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Abstract

The Picornaviridae is a family of viruses of economic importance that have a major impact
on human and animal health. Some of the major genera found in the Picornaviridae family
are Enterovirus which includes Poliovirus (PV) and Human Rhinovirus (HRV), Cardiovirus
which includes Theiler’s murine encephalomyelitis virus (TMEV) and Saffold virus (SAFV),
Aphthovirus of which the Foot and Mouth disease virus (FMDV) is a member and
Hepatovirus which includes Hepatitis A virus (HAV). Picornaviruses have a single stranded,
positive sense RNA genome which is approximately 7.5-8.4 kb pairs in size. The
picornavirus genome is translated into a large polyprotein and is proteolytically cleaved by
viral proteases namely 2AP"°, 3CP" and 3CDP™ into mature viral structural and non-structural
polypeptides encoded by the P1, P2 and P3 domains. Picornaviruses utilise host cell
machinery and cellular pathways for entry and uncoating, genome replication and capsid
assembly. In our laboratory, we are studying the mechanisms by which TMEV interacts with
host cell components and our recent research shows that molecular chaperones are required
for a production infection. To follow up on this observation, the overall aim of this study was
to prepare antigen for the generation of polyclonal antibodies against the TMEV VP1 and
3CP"™ proteins. To this end, the TMEV VP1 and 3C"" amino acid sequences were analysed to
identify hydrophobic, hydrophilic and antigenic regions. Homology modelling was
performed in order to predict linear B cell epitopes exposed on the surface of the protein
structures. The full length coding sequences of VP1 and 3CP" were selected for amplification
by the PCR and cloning into pQE-80L for expression in a bacterial system. Time course
induction studies of recombinant VP1 and 3CP™ showed that the proteins were maximally
expressed at 6 hrs and 4 hrs respectively. Recombinant VP1 was solubilised using the
detergent, Sarcosyl and purified by Nickel affinity chromatography under native conditions.
Because recombinant VP1 co-purified with an unidentified protein, the pET expression
system was used. Although no protein of the estimated size was observed by SDS-PAGE
analysis in the time course induction study, Western analysis using anti-Hisg (2) antibodies
detected a signal of ~35 kDa. Solubility studies resulted in the presence of two protein bands

in the insoluble fraction resolved between 35 and 40 kDa.



Recombinant 3CP™ expressed in a bacterial system was predominantly present in the
insoluble fraction. Treatment with Sarcosyl had no effect on the solubility of the recombinant
protein and it was therefore purified under denaturing conditions using 8M urea. Following

dialysis, 3CP™ was used for immunisation of rabbits.

Crude anti-TMEV 3CP™ antibodies were able to detect as little as 107 ng of bacterially
expressed antigen at a dilution of 1:100 000 by Western analysis. The presence of
contaminating proteins was reduced using pre-cleared anti-TMEV 3CP™ antibodies. The
antibodies were unable to detect virally expressed 3C"™ in BHK-21 cell lysate supernatant. In
an attempt to determine whether TMEV 3CP™ is present in the insoluble fraction, anti-TMEV
3CP™ antibodies were tested using total protein prepared from infected and mock-infected cell
lysates. Once again, no protein band the size of 3CP™ was detected. The antibodies were
further tested for detection of 3C" in TMEV-infected cells by indirect immunofluorescence
and confocal microscopy. A diffuse cytoplasmic and perinuclear distribution, as well as
nuclear staining, was observed in infected BHK-21 cells. This staining pattern resembled that
observed for the HRV, FMDV and EMCV 3CP™ in similar experiments. Further experiments
are required to confirm specificity of these antibodies for virally-expressed 3C"™ by Western

analysis and indirect immunofluorescence.
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Chapter 1: Literature Review

1.1 The Picornaviridae family

The Picornaviridae is a family of viruses which infect humans, animals and some plant
species. The word pico is Italian for ‘small’, which is one of the main characteristics of these
viruses. Picornaviruses have a single stranded, positive sense RNA genome which is
approximately 7.5-8.4 kb pairs in size. The size of the non-enveloped viral capsid is between
28-30 nm in diameter and is icosahedral in shape. Picornaviruses are of economic
importance worldwide and include some of the most widely studied agricultural and human
pathogens such poliovirus (PV), foot-and-mouth disease virus (FMDV), an important
pathogen of livestock, human rhinovirus (HRV), a cause of the common cold and the human

hepatitis A virus (as reviewed by Bedard and Semler, 2004; Racaniello, 2007).

Currently the Picornaviridae family comprises of seventeen genera: Enterovirus,
Cardiovirus, Aphthovirus, Hepatovirus, Parechovirus, Erbovirus, Kobuvirus, Teschovirus,
Sapelovirus, Senecavirus, Tremovirus, Aquamavirus, Cosavirus, Dicipivirus, Megrivirus,
Salivirus and Avihepatovirus (Knowles et al., 2012; Adams et al., 2013). Table 1.1 below
gives examples of some significant viruses within the family and the diseases they cause.

Table 1.1: Genera of the Picornaviridae family and examples of viruses and their resulting

diseases (adapted from Knowles et al., 2012).

Haopatovirus
Parechovirus

Teschovirus

Kobuvirus

Enterovirus Poliovirus, Human rhinovirus  Poliomyelitis, Common cold
Cardiovirus Theilar's virus Mouse encephalomyelitis
Aphthovirus Foot-and-mouth disease Footl and disease in livestock

Bovine rhinitis A and B
disease

Hepatitis A virus
Human Parechovirus

Porcine teschovirus

Bovine kobuvirus, Alchi virus

Bovine rhinitis A and B virus

Liver disease

Chronic meningoencephalitis
Teschen-Talfan neurological
diseaso

Enteric disease

Human gastroonteritis




1.1.1 Economic Importance of Picornaviruses

As mentioned above, diseases caused by picornaviruses have varied economic and health
effects. This section focuses on three economically important viruses namely, FMDV, HRV
and PV.

FMDV which belongs to the genus Aphthovirus is well known for its negative impact on
economically important livestock. FMDV is an acute infectious disease causing fever which
is followed by blisters on the feet and mouth of cloven hooved animals such as sheep, goats,
cattle and pigs. The outbreak of FMDV in 2001 did not only affect the farming industry but
also the tourism industry causing a decrease in the economic growth of the United Kingdom
(UK). The total losses were estimated to be between US $ 12.3 billion and $13.8 billion (as
reviewed by Grubman and Baxt, 2004). Countries affected by FMDV are unable to
participate in livestock trade in order to avoid the spreading of the virus to FMD-free nations
(Domingo et al., 2002). Some European countries were faced with traumatic financial
problems in 2001 when millions of livestock suspected of being infected with FMDV were

slaughtered (Thompson et al., 2002).

HRYV is classified under the genus Enterovirus and is known for causing the common cold.
This virus is of economic importance as it causes companies billions of dollars due to people
taking leave of absence from work because of viral infection or to take care of others infected
with the virus. More than 500 million cases of the common cold are reported each year in the
USA and this then leads to billions of dollars being lost annually (Fendrick et al., 2003). No
effective vaccine or cure has been established to date for HRV infection possibly due to the

rapid antigenic drift observed in the virus (Savolainen et al., 2002).

