteins localise to Golgi membranes (Moffat et al.,
2005; Murray et al., 2009). The anti-TMEV 2C antibodies we generated were able to
detect 2C in infected cell lysates by Western blotting and in infected cells by indirect
immunofluorescence. The distribution of 2C was found to differ during infection.
Early on, 2C is distributed in the perinuclear region and as infection progresses it is

concentrated on one side of the nucleus suggesting a Golgi localisation.

3.2 Material and methods

3.2.1 Cell Culture

BHK-21 cells were a kind gift of Professor Martin Ryan (University of St Andrews,
UK). The cells were maintained in complete medium Dulbecco’s modified Eagle’s
medium (DMEM, Lonza Ltd) supplemented with 5% fetal bovine serum (FBS,
Sigma) and 1% penicillin, streptomycin and fungizone (PSF, Invitrogen) in 25 ¢cm®

vented flasks at 37°C with 10% CO,.
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3.2.2 Subculture of cells

Cells at 100% confluency were rinsed with warm trypsin (Sigma). 1 ml trypsin was
added to the monolayer followed by swirling for 1 min, and then excess trypsin was
poured off. The flask was incubated at 37°C for a few min to allow cells to detach
from the surface. 2 ml of complete medium was added to the flask and the cells were
dispersed by pipetting. Cells were subcultured in 25 cm’ tissue culture flasks

containing 7 ml of complete medium.

3.2.3 Cryopreservation of BHK-21 cells

For preservation of cells, a confluent 25 cm? flask was subcultured into ten 25 cm’
flasks as described above. When the cells were 100% confluent, they were trypsinised
and resuspended in 1 ml complete medium per flask. The cells were collected in
sterile Eppendorf tubes by centrifugation at 1000 rpm for 1 min. The medium was
aspirated and the pellet resuspended in 1 ml cryopreservation solution (20% FBS,

10% glycerol, 1% PSF). The cells were stored in 1 ml aliquots in cryovials at -80°C.

3.2.4 Preparation of TMEV stock

A 100% confluent monolayer on a 25 cm” flask was subcultured into a 75 cm? flask
with 15 ml complete medium. When 100% confluency was reached the cells were
infected with 1 ml TMEV stock (previously prepared by L. Murray, Rhodes
University). The medium was poured off and the cells rinsed with serum-free DMEM.
The virus stock was mixed with 4 ml of serum-free DMEM, poured onto the cells and
virus adsorption was allowed to occur by shaking at 37°C for 1 hour. The medium in
the flask was made up to 10 ml with serum-free DMEM and the flask was incubated
overnight at 37°C with 10% CO,. The cells were lysed by three cycles of freeze-
thawing and then collected in a 15 ml falcon tube. Cell debris was pelleted at 1000

rpm for a min and 1 ml virus aliquots stored in cryovials at -80°C.

3.2.5 Titration of TMEYV stock by plaque assay

BHK-21 cells were grown to 90-100% confluency in 6 well plates in complete
medium at 37°C with 10% CO,. The virus was prepared as a series of ten-fold

dilutions in serum-free DMEM. The medium was aspirated and 1 ml of virus stock
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dilutions between 10~ and 10 was added to each well. Virus adsorption occurred at
37°C with shaking for 1 hour. Virus stocks were aspirated and cells washed with
serum-free DMEM and 3 ml overlay solution [50% DMEM, 1.25% methocel (Fluka),
60 mM NacCl in sterile water] was added to each well. The cells were incubated at
37°C with 10% CO, for 48 hours until zones of clearance (plaques) were visible when
viewed under the light microscope. When the plaques had formed the overlay solution
was removed by washing cells gently with PBS (pH 7.4). Cells were fixed with 4%
paraformaldehyde at RT for 20 min and washed once with PBS. The plaques were
visualised by staining with Coomassie staining solution (45% methanol, 10% glacial
acetic acid, 0.002% Coomassie Brilliant Blue) for 20 min at RT. Cells were rinsed
with water and the plaques were seen as clear zones on the cell monolayer. The clear
zones were counted and the virus titre determined as plaque forming units per

millilitre (pfu/ml) taking the dilution factor into account.

3.2.6 Preparation of BHK-21 cell lysate for Western blot analysis

A 100% confluent 25 ¢cm” tissue culture flask of BHK-21 cells was subcultured into
two 75 cm® flasks in complete medium and incubated at 37°C with 10% CO, until
the cells were 100% confluent. The medium was poured off and the cells washed with
serum-free DMEM. One flask was infected with TMEV at a multiplicity of infection
(MOI) of 15 and virus adsorption was carried out at 37°C with shaking for 1 hour in 5
ml serum-free DMEM. The other flask was mock-infected with 5 ml serum-free
DMEM containing no virus. The flasks were incubated for 5 hours to allow for virus
replication and protein expression. The cells were trypsinised at 5 hour post infection
(hpi) and collected by centrifugation at 4000 rpm for 1 min. The cells were washed
with PBS and resuspended in 200 pl lysis buffer [150 mM tris (pH 7.4), 100 mM
NacCl, 0.5% DOC, 1 mM EDTA, 1 mM PMSF, 1% Triton X100, 1 mM Na,VOs]. The
cells were incubated on ice for 30 min with vortexing every 5 min and then passed
through a 25-gauge needle 20 times. The cells were clarified to collect supernatant
(soluble fraction) by centrifugation at 13000 rpm for 1 min and the pellet (insoluble
fraction) resuspended in 200 pl lysis buffer. Proteins were denatured by boiling in
SDS-sample buffer, resolved by 15% SDS-PAGE and transferred onto nitrocellulose
membrane for Western blot analysis using anti-TMEV 2C antibodies at 1:200

dilution.
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3.2.7 Preparation of cells BHK-21 cells for Immunofluorescence