PV is an acute infectious virus which belongs to the genus Enterovirus. PV is responsible for
causing severe poliomyelitis which has affected millions of humans in the past, (as reviewed
by Bedard and Semler, 2004). The first isolation of PV in 1908 was followed by years of
research on the virus leading to the production of two effective vaccines. The first vaccine
was produced in 1950s and was an inactivated poliovirus vaccine (IPV) developed by Jonas
Salk. The vaccine consisted of a mixture of three wild type poliovirus strains inactivated with
formalin to destroy infectivity of the virus without affecting antigenic properties of the
capsid. The second vaccine was a live attenuated oral poliovirus vaccine (OPV) developed by

Albert Sabin in the 1960s for vaccination in underdeveloped countries. OPV led to the



elimination of PV from entire continents by the 1980s (as reviewed by Racaniello, 2007). The
World Health organisation (WHO) aimed in 1988 to eradicate PV completely by the year
2000 using OPV because of its low cost and its ability to interrupt virus transmission. By the
year 2002 the occurrence of PV infections had significantly decreased on a global scale (as
reviewed by Racaniello, 2007; World Health Organisation, 2002). The discovery of two
vaccines against PV initially led to the thought that PV would be completely eradicated in
most countries across the world by 2005, but with some countries such as India, Afghanistan
and Pakistan still reporting cases of people being infected and affected by PV suggests that

the total eradication of the virus has not been achieved (as reviewed by Racaniello, 2007).

A number of studies have been done in order to further understand the mechanisms used by
these economically and clinically important viruses during replication, assembly and viral-
host interactions. Although members of the picornavirus family have a similar genome
organisation, the proteins they express may perform different functions in the virus life-cycle.
The following sections will discuss the genomic organisation, polyprotein processing,

replication and assembly of picornaviruses using PV as a model.

1.2 Picornavirus Genome Organisation

A schematic representation of PV genome organisation is shown in Figure 1.1 below. As seen
in the figure, a viral protein, VPg is covalently linked to the 5' untranslated region (UTR) of
the viral genome. This protein plays a role in the initiation of viral RNA replication (as
reviewed by Bedard and Semler, 2004). The 5 UTR also contains a cloverleaf structure
known as the internal ribosome entry site (IRES). The IRES is a sequence which promotes
translation initiation of the viral RNA while the host cell protein translation machinery is shut
off, and is also responsible for recognizing the 40s ribosomal unit and forming a secondary
structure that stabilizes the RNA required for translation (Belsham and Nahum, 2000; as
reviewed by Bedard and Semler, 2004; Racaniello, 2007). All picornaviruses have a
polyadenylated (poly-A) tail characteristic of a eukaryotic mMRNA attached to the 3' end of
the genome (as reviewed by Bedard and Semler, 2004). The poly (A) region is thought to be
involved in the translation and RNA replication, how the virus does this however is not fully
understood.



IRES
¢
Cloverleaf
structures —>
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\ [
5'UTR 3'UTR

Figurel.1: Schematic diagram showing the genome organisation of picornaviruses. The VPg is
located at the far end of the 5 UTR. The IRES is located within the 5" UTR of the genome followed by
the coding region of the viral proteins. The poly (A) tail is present at the 3’ UTR (adapted from Bedard
and Semler, 2004).

1.2.1 Polyprotein Processing

Picornavirus genomes consist of one open reading frame (ORF) which is translated in the
host cytoplasm to form a single large polyprotein. The polyprotein is proteolytically cleaved
by virus-encoded proteases into mature viral structural and non-structural polypeptides which
are encoded by the P1, P2 and P3 precursors (Figure 1.2). The first cleavage involves the
separation of the P1 domain from the P2 and P3 domains by 2A P and the remaining
cleavages are conducted by 3CP™ and its precursor 3CD P (as reviewed by Bedard and
Semler, 2004; Racaniello, 2007).

5 UTR l 3'UTR

IRES mediated
Translation

P1 P2 P3
L 1A 1B 1C 1D 2A 2B 2C 3A 3B 3C 3D =
l Polyprotein
cleavage
P1 ' 2A 28C  3AB  3CD

ves: vez ves) HEE BEE -VPI(::”"’ | Fioctesed
9

Structural capsid proteins -
Non-structural proteins

Figure 1.2: Schematic diagram of picornavirus polyprotein processing. The single ORF is
translated into a single large polyprotein which gets cleaved by proteases in three domains P1, P2
and P3 respectively. The P1 gives rise to structural proteins (VP1-VP4) and the P2 and P3 domains
give rise to non-structural proteins (2A-3D) which play a role in the viral replication process (adapted

from Buenz and Howe, 2004).




Mature viral proteins are classified into two groups, the structural and non-structural proteins.
The structural proteins, VP1, VP2, VP3 and VP4 are responsible for forming the viral capsid.
The viral capsid comprises of 60 copies of each of the structural proteins, VP1-4. These
proteins initiate viral infection by binding to the receptor found on the cell surface of the host
and are also responsible for virion assembly. For example, the capsid subunit protein, VP1
has been found to bind to host cell receptors such as intracellular adhesion molecule-1
(ICAM-1) for rhinovirus and poliovirus receptor (PVR) for poliovirus (Olson et al., 1993; as
reviewed by Racaniello, 2007). The properties and functions of VP1 will be discussed in

detail in a later section.

The non-structural proteins, with the exception of the leader (L) protein of aphtho- and
cardioviruses which is encoded on the 5’ region of the ORF, are found within the P2 and P3
domain and are responsible for virus replication, these proteins have been found to be more
conserved across the Picornaviridae family than the structural proteins (Stanway, 1990;
Hughes, 2004; Buenz and Howe, 2004; Bedard and Semler, 2004). The non-structural
proteins are known to be responsible for targeting and rearranging cellular membranes in
order to create membranes on which replication takes place (Bienz et al., 1990; Aldabe and
Carrasco 1995; Knox et al., 2005; Moffat et al., 2005). The section below gives a brief

description of the function of each non-structural protein including precursors.

The L protein is found only in aphthoviruses and cardioviruses and there is a great sequence
deviation in the peptide across viruses which have this protein within their genome (Aminev
et al., 2003). The L protein is a protease which helps in the inhibition of cap-dependant
translation through the cleavage of translation initiation factors such as elF4GI and elF4GllI
(Buenz and Howe, 2004). In TMEV, this protein has been suggested to inhibit the host
immune response by interfering with the production of o / B interferon (van Pesch et al.,
2001).

2AP° is a protease which cleaves the P1 domain from the P2 and P3 domains. In
hepatoviruses, aphthoviruses and parechoviruses, the 2AP® does not have a proteolytic
function and the primary cleavage between the P1, P2 and P3 domains is carried out by 3CP™
(as reviewed by Racaniello, 2007). During PV infection, 2AP™ works along with the other
viral proteases to cleave the endogenous translation initiation factor, elF4GI, in order to

inhibit host cell translation (Zamora et al., 2002; Buenz and Howe, 2004).



The 2B protein has been identified as a viroporin, which are a class of transmembrane
proteins that alter the permeability of membranes thus leading to the disassembly of the Golgi
complex. This protein is implicated in inhibition of the cellular secretory pathway in PV-
infected cells (Sandoval and Carrasco, 1997; Buenz and Howe, 2004). The 2BC protein is a
precursor of 2B and 2C proteins. 2BC together with 2C protein are believed to migrate to the
rough endoplasmic reticulum (RER) where they induce the formation of smooth membranes
which bud off to become the site of RNA synthesis (Bienz et al., 1990, 1992; Cho et al.,
1994).

The 2C protein is the most conserved non-structural protein within the Picornaviridae family.
The secondary structure of 2C comprises of three domains, a nucleoside triphosphate (NTP)
binding domain, RNA binding domain and the membrane binding domain (Rodriguez and
Carrasco, 1995; Carrasco et al., 2002; Banerjee et al., 2004). 2C has many functions
associated with viral replication including, uncoating, host cell membrane association,
NTPase activity, RNA replication, and encapsidation, but the role that 2C plays in these
functions is yet to be discovered (Li and Baltimore, 1990; Wimmer et al., 1993; Cho et al.,
1994; Mirzayan and Wimmer, 1994; Vance et al., 1997). 2C has also been shown to control
viral protease activities. Multiple sequence alignments of 2C with protease inhibitors have
shown that 2C contains serine protease motifs scattered throughout its sequence, suggesting
that 2C plays a regulatory role in protease activity. PV 2C was found to co-
immunoprecipitate with viral 3C protease which resulted in the inhibition of proteolytic
activity of 3C both in vivo and in vitro (Banerjee et al., 2004). Antibodies generated against
TMEV 2C have localised the protein to the Golgi apparatus where it forms part of the
replication complex (Jauka et al., 2010). Studies conducted with FMDV have indicated that
at early stages of infection 2C locates to a diffuse punctate pattern to one side of the nucleus
and is concentrated into larger structures next to the nucleus during later stages (Knox et al.,
2005). Expression of FMDV 2C in Vero cells showed some endoplasmic reticulum (ER)
localisation, however most of the protein was located in punctate structures within the Golgi
(Moffat et al., 2005). In a similar study, VV5-tagged TMEV 2C was also localised to the Golgi
apparatus when expressed alone in BHK-21 cells using anti-B-COP antibodies (Murray et al.,
2009). PV 2C was localised to the perinuclear membrane region and in a pattern
characteristic of the ER in infected HeLa cells with no presence of other viral proteins
(Echeverri and Dasgupta, 1995).



The 3A protein is one of the products from the cleavage of the 3AB protein and plays a role
virion replication (Buenz and Howe 2006). PV 3A is known to play a role in altering ER to
Golgi trafficking which leads to the evasion of the host immune response by the inhibition of
interleukins and interferon (Dodd et al., 2001; Buenz and Howe, 2006).

The 3B protein is also known as the VVPg protein of picornaviruses and is covalently bound
to the 5’ end of the viral genome. The uridylylation of 3B causes the protein to act as a primer
which initiates RNA synthesis, implying that 3B is a factor in regulating viral replication
(Buenz and Howe, 2004; Pathak et al., 2007).

3CD is a precursor protein for 3CP™ and 3D and acts as a protease during the second cleavage
of the polyprotein alongside 3C"™ (Bedard and Semler, 2004). The properties and functions
of 3CP™ will be described in detail in an upcoming section. The 3D protein is the RNA-
dependant RNA polymerase which plays a role in the RNA chain elongation during the viral
RNA synthesis (as reviewed by Racaniello, 2007; Flint et al., 2009).

1.2.1.1 VP1 capsid subunit protein

The viral capsid of picornaviruses is known to assist with viral attachment and entry into the
host cell. The capsid subunit protein, VP1 has been suggested to be the protein responsible
for aiding the attachment and entry of picornaviruses by binding to host cell receptors.
Receptors which interact with VP1 include the intracellular adhesion molecule-1 (ICAM-1)
for HRV, poliovirus receptor (PVR) for PV, Coxsackievirus-adenovirus receptor (Car) for
Coxsackie B1-6 virus and the vitronectin receptor for FMDV (Olson et al., 1993; as reviewed
by Racaniello, 2007; Lin et al., 2009). Capsids of most enteroviruses have been found to have
canyons which have been suggested to be the sites of interaction with host cell receptors. The
interaction of PV canyon with its receptor, PVR causes structural changes in the virus
exposing the lipophilic N-terminus of VVP1. This region has an affinity for membranes and
moves towards the host cell membranes where it forms a pore through which viral RNA can

enter into the cell and make its way to the cytoplasm (as reviewed by Racaniello, 2007).

Picornaviral VP1 consists of eight-stranded antiparallel beta barrels cores also called a beta-
barrel jelly roll or a Swiss-roll beta-barrel, which are similar to those found in VP2 and VP3

(figure 1.3). This beta structure forms a wedge shaped structure which is known to assist in



the packaging of structural units to form a rigid protein shell, suggested to be essential for the

stability of the virion (as reviewed by Racaniello, 2007).

Figure 1.3: Crystal structure of FMDV VP1 serotype 01. The eight-stranded anti-parallel beta barrel
is shown in yellow, the loops are shown in green and alpha helices are shown in red. The beta barrels
form a wedge shaped structure which is known to assist in the packaging of structural units to form a
rigid protein shell, suggested to be essential for the stability of the virion. The GH loop is indicated in
magenta with the arginine-glycine-aspartic acid (R-G-D) tripeptide motif indicated in orange (adapted

from Burman et al., 2006).

VP1 is known to be the most dominating antigen among the capsid proteins. A number of
neutralising epitopes have been identified within this protein in most picornaviruses including
PV, FMDV, HRV and TMEV (Wychowski et al., 1983; Inoue et al., 1993; Mason et al.,
1994; Oberste et al., 1999). For example, computer analyses revealed that amino acids 93-
103 in the primary sequence of PV-1 VP1 are hydrophilic. The synthesised VP1 (93-104)
peptide reacted specifically with the PV-1 monoclonal neutralising antibody, C3, and no
reaction was observed between VP1 and other PV-1 antibodies suggesting that the C3 epitope
is present within this region (Wychowski et al., 1983). Similarly, three antigenic sites with
neutralising activity have been determined on various regions of PV-1, 2 and 3 VVP1 for the
Sabin vaccine (Minor et al., 1986). Additionally, crystal structure analyses on the seven
FMDV serotypes have revealed the presence of a long, conformational flexible loop on the
outer capsid surface of all serotypes. The loop was identified as the G-H loop of VP1 and was
found to include a highly conserved arginine-glycine-aspartic acid (R-G-D) tripepetide motif,
as shown in figure 1.3 above. This motif is known to bind to integrin receptors and facilitate
the internalisation of FMDV into host cells (Mason et al., 1994; Jackson et al., 1996; Wang et
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al., 2003). The G-H loop of VP1 has been found to be the major antigenic site for antibody
neutralisation in FMDV and hence antibody generation for vaccination against FMDV is
based on this epitope (Collen et al., 1991; Liu et al., 2011). Vaccination of mice with
BacVP1 (recombinant EV71 VP1 expressed in a baculovirus system), illustrated effective
VP1 antibody specificity, and an in vitro neutralisation assay revealed cross-neutralisation of
BacVP1 sera against heterologous and homologous EV71 strains (Premanand et al., 2012).
Studies on TMEV strain DA have shown that epitopes which are responsible for the
activation of CD4+ helper T cells to the demyelinated neurons are found on the surfaces of
VP1, VP2 and VP3 with VP1 containing the majority of these epitopes (Kim et al., 1992;
Inoue et al., 1994; Cameron et al., 2001).