Cells were grown on sterile 13 mm glass coverslips (VWR International) in a 6-well
plate containing complete medium and incubated overnight at 37°C with 10% CO..
The medium was aspirated and the cells washed twice with serum-free DMEM. Cells
were infected with TMEV stock diluted 1:2 in serum-free DMEM (final volume, 1
ml) at a MOI of 100. Control cells were mock-infected with serum-free DMEM. The
cells were incubated at 37°C for 30 min with shaking. Virus inoculum was aspirated
and the cells were washed with serum-free DMEM. 3 ml of serum-free DMEM was
aliquoted into each well and the plates were incubated at 37°C for 8 hours to allow
virus replication. The medium was removed and the cells washed with PBS.
Coverslips were dipped in ice-cold methanol to fix the cells, air-dried and transferred

into the wells of a 24-well plate for immunofluorescence staining.

3.2.8 Indirect immunofluorescence staining of infected cells

Cells were permeabilised in PB (10% sucrose, 1% Triton X100 in PBS) for 20 min
with shaking at RT. The cells were blocked in PB containing 2% BSA for 30 min
shaking at RT. To optimize the antibody for immunofluorescence analysis, the cells
were incubated with anti-TMEV 2C antibodies at dilutions of 1:500, 1:1000 and
1:5000 made up in blocking buffer, and incubated for 1 hour at 37°C with shakig.
Cells were washed with wash buffer (PBS containing 0.1% Tween-20) three times for
5 min with shaking. Alexa-Fluor 488-conjugated anti-rabbit secondary antibodies
(Invitrogen) were used to detect primary antibodies at a dilution of 1:500. Cells were
incubated for 30 min with secondary antibodies in blocking buffer with shaking at
RT. This was followed by three 10 min wash steps. To stain the nucleus, 4°, 6-
Diamino-2-phenylindole dihydrochloride (DAPI, Sigma) was added at a final
concentration of 0.8 pg/ml in the second wash. The coverslips were mounted using
Vectashield Hard Set Fluorescent Mounting Medium (Vector Laboratories) and stored

at 4°C before examination by confocal microscopy.

3.2.9 Confocal microscopy and image acquisition

Cells were visualised using an inverted LSM 510-Meta confocal laser scanning
microscope (Zeiss) using the 63x oil immersion objective lens. The helium/neon and

argon lasers at wavelengths of 488 and 405 nm were used to excite Alexa fluor 488
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and DAPI respectively. All images were analysed using Axiovision LE or SE
freeware software (Zeiss) and processed using Photostudio 5 software (Cannon).
Images in this thesis have been saved onto a disc (at the back of the thesis) for

visualisation purposes.

3.3 Results and discussion

3.3.1 Titration of TMEYV stock by plaque assay

The plaque assay is used to quantify infectious virus particles so that MOI can be
determined. MOI refers to the number of infectious virus particles per cell. When a
monolayer of cells is infected with 1 ml of virus and there are 1000 infectious
particles and 1000 cells in that monolayer, then MOI is 1. TME virus was titred to
determine pfu/ml in order to calculate MOI for infection experiments. This was done
by infecting a 100% confluent monolayer of BHK-21 cells in a 6 well plate with
TMEYV at dilution between 107 and 10®. The results obtained following plaque assay
performed on TMEYV infected cells are shown in Table 3.1.

Table 3.1: Titration of TMEYV virus stock by plaque assay. A 100% monolayer of BHK-21 cells
was infected with TMEV at dilutions of 107, 10, 10, 10, 107 and 10® respectively. Following 30
min incubation with the virus the medium was removed and methocel added to the wells. Subsequently
after 48 hour of incubation at 37°C, the cells were stained with Coomassie and plaques were counted

and expressed as pfu/ml.

Dilution No. of Plaques Pfu/ml (¥)
107 Clear 0

10 Clear 0

107 tntc(**) tntc

10° 78 78 x 10°
107 26 26x 10’
10°® 19 19 x 10°

(*) Pfu/ml: plaque forming units per millilitre, (**) tntc: too numerous to count

The replication of picornaviruses like other RNA viruses is error prone due to the lack
of proof-reading ability of the RNA-dependent RNA polymerase, 3D. Error

frequencies have been determined to be as high as 1 in 10° to 10* nucleotides. Due to
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these errors, mutations accumulate during replication of the genome and results in the
existence of the virus population as a quasi-species. Thus, during infection, only a
small percentage of the particles in a virus stock are viable. For PV, it has been
shown that not more than 1% of the virions can undergo the infectious cycle (Voyles,
2002). The results shown in Table 3.1 show that there was clearing of the monolayer
with dilutions of 10~ to 10 and that at a dilution of 10~ the monolayer had numerous
plaques which were not countable. These results mean that there were more virus
particles relative to the number of cells and therefore, even after immobilisation of the
virus with methocel, the monolayer cleared. Each cell in the monolayer is infected by
one infectious particle and following replication and lysis that particular cell lyses.
The new virions released then infect neighbouring cells and results in formation of
plaques that can be counted. Because the virus medium was replaced with a solid
methocel medium the new virus particles produced cannot move very far from the site
in which they were produced. 78 plaques were counted for the 107 dilution, 26 were
visible with the dilution of 10”7 and 19 at the 10™ dilution. The values were averaged

and the titre of the virus stock was calculated as 7 x 10° pfu/ml.

3.3.2 Detection of 2C protein in infected BHK-21 cell lysates by Western blotting

To test the ability of anti-TMEV 2C antibodies to detect 2C protein in infected BHK-
21 cells, a lysate was prepared. Cells grown in a 75 cm” flask were infected with
TMEYV at a MOI of 100, and a second flask mock-infected. The cells were incubated
for 5 hours at 37°C with 10% CO, and collected by trypsinisation. Supernatant and
pellet fractions were separated by centrifugation at 13000 rpm for 1 min and the pellet
was resuspended in lysis buffer. The supernatant and pellet fractions were analysed by
SDS-PAGE and Western blotting using anti-TMEV 2C antibodies at a dilution of
1:200 (Figure 3.1).

Lanes 2 and 3 of Figure 3.1 contain bacterially-expressed 2C (31-210) and 2C (31-
326) respectively. 2C (31-326) was expressed from pBM2C and was created by B.
Moyo by cloning nucleotides 90-978 of the 2C coding sequence into pQE-80L, and is
an N-terminal truncation of the full length 2C protein. It was used to investigate
whether anti-TMEV 2C antibodies could detect the full-length protein. The molecular
weight of 2C (31-326) was approximately 34 kDa and the full-length protein
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predicted to be 37 kDa. In lane 3, a strong signal was observed for a protein running
below the 26 kDa mark and represents residual 2C (31-210) which was not totally
removed when the beads were reused. It is not advisable to reuse the nickel beads due

to contamination with other proteins.
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Figure 3.1: Western blot analysis of infected and mock infected cell lysate using anti-TMEV 2C
antibodies. Lane 1: protein marker; lane 2: 2C (31-210); lane 3:2C (31-326); lane 4: mock-infected
BHK-21 cell lysate; lane 5: supernatant fraction of infected lysate; lane 6: pellet fraction of infected
lysate. Anti-TMEV 2C antibodies were used at a 1:200 dilution.

Lane 4 contains mock-infected lysate, and lanes 5 and 6, are the supernatant and pellet
fractions from infected lysate respectively. At dilutions of 1:500, 1:1000 and 1:10000,
no proteins were detected using anti-TMEV 2C antibodies (data not shown). When
applied at a dilution of 1:200, the anti-TMEV 2C antibodies were effective in
detecting virally-expressed protein as indicated in Figure 3.1 (lanes 5 and 6). The
protein was found both in the supernatant and pellet fractions, running at a position
between the 34 and 46 kDa size markers, indicating that it is both soluble and
membrane-bound. Interestingly, this result is consistent with that observed for FMDV
2C protein in infected cells in which 2C protein was also found present in soluble and
membrane fractions (Knox et al., 2005). As expected, the protein was not detected in
mock-infected cell lysates (lane 4) confirming that the protein was present as a result
of virus infection. As seen in lanes 2 and 3, the antibodies detected both 2C (31-210)
which was used as antigen, and also 2C (31-326). Since the antigen was prepared
using a shorter region of the 2C protein it was very interesting to observe that the
antibodies were also effective in recognising (almost) full length 2C (31-326). This
result was vital in the next experiments where the antibodies will be applied in

indirect immunofluorescence to detect full-length, virally-expressed protein.
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3.3.3 Detection of 2C in infected cells by indirect immunofluorescence and confocal
microscopy

To optimise the anti-TMEV 2C antibodies for application in immunofluorescence
analysis of TMEV infected cells, BHK-21 cells were grown on glass coverslips and
infected with TMEV at MOI of 100. Cells were fixed with methanol and stained with
anti-TMEV 2C antibodies at dilutions ranging between 1:500 and 1:5000. The
primary antibodies were detected with Alexa-Fluor 488-conjugated anti-rabbit

secondary antibodies. Figure 3.2 shows images obtained by confocal microscopy.

Figure 3.2: Detection of TMEYV 2C in infected BHK-21 cells at 8 hpi. A: Uninfected cells were
labelled with anti-TMEV 2C antibodies at 1:1000 dilution. B: infected cells probed with secondary
antibodies only. TMEV 2C was detected with anti-TMEV 2C antibodies at dilutions of 1:5000 (C)

1:1000 (D) and 1:500 (E). Primary antibodies were visualised with Alexa-Fluor 488-conjugate anti-

rabbit antibodies. X and Y represent cells at different stages of infection.

At 8 hpi the majority of cells were in advanced stages of CPE and rounded up.
However, a few cells were observed which still showed typical fibroblast
morphology. Figure 3.2 shows cells with both types of morphology. No signal was
detected in uninfected cells at a dilution of 1:1000 (panel A) or when cells were

incubated with secondary antibodies alone (panel B). A weak signal was observed
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when antibodies were applied at 1:5000 dilution (panel C). At lower dilutions of
1:500 and 1:1000 (panels D and E respectively) a positive signal for 2C protein was
observed. The fact that no signal was observed in panels A and B confirms that this
signal is as a result of virus infection and also that anti-TMEV 2C antibodies were

binding specifically to the 2C protein.

2C protein was located in perinuclear structures in all cells examined. Some cells also
showed diffuse cytoplasmic staining which may represent an earlier stage of infection.
Since there was some background staining at a dilution of 1:500 (panel D), anti-2C
antibodies were used at a dilution of 1:1000 for all subsequent experiments. In panels
D and E, there appear to be two different distributions of 2C protein. In the cells
labelled X, the 2C protein is situated next to the nucleus in a compact structure while
in the cells labelled Y, 2C protein has a diffuse cytoplasmic staining. These
distributions could represent different stages of infection with Y being an earlier time
point compared to X. This was also observed for FMDYV in infected cells where 2C
protein showed a cytoplasmic distribution early in infection and later on was found in

the perinuclear region (Knox et al., 2005).