VP1 has also been shown to play a role in picornavirus pathogenicity and determining the
virulence of a virus. Studies done on the group B coxsakieviruses (CVB) have revealed that a
single amino acid alteration within the exposed region of VP1 leads to a change in the
cytolytic and apoptotic abilities of CVB2, suggesting that VP1 is involved in the pathogenesis
of CVB (Gullberg et al., 2010; Wang et al., 2012). Similarly, amino acid 101 of loop Il of
VP1 has been shown to be an essential determinant of TMEV DA virulence in mice. A single
nucleotide change in this position has shown to lower the neurovirulence of the virus. When
oligonucleotide-directed-site-specific mutagenesis was utilised to change cytosine to thymine
within the loop area, the presence of mutagenised virus in vivo in mice showed minor

neurovirulence compared to the wild-type virus (Zurbriggen et al., 1989).

1.2.1.2 3Cprotease (3Crr)

3CP™ is responsible for the majority of cleavages during the processing of capsid and non-
structural protein precursors (reviewed by Ryan and Flint, 1997; Buenz and Howe, 2006).
However, in vivo experiments have illustrated that the 3CP™ precursor protein, 3CD, rather
than 3CP is responsible for most steps of PV polyprotein processing (Ypma-Wong et al.,
1988; Marcotte et al., 2007). Since the early 1990s, only five 3CP™ structures have been
determined, namely those for, HRV-14, HRV-2, PV-1, HAV and FMDV. Bioinformatic
analyses of picornavirus 3CP"* sequences have revealed that the protease has a chymotrypsin
(serine protease)-like fold and consists of a cysteine nucleophile residue instead of a serine
residue on the catalytic site, as shown in figure 1.4 (Mosimann et al., 1997; Sweeney et al.,

2007). The catalytic triad of picornavirus 3C"™° comprises of cysteine, histidine, glutamic or



aspartic acid residues which are conserved in all picornaviruses. 3C" is known to cleave the
polyprotein specifically at the region where glutamine-glycine (QG) dipeptides occur (Clark
etal., 1991; Curry et al., 2007).

Figure: 1.4: Crystal structure of EV 93 3C"". The protease fold into two B barrels (the first one in

orange tone and the second one in blue tone), forming the chymotrypsin-like fold. The catalytic triad

147

residues are highlighted in hot pink. The nucleophilic Cys™" (from the second barrel and the general

acid/base pair His* and Glu™ (from the first barrel) form the catalytic triad (adapted from Norder et
al., 2011).

Apart from playing a major role during polyprotein processing, picornavirus 3C"* is known
to have several effects on the host cell during infection. Firstly, it is responsible for the
inhibition of host-cell transcription (Weidman, 2003). A study by Sharma et al., (2004),
indicated that the nuclear localisation signal (NLS) present in the RNA polymerase, 3D, and
PV infection are required for entry of the 3CD precursor protein into the nucleus. 3C"™ then
uses this mechanism to enter the nucleus in the form of the precursor, 3CD. 3CP" is processed
through autoproteolysis, processed 3CP™ then inhibits host cell transcription through the
cleavage of host cell nuclear proteins. Similarly, HRV 3CP" has been shown to have intrinsic
nuclear protein targeting potential where it can passively or actively disrupt the transportation
of nuclear proteins to the cytoplasm by altering the permeability of the nuclear pore (Ghildyal
et al., 2009). Additionally, studies have shown that cleavage of the TATA-binding protein
(Clark et al., 1993), Oct-1 and CREB-transcription factors (Yalamanchili et al., 1997b;
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Yalamanchili et al., 1997c) and the I1IC transcription factor by PV 3CP™ decreases their
activities and transcription by polymerase Il (Aminev et al., 2003). In vitro experiments
where Hela cells were infected with PV suggested that the cleavage of the transcription
factors, TFIIB and TFIIC, by 3CP° results in the inhibition of DNA polymeraselll
transcription by decreasing the activity of each transcription factor, with TFIIIC’s activity
being highly influenced by the protease (Clark et al., 1991; Ryan and Flint, 1997).
Furthermore, FMDV 3CP" has been found to play a role in the down regulation of host-cell
transcription by removing the first 20 amino acids found on the N-terminal region of histone
H3. This region has been found to correspond to the regulatory domain for the transcriptional
activation of chromatin. Histones are proteins found in the nuclei and associated closely with
DNA. Histones are responsible for the structure of the chromatin and play a major role in the
regulation of gene expression (Falk et al., 1990; Weidman et al., 2003; Curry et al., 2007).

Secondly, 3CP™ has been found to be responsible for the inhibition of host-cell translation.
PV 3CP™ is known to inhibit translation of host mRNA by cleaving the poly (A) binding
protein (PBP). The interaction of 3C"™ and PBP alters the interaction between PBP with
eukaryotic initiation factor (elF) 4G in vitro (Joachims et al., 1999). Similarly, in vitro studies
on Enterovirus 3C"° and PV 3CP* have been shown to inhibit host-cell translation by
cleaving PBP thus altering the interaction between PBP with eukaryotic initiation factor (elF)
4B (Bushell et al., 2001).

Lastly, picornaviruses have been shown to alter cell morphology and rearrange cytoplasmic

P has been shown to

membranes in order for viral replication to occur. PV and FMDV 3C
modify the cytoskeleton of host cells. In vivo and in vitro studies have illustrated that PV
3CP™ cleaves the microtubule associated protein 4 (MAP-4) causing depolymerisation of the
microtubule network (Joachims et al., 1995). Similarly, the expression of FMDV proteins in
transfected cells has revealed that only 3CP° induces the loss of y-tubulin from the
microtubule organising centre (MTOC) region in the cells, implying that 3CP™ also plays a

role in FMDV cytoskeleton alteration (Armer et al., 2008).