3.4 Conclusions

In this chapter, anti-TMEV 2C antibodies were used to detect 2C protein in infected
cells by Western blotting and indirect immunofluorescence. A plaque assay was
performed to determine the number of infectious virus particles in the stock that was
prepared in order to infect the cells at a high MOI. The results showed that virus
stocks contained about 10® plaque forming units per millilitre of stock. The antibodies
could detect 2C protein in cell lysate at 5 hpi at a dilution of 1:200 by Western
blotting. Interestingly, fractionation experiments showed that the protein is present in
both the soluble and insoluble fractions. This result is consistent with the
bioinformatics analysis carried out in chapter 2 which revealed that the protein
contains hydrophobic domains which may be associated with membranes. Anti-
TMEV 2C antibodies were then optimised for use in immunofluorescence staining
and confocal microscopy to detect 2C protein in infected cells. At a dilution of
1:5000, a weak signal for 2C protein was observed. At a 1:500 dilution there was a

strong signal with some background staining. It was decided therefore to use a 1:1000
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dilution for all subsequent experiments. Two different distributions of 2C protein
were observed in infected cells. In some cells, the signal was perinuclear with diffuse
cytoplasmic staining, and this may represent an early stage of infection. In other cells,
the protein was concentrated on one side of the nucleus with no apparent cytoplasmic
staining. This distribution is most probably associated with the later stages of
infection. Because the staining pattern resembled that of the Golgi apparatus,
experiments were performed in an attempt to investigate this possibility, and are the

subject of the following chapter.
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4. Localisation of TMEYV 2C protein in infected cells

4.1 Introduction

Substantial information has been generated regarding localisation of the 2C protein
and its effect during infection through studies conducted on PV and FMDV (Aldabe
& Carrasco, 1995; Bienz et al., 1987; Bienz et al., 1990; Bienz et al., 1992; Cho et al.,
1994; Knox et al., 2005; Moffat et al., 2007; Schlegel et al., 1996). However, the
localisation of TMEV 2C protein in infected cells has not been studied to date and
only one study has described the effects of infection on cell morphology (Nédellec et
al., 1998). Having established that TMEV 2C protein is localised to the perinuclear
region of infected cells as described in chapter 3, the next experiments were
conducted to determine if the protein was targeting the Golgi apparatus. The main aim
of the experiments described in this chapter was therefore to determine the
localisation of 2C protein in infected cells with respect to this organelle by indirect
immunofluorescence and confocal microscopy using the anti-TMEV 2C antibodies.
At the time of this study; the anti-B-COP antibodies were the only Golgi antibodies
available in the laboratory. These could not be used in dual label immunofluorescence
experiments with the anti-TMEV 2C antibodies as they were both raised in rabbits.
Wheat Germ Agglutinin (WGA), a lectin conjugated to Alexa-Fluor 555 has been
widely used to stain Golgi apparatus and membranes of the secretory pathway (Allen
et al., 1989, Wright, 1984) was tested in this chapter for it’s ability to stain the Golgi
apparatus of BHK-21 cells. The first aim was to establish whether WGA could be
used as a Golgi marker, and the second to determine the localisation of 2C protein
with respect to WGA. A further objective of this chapter was to investigate changes in
morphology of TMEV-infected cells by staining cells with antibodies against -actin

at different stages of infection.

4.2 Materials and Methods

4.2.1 Antibodies and Stains
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Anti-TMEV 2C antibodies were used at a dilution of 1:1000. Anti-B-COP antibodies
raised in rabbits (1:200) were a kind gift of Tom Wileman (University of East
Anglia). Anti-B-Actin mouse antibodies (1:200) were purchased from Sigma. WGA
conjugated to Alexa-Fluor 555 was from Molecular probes (Invitrogen). Secondary
Alexa-Fluor 488 conjugate goat anti-rabbit IgG antibodies and Alexa-Fluor 546 goat
conjugate anti-mouse antibodies were used at a dilution of 1:500 and purchased from

Molecular probes (Invitrogen).

4.2.2 Preparation of cells BHK-21 cells for Immunofluorescence

Cells were grown on sterile 13 mm glass coverslips in a 6-well plate and infected as
described in section 3.2.7. The cells were fixed at various times post-infection. The
medium was removed and the cells washed with PBS. Coverslips were transferred
into the wells of a 24-well plate for immunofluorescence staining. Cells were fixed
with ice-cold methanol and air-dried prior to dual-labelling with WGA and anti-f3-
COP antibodies or anti-TMEV 2C antibodies and anti-B-actin antibodies. Because the
signal for anti-B-COP was stronger when cells were fixed with paraformaldehyde, this
was used for single labelling with anti-B-COP antibodies. Cells were fixed in 4%

paraformaldehyde for 20 min at RT.

4.2.3 Indirect immunofluorescence staining of infected cells

WGA was prepared as 1 mg/ml stock in PB and stored at -20°C. When used as a
stain, the stock was thawed on ice and diluted 1:250 in blocking solution (PB
containing 2 % BSA) and allowed to stain the cells for 20 min at RT, and then at 37°C
for 10 min. Cells were then permeabilised, blocked and subjected to indirect
immunofluorescence staining essentially as described in section 3.2.8. Bound anti-f3-
COP antibodies were detected with Alexa-Fluor 488-conjugated secondary
antibodies. WGA is conjugated to Alexa-Fluor 546. Cells were imaged as described in
section 3.2.9. Optical sectioning was performed by collecting five triple-labelled, 8-bit

images at 1 pm intervals in a Z-stack.

4.3 Results and discussion

4.3.1 Localisation of f-COP and WGA in uninfected cells
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The first experiment was performed in order to investigate whether WGA could be
used as a Golgi marker to determine the localisation of 2C protein. WGA is a lectin
which binds sialic acid residues on glycoproteins (Wright, 1984) and has been widely
used to study membrane trafficking pathways in cells (Allen et al., 1989; Balin &
Broadwell, 1987; Mezitis et al., 1987; Rhodes et al., 1986). Intracellular binding of
WGA is mainly concentrated in the membranes of organelles located distally in
protein trafficking pathways, specifically endosomes, lysosomes and the Golgi
apparatus (Hedman et al., 1986). B-COP is a 110 kDa protein found in the peripheral
region of the Golgi (Duden et al., 1991). Uninfected cells were fixed in methanol and
co-stained with WGA and antibodies against B-COP. The images obtained by

confocal microscopy are shown in Figure 4.1.

Nucleus

WGA

Figure 4.1: Localisation of B-COP with WGA in uninfected BHK-21 cells. Cells grown on
coverslips were fixed with ice-cold methanol and stained with WGA followed by permeabilisation and
immunostaining with anti-B-COP antibodies. Primary antibodies were detected with Alexa-Fluor 488-

conjugated goat anti-rabbit antibodies. WGA is conjugated to Alexa-Fluor 555.
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Figure 4.1 clearly shows that the signals for WGA and B-COP overlap. The bright
signal for WGA (bottom left) is seen concentrated in the perinuclear region with faint
cytoplasmic and plasma membrane staining. The Golgi apparatus is composed of a set
of closely stacked cisternae and associated vesicles, and mediates transport from ER
to the cell surface (Torrisi & Pinto, 1984). The secretory pathway allows soluble and
membrane proteins to be transported from the ER through the Golgi complex where
they are glycosylated, and to various locations including lysosomes, endosomes,
secretory vesicles, and the plasma membrane (Duden et al., 1991). As described in the
introduction to this chapter, WGA is a lectin which binds carbohydrate residues on
glycoproteins. This explains why, when applied to cells, the stain is distributed
predominantly in the perinuclear region where the Golgi apparatus is situated, and
also on cytoplasmic vesicles and the plasma membrane (Figure 4.1, bottom left
panel). As expected, B-COP, which stains the peripheral Golgi area (Knox et al.,
2005; Monaghan et al., 2004) is localised only in the perinuclear region (top right).
The merged image shows that the two signals overlap in the region of the Golgi
apparatus and the yellow colour suggests co-localisation. These results indicated that
WGA can be used to stain the Golgi apparatus. The next experiment was to
investigate whether 2C protein could be co-localised with WGA which would test the
hypothesis that the viral protein targets the Golgi apparatus.

4.3.2 Localisation of 2C protein to the Golgi apparatus using WGA

Studies with FMDV have shown that replication complexes containing viral proteins
are found in the perinuclear region close to the Golgi complex (Dales et al., 1965). In
addition, early studies demonstrated large membrane vesicles forming in the
perinuclear region in close proximity to the Golgi apparatus in PV-infected cells
(Garcia-Briones et al., 2006; Knox et al., 2005). To determine whether TMEV also
targets the Golgi complex, cells grown on coverslips were infected with TMEV and
fixed at 5 hpi with methanol. The cells were stained with WGA, permeabilised,

incubated with anti-TMEV 2C antibodies, and examined by confocal microscopy.
Figure 4.2 (Panel A) shows WGA concentrated to one side of the nucleus with some

cytoplasmic and plasma membrane staining. 2C protein is distributed in the cytoplasm

and, in most cells, concentrated on one side of the nucleus (panel B). The two signals
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overlap extensively in the merged image as seen in panel C. Interestingly, the marked
region (X) in panel A seems to be devoid of the stain, while in panel B this region is
occupied by the 2C protein signal (Y). The yellow colour (Z) in the merged image
indicates partial co-localisation between WGA and 2C protein signals suggesting that

the virus is targeting Golgi membranes.

WGA

Figure: 4.2: Localisation of 2C protein to the Golgi apparatus using WGA. Cells were infected
with TMEV and allowed to express viral proteins for 5 hours. The cells were then fixed in methanol
and stained with WGA (Panel A) and anti-TMEV 2C antibodies (Panel B). Panel C is the merged
image. Alexa-Fluor 488-conjugated goat anti-rabbit antibodies were used to detect the anti-TMEV 2C

antibodies.

To further analyse co-localisation between 2C protein and WGA, optical sectioning
was performed and a Z-stack obtained. Each section gives information about the
relationship between signals and determines whether the signals co-localise when the
different channels are superimposed. Optical slices were collected at 1 um intervals in
a Z-stack. Figure 4.3 is a gallery of five consecutive optical sections of infected cells

with the different channels (orange, green and blue) superimposed.