1.2.2 Picornavirus replication

Picornavirus replication occurs in the cytoplasm of infected host cells. The cycle of infection
is initiated by attachment in which the virus attaches to the host cell membrane by binding to

a host cell receptor. Various receptors are used by different viruses, for example, the
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Coxsackie B1-6 virus uses the coxsackievirus-adenovirus receptor (Car), PV uses the
poliovirus receptor PVR or CD155, HRV uses the intracellular adhesion molecule-1 (ICAM-
1), encephalomyocarditis virus uses the vascular cell adhesion molecule-1 (VCAM-1), and
FMDV uses a vitronectin receptor for attachment. The attachment process is followed by
receptor-mediated endocytosis and uncoating to release viral genome (as reviewed by
Racaniello, 2007; Lin et al., 2009). The second and third steps involve the translation of viral
MRNA to produce the 3D protein, a RNA-dependent RNA polymerase which replicates the
viral genome using 3B (VPg) as a primer for the synthesis of the negative-strand RNA. This
is then used as a template for positive-sense RNA synthesis. Replication occurs on
membrane-bound vesicles which are thought to be formed by various viral proteins, primarily
the 2C protein (Bienz et al., 1992). Lastly, once a significant amount of viral capsid proteins
have been produced, encapsidation begins and new viral capsids and virions will exit the cell

through cell lysis (as reviewed by Racaniello, 2007; Bienz et al., 1992). Figure 1.5 below

illustrates an overview of the picornavirus replication.

@ Ribosome
RARp (3D)

Figure 1.5: Overview of picornavirus life cycle: Step 1. Receptor-mediated attachment to the host
cell membrane, followed by penetration and uncoating to release viral RNA into the cytoplasm. Step
2. Translation of the RNA is accomplished by utilising the host cell machinery to produce the
polyprotein, which is cleaved into various viral proteins. Step 3: The structural proteins form viral
capsids, while non-structural proteins are responsible for synthesising negative-strand RNA which will
be used as a template to produce more positive-strand RNA. Step 4: newly synthesised positive-
strand RNA is then packaged into the newly formed viral capsids which exit the cells via cell lysis
(adapted from Andino et al., 1999).
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1.2.3 Viral assembly

Viral assembly begins with the cleavage of the P1 precursor encoding VP1-VP4 by 2AP°
(Figure 1.6). In enteroviruses, heat shock protein (Hsp) 70 and Hsp 90 interact with the P1
precursor and maintain the protein in a processing conformation such that it can be
recognised and cleaved by viral proteases (Macejak and Sarnow, 1992; Geller et al., 2007).
The 3CP"and its precursor, 3CDP™ cleave the region between the B-barrels of VP0O-VP3 and
VP3-VP1 bonds. This cleavage is essential for the formation of the protomer subunit. Five
protomers are formed by the interaction of VP1, VP3 and VPOQ. Each protomer contains a
single copy of the three protein subunits which combine to form a pentamer. The next step of
assembly involves the formation of a provirion, which occurs when 12 pentamers join to
produce an immature viral capsid. Encapsidation of the positive sense viral RNA strand
occurs by an unknown mechanism. This is followed by the cleavage of VPO into VP2 and
VP4 leading to the formation of a mature icosahedral virion consisting of 60 copies of each of
the four capsid subunits with VP1-3 being located on the surface of the capsid where
interaction with host cell receptors occurs, and VP4 being located on the inside of the capsid

where it keeps the capsid stable (as reviewed by Racaniello, 2007).

P1 precursor VP3
protein
Proteolytic

cleavage by
3C/3CD protease

N

(VPO, VP3, VP1)

160S Mature Virion
(VP2, VP4, VPIVP1),,

VP2 + VP4
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(VPO, VP3, VP1) + Progeny RNA '\
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Figure 1.6: Processing and assembly of the picornavirus virion. The P1 domain is cleaved into
VP1, VP3 and VPO by 3C/3CDP°. The capsid subunits form a 5S protomer and five of these
protomers form a 14S pentamer. Twelve pentamers form a 150S provirion in which the viral RNA is
encapsidated. VPO is cleaved to form VP2 and VP4 to form the mature virion consisting of 60 copies

of each of the four capsid subunits with VP1-3 being located on the surface of the capsid and VP4

being located on the inside of the capsid (adapted from Semler, 2011).
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1.3 Theiler’s Murine Encephalomyelitis Virus (TMEV)

TMEV, the picornavirus used in this study, belongs to the genus Cardiovirus and causes
central nervous system infections in mice. Other cardioviruses are encephalomyocarditis
virus (EMCV) and Saffold virus (SAFV), a newly described human virus which is closely
related to TMEV (Borghese and Michiels, 2011).

TMEV strains are subdivided into two groups based on neurovirulence and the type of
disease caused due to intra-cerebral inoculation of mice. The two groups are GDVII and
Theiler original (TO). The GDVII group comprises two strains, GDVII and FA, which are
more virulent than the TO strains and cause fatal encephalomyelitis in mice (Theiler and
Gard, 1940). TMEV causes central nervous system infections in mice and can encourage the
development of a chronic demyelinating disease leading to inflammatory demyelinating
lesions in the spinal cord of mice (Lipton, 1975). The TO group is characterised by several
strains namely, BeAn, DA, WW, TO4 and Yale. These strains are less virulent than those
from the GDVII group and are responsible for causing chronic inflammatory demyelinating
disease (Lipton and Friedman, 1980). This demyelinating disease has been found to resemble
multiple sclerosis, thus making mice infected with TO strains the most suitable experimental

animal models for this disease (Oleszak et al., 2004).

TMEV was chosen as a model for this study as it is only pathogenic to mice and thus is safe
to use in the laboratory for analysis of virus-host interactions. TMEV has also been shown to
infect and replicate within Baby Hamster Kidney 21 (BHK-21) cells (Lipton and Friedman,
1980; Kong et al., 1994; van Pesch et al., 2001). A replication system has been developed in
our laboratory to study virus-host interactions. In one study, the subcellular distribution of P2
proteins, and the effect of amino acid substitution on the conserved region of 2C on virus
replication were investigated. Analysis of cells expressing mutant 2C proteins indicated that
the distribution of 2C was affected by substituting lysine in position 14, tryptophan in
position 18 and isoleucine in position 23 for alanine (Murray et al., 2009). In a second study,
polyclonal antibodies have been generated against TMEV 2C protein and used to localise the
protein to the Golgi apparatus of infected BHK-21 cells where it assists with the formation of
replication complexes (Jauka et al., 2010). More recently, our studies have shown that
molecular chaperones, Hsp 70 and Hsp 90 play a role in the lifecycle of TMEV.

Immunofluorescence analysis revealed that Hsp 90 redistributes from the cytoplasm into the
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viral replication complex in TMEV-infected cells where it co-localised with the non-
structural 2C protein. Hsp 70 redistributed from the cytoplasm into the vicinity of the
replication complex. In addition, Hsp 90 inhibitors, novobiocin and geldanamycin, were
found to reduce virus growth as there was no development of the cytopathic effect (CPE) on
treated cells compared to untreated cells. Furthermore, Western analysis experiments
revealed that treatment with novobiocin inhibits the production of the non-structural 2C

protein (Mutsvunguma et al., 2011).

Viruses utilise host cell machinery during various stages of their lifecycle. Molecular
chaperones are an example of such host cell factors utilised by viruses during viral entry,

replication, assembly and exit.