In all sections, the 2C protein signal is concentrated to one side of the nucleus. The
WGA signal is not strong and is distributed in the cytoplasm and in the perinuclear
region where 2C protein is located. However, what is interesting about these images is
that in the region of overlap, green (2C protein) and red (WGA) appear to be mostly
separate and there is very little visible yellow colouring. This observation could mean
that, although the distribution of 2C protein overlaps with the Golgi marker and is
targeted to Golgi membranes, the two signals do not co-localise. Interestingly, this
observation is consistent with that made for FMDYV in experiments using fluorescence

microscopy and digital deconvolution (Knox et al., 2005). It was found that, although
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FMDYV 2C protein locates to the Golgi apparatus and overlaps with the distribution of
the Golgi marker mannosidase II, there was no co-localisation of the two signals. It
was concluded that replication sites forms in the region of the Golgi apparatus but

exclude host marker proteins by some unknown mechanism.

WGA
Nucleus

Figure 4.3: Optical sectioning of a TMEV-infected cell. Infected cells fixed 5 hpi were stained with
WGA aiid anti-TMEV 2C antibodies. Alexa-Fluor 488-conjugated goat anti-rabbit antibodies were
used to detect 2C antibodies. Panels A-E represents 5 optical sections captured at 1pum intervals.

Arrowhead Z represents possible co-localisation between the two signals (yellow).

Moreover, this and another study showed that FMDV 2C protein does not co-
fractionate with Golgi markers suggesting that the Golgi complex is not a source of
structures containing 2C protein (Bienz et al., 1987; Rust et al., 2001). Further
experiments are needed to confirm this observation for TMEV 2C protein, but the
present results suggest that the virus behaves like FMDV in that it utilises Golgi
membranes for its replication but excludes host proteins in the process. In panel B and
C (arrowhead Z) there appears to be some yellow colouring that may represent partial
co-localisation. Alternatively, and more likely, the yellow colour may be as a result of
over-exposure of one or both of the signals. To conclusively determine whether the

two signals co-localise, optical sections can be analysed using Image J software to
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obtain correlation data. However, many sections would require analysis and due to

time constraints, this was not performed in this study.

4.3.3 Effect of TMEYV infection on Golgi distribution

The numerous membrane vesicles that accumulate in the cytoplasm of picornavirus-
infected cells are thought to be derived from the Golgi complex and ER (Sandoval &
Carrasco, 1997; Schlegel et al., 1996). It has also been demonstrated that, during PV
infection, the Golgi complex disassembles (Duden et al., 1991).To determine whether
TMEYV infection causes a change in Golgi structure, the distribution of B-COP alone
was examined at various times post-infection. Cells growing on coverslips were
infected with TMEV and fixed with paraformaldehyde at 0, 2, and 8 hpi. Figure 4.4

shows images obtained by confocal microscopy.

0 hpi 2 hpi 8 hpi

Nucleus
B-COP

Figure 4.4: Changes in B-COP distribution during TMEYV infection. Infected cells were fixed with
paraformaldehyde at 0 hpi (Panel A), 2 hpi (Panel B) and 8 hpi (Panel C) and stained with anti-p-COP

antibodies. These were detected with Alexa-Fluor 488-conjugated goat anti- rabbit antibodies.

Figure 4.4 shows that the distribution of B-COP changes as infection progresses
(compare panels A and C). Panel A shows a compact crescent-shaped Golgi
organisation in uninfected cells at 0 hpi. B-COP staining is still concentrated in the
perinuclear region 2 hpi, but some dispersal of the signal is apparent (Panel B). At 8
hpi (Panel C), the Golgi complex has formed a round-shaped structure and the B-COP
signal is observed throughout the cytoplasm. The diffuse staining in panel C suggests
that TMEV causes a change in the structural organisation of the Golgi complex as was

shown for FMDV (Knox et al., 2005; Monaghan et al., 2004)
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4.3.4 Time course of WGA distribution during TMEYV infection

It is clear from Figure 4.3 that the distribution of WGA is not as prominent in the
Golgi area as in uninfected cells. This observation was made in the majority of
infected cells (data not shown). To investigate whether there is a change in the
distribution of WGA over time as was observed for B-COP, infected cells were fixed
with methanol at 6, 7 and 8 hpi, double-stained with WGA and anti-TMEV-2C
antibodies and examined by confocal microscopy [(Figure 4.5 (I)]. Cells were not
analysed at 2 and 4. At 6 hpi (panel A) the stain appears to have a cytoplasmic
distribution and bright signals are observed in the region of the Golgi complex and on
the plasma membrane as expected. 2C protein is present at this stage both in the
cytoplasm and in the perinuclear region (panel B). In the merged image, the two

signals overlap as was observed in previous experiments.

In a parallel experiment, expression of 2C protein was analysed over time in infected
cells by Western blotting to determine at what time point the 2C protein signal
appeared. Cells were infected in four 25 cm? flasks, collected at 2, 4, 6 and 8 hpi, and
resuspended in lysis buffer. Total cell lysates were analysed by SDS-PAGE and
Western blotting using anti-TMEV 2C antibodies. In Figure 4.5 (II), lane 2 and 3
clearly show that the protein is not expressed until 6 hpi consistent with
immunofluorescence analysis results which showed the 2C protein signal at 6 hpi
distributed in the cytoplasm. It is possible that the protein was present at 5 hpi but the
cells were not analysed at that point. These results together with the results in Figure
4.2 (panel B), suggest that 5 and 6 hours can be regarded as early stages of infection
where the 2C protein signal is observed in the cytoplasm and in the perinuclear
region. The 8 hour time point represents late infection and 2C protein is found in a
large structure to one side of the nucleus and overlapping the Golgi apparatus (panel
C). These results correlate with those observed in Figure 4.5 (II) where more of the

protein is present at 8 hpi compared to 6 hpi (compare lanes 3 and 4).
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WGA

WGA

WGA 2C

Figure 4.5 (I): Time course of the distribution of WGA relative to 2C protein in infected cells.
Cells were infected and fixed with methanol at 6, 7 and 8 hpi. 2C protein was localised with anti-
TMEYV 2C antibodies (green) and the Golgi with WGA (orange). Alexa-Fluor 488-conjugated goat

anti-rabbit antibodies were used to visualise primary anti-TMEV 2C antibodies.

Hpi 0 2 4 6 8
T—— gy —1C
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Figure 4.5 (II): Western Blot analysis of the expression of TMEYV 2C protein in infected BHK-21
lysate over time. Lane 1: Uninfected, Lanes 2-5: lysate analysed at 2, 4, 6 and 8 hpi. Primary anti-

TMEYV 2C antibodies were used at 1:10000 dilution.
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The distribution of WGA at 7 hpi [Figure 4.5 (I)], (Panel B) appears to have changed
slightly with stronger cytoplasmic staining and less concentration in the perinuclear
region. The 2C protein signal has now become concentrated on one side of the
nucleus. At 8 hpi (Panel C), the cells are showing signs of rounding up and the signal
for WGA is no longer concentrated in the perinuclear region, but is distributed
throughout the cell. The signal for WGA was also found to be weak at this time point
and it was difficult to obtain clear images. 2C protein, however, was present in a large
structure adjacent to the nucleus and staining was intense. These results are consistent
with the previous experiment showing a redistribution of B-COP, and suggest that
TMEYV indeed induces a change in Golgi structure during infection. It is worthwhile
to note the change in the cell shape as infection progresses. Positive-strand RNA
viruses are known to induce CPE during infection and eventually lyse their host cells.
The cells were initially flat and attached to the growth surface before and during early
infection. At later stages, they tended to round up and detach from the surface. These

effects were examined in the next experiments.

4.3.5 Morphological changes and distribution of f-actin in TMEV-infected cells

The cell cytoskeleton is a dynamic structure within the cytoplasm which is
responsible for maintenance of cell shape, intracellular trafficking and cell division
(Bedows et al., 1983; Hollinshead et al., 2001; Jouvenet & Wileman, 2005; Sandoval
& Carrasco, 1997). It is composed of three components namely, actin filaments,
intermediate filaments, and microtubules. The actin filaments together with
microtubules are known to be involved in virus entry, replication and release (Fernie
& Gerin, 1982; Kallewaarda et al., 2005). Viruses, in general, use and modify the
cytoskeleton during infection and this is well documented (Bedows et al., 1983;
Hollinshead et al., 2001; Jouvenet & Wileman, 2005; Ploubidou et al., 2000; Zhai et
al., 1988). Picornaviruses are also known to use and re-structure the cytoskeleton for
attachment, entry, replication and release of the virions (Langford, 1995). TMEV is
associated with intermediate filaments in infected cells (Nédellec et al., 1998) and
FMDYV infection results in collapse of microtubules around the replication complex
(Armer et al., 2008; Monaghan et al., 2004). PV also affects the cytoskeleton by
inducing structural changes in a microtubule-associated protein (Joachims &

Etchison, 1992; Lenk & Penman, 1979). It was apparent in previous experiments that
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TMEYV induces a change in cell morphology during infection. To examine if this is
related to changes in the cytoskeleton, the distribution of B-actin during infection was
investigated in infected cells. Cells were infected with TMEV and fixed with
methanol at 0, 6 and 8 hpi. Anti-B-actin antibodies were detected using Alexa-Fluor
546-conjugated mouse antibodies. The cells were co-stained with anti-TMEV 2C
antibodies and these were detected with Alexa-Fluor 488-conjugated rabbit antibodies

(Figure 4.6).

Figure 4.6: Distribution of p-actin during TMEYV infection. Infected cells were fixed with methanol
at 0 hpi (panel A), 6 hpi (Panel B) and 8 hpi (Panel C). The cells were double labelled with anti-f-
Actin antibodies and anti-TMEV 2C antibodies which were detected with Alexa-Fluor 546-conjugated

goat anti-mouse and Alexa-Fluor 488-conjugated goat anti-rabbit antibodies respectively.

Panel A shows the distribution of B-actin in uninfected cells. The protein is distributed
in a reticular pattern throughout the cell cytoplasm and is absent from the nucleus. At
6 hpi (Panel B), 2C protein staining is evident. At this stage, some cells still show
their typical fibroblast shape (arrowhead X) and p-actin staining is mainly

cytoplasmic as in uninfected cells. However, many cells have begun to round up
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(arrowhead Y) and B-actin appears to be concentrated towards the outer edges of the
cells. At 8 hpi (Panel C), 2C protein containing structures occupy almost 50% of cell
volume, and B-actin is seen as a ring around the nucleus and replication complex.
These results show that TMEV behaves similarly to PV and FMDV in that

cytoskeletal changes associated with CPE are induced at late stages of infection.