1.4 Molecular Chaperones

Molecular chaperones are a group of unrelated protein families which direct the correct
conformation of other proteins but do not form part of the final product (as reviewed by Ellis,
1987). Molecular chaperones have a number of functions within cells which include protein
folding/unfolding, protein transport across membranes, protein degradation, cell survival and
regulating the apoptosis process (as reviewed by Ellis, 1987; Frydman, 2001; Hartl and
Hayer-Hartl, 2002). Mutations in molecular chaperones have been associated with various
human diseases such as cancer, cardiovascular diseases and neurodegenerative diseases (as
reviewed by Xiao et al., 2010). Approximately 20 different protein families which display
chaperone activity are known and Hsps are the best-studied out of these protein families.

Hsps are highly conserved and are classified into six families based on their molecular size,
for example small Hsps (9-43 kDa molecular mass), Hsp 40 (40 kDa), Hsp 60 (60 kDa), Hsp
70 (70 kDa), Hsp 90 (90 kDa) and Hsp 100 (100 kDa). Hsps are mostly stress-induced and
located in both the cytosol and ER of most cell types where they assist in protein folding and
assembly. There are two major groups of ER chaperones namely, the glucose-regulated
proteins (GRPs) and the calnexin/calreticulin chaperones. The GRP 78, also known as BiP, is
an ER homologue of Hsp 70 and is known to assist in protein folding by associating with
proteins that contain hydrophobic residues in their misfolded regions. The GRP 94 is an ER
homologue of Hsp 90 and has been suggested to assist in the assembly of large ER chaperone
complex under conditions of ER stress although its role in ER protein quality control is not

fully understood. Calnexin is a type | ER membrane protein and calreticulin is a soluble ER
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lumen protein, both these chaperones assist in protein folding and assembly by interacting

with proteins which contain N-linked glycans (as reviewed by Xiao et al., 2010).

1.4.1 Viruses-Chaperone Interactions

Many studies have shown that viruses utilise host cell factors including molecular chaperones
to support their lifecycle in a host cell. The roles played by chaperones during lifecycles of a
wide array of viruses have been widely documented and these proteins have been shown to
participate during viral entry, replication and assembly processes (as reviewed by Sullivan

and Pipas, 2001; as reviewed by Xiao et al., 2010).

Chaperones play a role during the entry of viruses into host cells by acting as viral receptors
or participating in the viral uncoating process. As an example, rotavirus entry depends on the
interaction with the heat shock cognate protein 70 (Hsc 70) at a post-attachment stage. This
brings about a conformational change to the viral capsid to facilitate entry of the virus into
the cytoplasm (Guerrero et al., 2002; Zarate et al., 2003). Other examples of virus-chaperone
interactions which facilitate viral entry include, Hsp 70/ Hsp 90 and Dengue virus (Reyes-Del
Valle et al., 2005), Hsp 90 and Japanese encephalitis virus (Das et al., 2009) and the Hsp 70
homologue, GRP78 and Coxsackievirus (CV) A9 (Triantafilou et al., 2002).

Host chaperones also facilitate replication of viral genome and gene expression of viral
proteins. For example, Hsp 90 has been identified as a host factor which induces the activity
of the RNA polymerase of Influenza A virus, leading to efficient transcription and replication
of viral RNA (Momose et al., 2002). Similarly, Hsp 70 and Hsp 40 have been suggested to
indirectly enhance replication of papillomavirus by improving the binding of the replicator
initiator E1 helicase to the origin of replication on viral DNA (Liu et al., 1998). The
requirement of DnaJ, DnaK (Hsp 70) and GrpE for initiation of bacteriophage replication has
been indicated in E. coli using in vitro experiments (Alfano and McMacken, 1989; Zylicz et
al., 1989). The importance of these chaperones has been illustrated in previous studies where
the mutated forms of Dnal, DnaK and GrpE resulted in no replication initiation when
introduced into an in vivo system containing the lambda DNA replication system (Zylicz and
Georgopoulos, 1984; Zylicz et al., 1985). Additionally, Hsp 90 is known to play a role in the
maturation and activity of the Hepatitis C virus (HCV) non-structural 2/3 (NS2/3) protease
which is essential for viral replication (Waxman et al., 2001). The HIV-1 Nef protein has

been associated with viral infectivity, replication and gene expression. Studies have shown
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that the Nef protein induces the expression of Hsp 40 in HIV-1 infected cells. This interaction
is essential for increased Hsp 40 translocation into the nucleus of infected cells which then
mediates viral gene expression by forming part of the cyclin-dependent kinase 9-associated
transcription complex, regulating long terminal repeat-mediated gene expression (Kumar and
Mitra, 2005).

Not only are chaperones involved in facilitating viral entry and replication, they also play a
role during the viral assembly process. For example, Hsc 70 has been found to incorporate
itself within the HIV-1 virions suggesting an interaction between the chaperone and virus
during viral assembly (as reviewed by Brenner and Wainberg, 1999). Similarly, Hsc 70 has
been shown to bind to the VP1 capsid protein during polyomavirus infection and, this event
has been shown to regulate the quality and location of viral assembly (Chromy et al., 2003).
Furthermore, Calnexin, an ER chaperone, is known to be involved in the formation of the
HCV envelope glycoproteins E1 and E2 (Dubuisson and Rice, 1996; Choukhi et al., 1998;
Dubuisson, 1998). Picornaviruses are also known to utilise molecular chaperones during their
life cycle although only three studies have been conducted. In enteroviruses, PV, CV and
HRV, Hsp 70 and Hsp 90 are known to be involved in the viral assembly process (Geller et
al., 2007). Studies conducted on Enterovirus assembly have shown that Hsp 70 and Hsp 90
interact with the capsid precursor protein, P1, and maintain the protein in a processing
conformation during virus assembly such that it can be recognised and cleaved by viral
protease, 3C""° ( Macejak and Sarnow, 1992; Geller et al., 2007). As described in section 1.3
above, Hsp 70 and Hsp 90 play a role in the lifecycle of TMEV (Mutsvunguma et al., 2011).

1.5 Motivation

The family Picornaviridae contains economically important viruses such as PV, HRV and
FMDV. These viruses have a single polyprotein which is cleaved by proteases into mature
structural and non-structural proteins which form the viral capsid and play a role in viral
replication respectively. The role played by molecular chaperones during viral entry,
replication, assembly and exit has been widely researched on a variety of viruses including
picornaviruses. In Enteroviruses, Hsp 90 and Hsp 70 have been shown to maintain P1 in a
processing conformation during virus assembly such that it can be recognised and cleaved by
viral protease, 3C"° ( Macejak and Sarnow, 1992; Geller et al., 2007). Only one study has
been conducted on the role played by Hsp 90 and Hsp 70 in the replication of TMEV

(Mutsvunguma et al., 2011). No study has been conducted to investigate interactions between

17



molecular chaperones and TMEV P1 during virus assembly. In order to study these specific

interactions, antibodies against the antigenic capsid subunit, VP1 and 3CP" are required.

1.6 Aims and objectives

Overall Aims

The overall aim of this study was to generate polyclonal antibodies against TMEV VP1
capsid protein and 3CP™ in order to study the role played by molecular chaperones and other
host factors in the lifecycle of TMEV.

Objectives

The specific objectives of this study were:

1. To conduct a bioinformatic analysis to determine the predicted hydrophobic, antigenic
and linear B cell epitopes exposed on the molecular surface of TMEV GDVII VP1
and 3C""°

2. To PCR-amplify and clone the full length coding sequences of VP1 and 3C" into the
bacterial expression vector, pQE-80L

3. To express VP1 and 3CP in a bacterial system by Isopropyl-p-D-1-

thiogalactopyranoside (IPTG) induction and conduct solubility studies

4. To purify the recombinant proteins using ion Nickel affinity chromatography and

prepare the purified antigen for immunisation

5. To test the antibodies for detection of bacterial antigen and virally-expressed protein

by Western analysis

6. To localise VP1 and 3CP™ in TMEV-infected cells by indirect immunofluorescence

and confocal microscopy

18



Chapter 2: Bioinformatic analysis and cloning of TMEV VP1
and 3Crre sequences into pQE-80L

2.1 Introduction

Firstly, this chapter describes a bioinformatic analysis of TMEV VP1 and 3CP" sequences in
order to predict hydrophobic, hydrophilic and antigenic regions of the proteins. Secondly,
structural analyses of VP1 and 3C"™ were performed in order to predict linear B cell epitopes
exposed on the surface of three-dimensional protein structures. Finally, the cloning of the full

pro

length coding sequences of VP1 and 3C™ into pQE-80L and confirmation of the integrity of

the recombinant plasmids by restriction analysis and Sanger sequencing is described.

In order to delineate predicted hydrophobic and hydrophilic regions on VP1 and 3CP™
primary sequences, a Kyte and Doolittle Hydropathy plot was generated. The programme
uses an algorithm which determines the buried hydrophobic and exposed hydrophilic regions
of a protein depending on the R-groups of the protein. The programme works by assigning
each of the 20 amino acids a hydrophobicity score between -4.6 and 4.6 where a score of -4.6
represents the most hydrophobic amino acids. A window size is set, this is the number of
amino acids whose hydrophobicity is averaged and assigned to the first amino acid in the
window. The default window size is 9. Setting a window size between 5 and 7 is suggested to
be a good value for finding regions which are assumed to be exposed on the surface, whereas
a window size of between 19 and 21 results in a plot exposing transmembrane domains (Kyte
and Doolittle, 1982).

A Hopp and Woods Hydrophilicity plot was also conducted in order to delineate predicted
antigenic regions on VP1 and 3CP™ primary sequences. The programme predicts antigenic
regions of a protein by determining hydrophilic regions which are most likely to be exposed
on the molecular surface of a folded protein (Hopp and Woods, 1981). The programme works
by assigning each of the 20 amino acids a hydrophilicity factor. A window size is set in order
to average hydrophilicity factors and assign them to the first amino acid in the window. A
positive peak in the hydrophilicity profile will be assumed to correspond with an antigenic
determinant. Regions with negative hydrophilicity do not correspond with an antigenic
determinant (Fraga, 1982).
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In order to determine the predicted linear B cell epitopes exposed on the surface of VP1 and
3CP" structures, homology modelling was conducted. This technique is based on aligning the
amino acid sequence of a target protein whose structure has not been resolved with an amino
acid sequence of a protein that has its structure resolved (template) in order to predict the 3D
model of the target protein. The predicted structure of the target protein is then determined
by the template amino acid sequence which has the highest similarity percentage to the target
protein sequence (Centeno et al., 2005). HHpred was used for determining homologous
templates of VP1 and 3CP"™. The programme provides a sensitive method for sequence
searching and structure prediction by identifying homologous sequences of a known protein
structure with the target sequence (S6ding et al., 2005). TMEV DA VP1 was identified as the
homologous template of TMEV GDVII VP1. No crystal structures have been resolved for
TMEV 3CP°. FMDV A10 (61) was found to be the homologous template of TMEV GDVII
3CP",

In order to determine the percentage of identical, conserved and similar amino acid residues
between the TMEV GDVII VP1 and its template (TMEV DA VP1, PDB id: 17TME), and to
determine whether the VP1 is conserved within the various TMEV strains, a multiple
sequence alignment was performed. A similar analysis was conducted for TMEV GDVII
3CP"™ and its template (FMDV A10 (61), PDB id: 2BHG) and TMEV DA and BeAn 3CP"
sequences. Amino acid residues which are not identical but share the same properties are
known as similar amino acid residues. Conserved amino acid residues are functionally
equivalent but are not necessarily identical, these amino acids have similar residue properties

such as charge or hydrophobicity (Doolittle, 1981; Schueler-Furman and Baker, 2003).

Structural models for VP1 and 3CP™ were generated using MODELLER, which generates
three-dimensional structures of proteins used for homology or comparative modelling (Eswar
et al, 2008). The predicted linear B cell epitopes exposed on the surface of the structural
models of VP1 and 3CP° and their homologous templates were determined using the
DNAStar Protean3D system and PyMOL programmes. The predicted linear B cell epitopes

regions were mapped to the primary sequences of VP1 and 3CP".

Forward and reverse oligonucleotides flanking the desired nucleotide sequences were
designed for the amplification of TMEV VP1 and 3C"™° coding sequences using the PCR.
TMEV VP1 and 3CP™ coding sequences were cloned into the expression vector, pQE-80L

using the restriction endonucleases, BamHI and Sall to produce pBMVP1 and pBM3CP™. The
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integrity of the recombinant plasmids was confirmed by restriction analysis and Sanger

sequencing.

A second expression vector system was used for VP1 (as discussed in chapter 3). pETVP1 (1-
741) was constructed by Dora Mwangola (B.Sc Honours student, Rhodes University). The
recombinant plasmid consists of nucleotides 1-741 of the VP1 coding sequence cloned into
pET22b+. The integrity of pETVP1 (1-741) was confirmed by restriction analysis using Xhol

and Xbal and Sanger sequencing.
The specific objectives were:

e To determine predicted hydrophobic, hydrophilic and antigenic regions within the
VP1 and the 3CP™ amino acid sequences using the Kyte and Doolittle Hydropathy plot
and the Hopp and Woods Hydrophilicity plot respectively

e To use the internet-based modeling server, HHpred to search for homologous protein
templates of TMEV GDVII VP1 and 3CP™ for structural analysis

e To conduct a multiple sequence alignment in order to determine the percentage of
identical, conserved and similar amino acid residues between TMEV GDVII VP1 and
its template, 1TME, and determine whether VP1 is conserved within the various