4.4 Conclusions

The main aim of the experiments described in this chapter was to localise TMEV 2C
protein in infected cells and to determine the effects of infection on Golgi and
cytoskeletal structure. WGA was chosen as a Golgi stain since we could not use the
anti-B-COP antibodies available in the laboratory at the same time with the anti-
TMEYV 2C antibodies. It was shown that WGA can be used to stain the Golgi complex
because there was extensive overlap and potential co-localisation between the stain
and B-COP. Golgi elements were rearranged by TMEV as suggested by dispersal and
fading of WGA and B-COP signals during infection. The 2C protein and WGA
signals also overlapped extensively, suggesting that the virus targets the Golgi
apparatus. Although optical sectioning revealed that the two signals remained separate
in the merged image, further analysis is required to conclude whether they co-localise
or not. The localisation of the 2C protein appears to vary during infection. At early
stages it was observed in the cytoplasm and in the perinuclear region, and with
prolonged infection, 2C protein was located in one large structure comprising almost
50% of cell volume. The cell cytoskeleton was disrupted during infection as indicated
by a change in B-actin staining during infection. In uninfected cells it appears as a
network throughout the cytoplasm. Late in infection, B-actin had formed a shell

around the nucleus and the replication complex.
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5. General conclusions and future work

This study sought to generate polyclonal antibodies against TMEV 2C protein for use
in localisation of the protein in infected cells. Picornavirus 2C proteins are known to
bind membranes and therefore may be potentially insoluble when expressed in a
bacterial system. Thus, a bioinformatic analyses was performed on the TMEV 2C
protein amino acid sequence to identify regions with predicted hydrophilic and
antigenic properties. Based on the results of these analyses, a region of the 2C protein
(amino acids 31-210) was selected for expression and purification to prepare
antibodies. Nucleotides corresponding to the selected region of 2C protein were PCR-
amplified and cloned into pQE-80L for expression in E. coli cells by IPTG induction.
The peptide was found to be maximally expressed at 5 hours post-induction although
in an insoluble form. Treatment of cell lysates with sarcosyl solubilised some of the
peptide. Culture volume was upscaled to obtain sufficient antigen for the
immunisation of rabbits. From this upscaled culture, 1.5 mg of peptide was purified

using Ni-NTA affinity chromatography and used for antibody production.

Rabbit anti-serum (anti-TMEV 2C antibodies) was tested for specificity and
sensitivity using bacterially-expressed 2C peptides, and was found to be highly
specific for both the antigen, 2C (31-210) and also 2C (31-326) which are truncated
forms of the full-length 2C protein. Furthermore, the anti-TMEV 2C antibodies were
able to detect virally-expressed 2C protein in infected cells. The full-length protein
was recovered in the supernatant and pellet fractions indicating that the protein is both

soluble in the cytoplasm and membrane-bound.

Preliminary testing of the antibodies on infected cells by immunofluorescence
analysis showed two stages of infection as the cells examined displayed different 2C
protein staining. In some cells, the distribution of the 2C protein was cytoplasmic and
perinuclear, while in other cells, it was seen in one large structure next to the nucleus
resembling a Golgi distribution. It could be argued that, as demonstrated for FMDV
2C protein, a diffuse cytoplasmic distribution represents an early stage of infection

while the other distribution is characteristic of late infection. The localisation of
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TMEYV 2C protein next to the nucleus prompted the next experiment which sought to
investigate whether the protein was targeting the Golgi apparatus. Since the Anti-f3-
COP antibodies could not be used in dual labelling experiments with the anti-TMEV
2C antibodies; WGA was used as a marker for the Golgi as it had been shown in
previous studies to bind membranes of organelles involved in protein trafficking
pathways, specifically endosomes, lysosomes and the Golgi apparatus. WGA was
tested for its ability to stain the Golgi apparatus by dual-immunolabelling with anti-f3-
COP antibodies in uninfected cells. Total overlap between the signals was observed in
the perinuclear region. It was also observed that WGA was distributed in the
cytoplasm and on the plasma membrane. Since WGA was effective in staining the
Golgi apparatus, the next experiment was aimed at localising 2C protein to the Golgi
using WGA. Dual-labelling studies using WGA and anti-TMEV 2C antibodies
revealed that the two signals overlapped in the Golgi region. It is interesting to note
(refer Figure 4.3.2) that, although the two signals overlapped and were found in the
same region, there was a large region that the anti-TMEV 2C antibodies stained which
the WGA did not (shown by the X in the figure). In order to investigate the nature of
this partial overlap, optical sectioning was performed and a Z-stack obtained. The
results showed that the two signals overlapped but remained separated to a large
degree. More studies are needed to confirm if in fact 2C protein and WGA co-
localise. It was seen by examining the distribution of B-COP and WGA that the Golgi
apparatus reorganises during infection and the changes become more apparent as
infection progresses. This may be due to the fact that picornaviruses use host cell
membranes to form the vesicles on which replication occurs, and Golgi membranes

are used in this process.

It was further observed during this study that infected cells displayed a change in
morphology as infection progressed. The cells tended to “round up” during late
infection and lost their ability to attach to growth surface. In order to show and
monitor this effect, P-actin antibodies were used to stain infected cells. The
distribution of B-actin changed during infection from a reticular staining to one that

was concentrated in a ring around the viral replication complex containing 2C protein.

The synthesis of anti-TMEV 2C antibodies has opened new doors in terms of the

experiments that can be performed in the future. With this antibody, membrane
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association properties of TMEV 2C and 2BC viral proteins can be investigated. These
investigations will involve transient expression of the proteins and co-
immunoprecipitation with various host cells organelle marker. The effects of infection
on the ultra-structure of cells can also be investigated using this antibody by
transmission electron microscopy. These antibodies can also help elucidate whether
TMEYV 2C and/or 2BC proteins induce the disassembly of the Golgi complex or takes
part in the formation of vesicles as has been shown for other piconaviruses. A
transport assay can also be conducted to determine whether these proteins are
involved in the disruption of protein trafficking through the exocytic pathway.
Finally, other future studies involving these antibodies will investigate interactions
between 2C protein and host cell proteins using biochemical and in vivo techniques.
Identification of such interactions could lead to the development of anti-viral agents

that target picornavirus replication.
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