TMEV strains in order to conduct structural analysis of VP1

e To conduct a multiple sequence alignment in order to determine whether 3CP™ is
conserved within various TMEV strains and a sequence alignment to determine the
percentage of identical, conserved and similar amino acid residues between the
TMEV GDVII 3CP™ and its template, 2BHG, in order to conduct structural analysis of
3CPr

e To generate structural models of VP1 and 3C"" and determine linear B cell epitopes
predicted to be exposed on the surface of VP1 and 3CP™ and their respective

homologous templates

e To design forward and reverse oligonucleotides using the nucleotide sequences of
TMEV GDVII VP1 and 3CP™ and amplify them using the PCR

e To clone the PCR-amplified coding sequences into pQE-80L to produce pBMVP1
and pBM3CP™ and confirm the integrity of pBMVP1, pBM3CP* and pETVP1(1-741)
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by restriction analysis and Sanger sequencing

2.2 Methods and Materials

2.2.1 Prediction of hydrophobic, hydrophilic and antigenic regions of
VP1 and 3(Crro

In order to determine the amino acids predicted to be hydrophobic, hydrophilic and antigenic,
a Kyte and Doolittle Hydropathy and a Hopp and Woods Hydrophilicity plots were
generated. The full length amino acid sequences of VP1 and 3C"™° were subjected to the

internet based programme Protscale on the ExPASytool website (www.expasytool.com)

which uses the Kyte and Doolittle method to predict hydrophobic amino acids and the Hopp
and Woods method to predict hydrophilic amino acids which are suggested to have antigenic

properties. The window size was set at 5 for both plots.

2.2.2 Multiple Sequence alignments of VP1 and 3Cr of the various
TMEYV strains using Clustal W

In order to determine the percentage of identical, similar and conserved amino acid residues
of VP1 and 3CP*° within the various TMEV strains, a multiple sequence alignment was

performed using the Clustal W algorithm (www.genome.jp/tools/clustalw/), with Blosum62

scoring matrix and default parameters. The accession numbers for VP1 and 3CP™ sequences
used in the alignments were TMEV GDVII complete genome sequence (GenBank accession
number: AAA62147); TMEV DA complete genome sequence (GenBank accession number:
AAA93172); TMEV BeAn complete genome sequence (GenBank accession number no:
AAC02657).

2.2.3 Sequence alignment of TMEV GDVII 3Cr and 2BHG

A sequence alignment was performed on TMEV GDVII 3CP" sequence (GenBank accession
number: AAA62147) and its homologous template (FMDV A10 (61), PDB id: 2BHG)
sequence (GenBank accession number: 2BHG.A) in order to determine the percentage of

identical, conserved and similar amino acid residues of the two proteins.
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2.2.4 Homology modeling and prediction of linear B cell epitopes

TMEV GDVII VP1 and 3CP* primary sequences (GenBank accession number: AAA62147)
were submitted into the modelling server HHpred (S6ding et al., 2005) to identify suitable
templates with resolved structures. Models for TMEV GDVII VP1 and 3C"" were generated
using the MODELLER software (Sali et al., 2009) using (TMEV DA VP1, PDB id: 17TME)
and (FMDV A10 (61), PDB id: 2BHG) as their templates respectfully. The structural models
of the proteins were analysed using PyMOL v1.1 (2008 DeLano Scientific LLC).

For the prediction of linear B cell epitopes on VP1 and 3CP™, PDB files of the identified
homologous templates were downloaded from the Protein Data Bank (Protein Data Bank,

http://www.rcsb.org/pdb/home/home.do) and were opened using DNAStar Protean3D

system. The complete primary sequences of the models and their templates were analysed in
order to map the predicted linear B cell epitopes in the primary sequence. The predicted
epitope regions were mapped on the structure surfaces of the proteins using PyMOL v1.1
(2008 DeLano Scientific LLC).

2.2.5 Growth media

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 strains was carried out at 37°C in LB or LA supplemented
with ampicillin (Amp) at a final concentration of 100ug/ml. The growth medium will be
referred to as LB/Amp and LA/Amp throughout the study.

2.2.6 Polymerase Chain Reaction of TMEV VP1 and 3Crr coding
sequences

Forward and reverse oligonucleotides were designed based on the TMEV GDVII complete
genome sequence (GenBank accession number: AAA62147) in order to amplify the full-
length coding sequences of VP1 (828 bp) and 3CP™ (649 bp). BamHI (GGATCC) and Sall

(GTCGAQ) restriction endonuclease recognition sequences were incorporated at the 5 end
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of the forward and 3’ end of the reverse oligonucleotides respectively for cloning into pQE-

80L. Table 2.1 below indicates the forward and reverse oligonucleotides used for cloning.

Table 2.1: Forward and reverse oligonucleotides designed for the amplification of TMEV
VP1 and 3CP™ showing BamHI in green, Sall in orange and the first codon of each protein

sequence in red.

VP1 forward 5’GGATCCGGAATTGACAATGCTGAGAAG
3

VP1 reverse 5’ GTCGACTCACTCGAACTC 3’

3CP" forward 5’ GGATCCGAGGCGGGAAGGTTCTAG 3’

3CP reverse 5" GTCGACTCATTGCGGTTCCAGCGC3’

The MJ Mini™ Personal Thermal Cycler (Bio-Rad, USA) was used for the amplification of
the full-length VP1 and 3CP" coding sequences. The reaction mixtures were set up as follows:
25 pl 2 x ready mix with Mg®* (KAPA Biosystems, USA), 2 ul of 10uM forward and reverse
oligonucleotides, 1 pl DNA template (~70 pug) and 20 pl ddH,O. A negative control reaction
was set up in the same way using deionised water (ddH,O) instead of the DNA template. The
PCR parameters used were 1 cycle of initial denaturation at 95°C for 1 min followed by 30
cycles of denaturation at 95°C for 1 min, annealing at 60°C for 1 min and initial elongation at
72°C for 45 sec. A final cycle of elongation at 72°C for 5 min was performed. The full length
TMEV VP1 (828 bp) and 3C" (649 bp) coding sequences were PCR amplified and analysed

using 1 % agarose gel electrophoresis (AGE) as described in the section below.

2.2.7 Agarose gel electrophoresis (AGE)

DNA was analysed by 1 % AGE prepared in 1x TAE buffer [40 mM Tris (pH8.0), 0.1 %
glacial acetic acid, 1 mM EDTA] containing 0.5 pg/ml ethidium bromide. DNA samples
were thoroughly mixed with 6x loading dye (KAPA biosystems, USA) prior to loading onto
the gel. Agarose gels were electrophoresed for 30 min at 90 V in 1x TAE buffer. The gel was

visualised by illumination with UV light and images captured using the Gel Bio-Rad
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VersaDoc™ Model 4000 imaging system (Biorad, USA). The APstl DNA ladder was used
throughout the study in order to determine the sizes of the recombinant plasmids. The ladder
was created by restricting 20 pg A DNA (Fermentas, USA) with 20 units (U) of Pstl
restriction endonuclease for 2 hrs at 37°C.

2.2.8 Cloning of amplicons into the pGEM®-T Easy vector

VP1 and 3CP™ amplicons were ligated into pGEM®T Easy (Promega, USA) in order to
create pGEM®-VP1 and pGEM®-3CP™. In a total volume of 10 pl, reactions contained 1 U T4
DNA ligase, 1 pl 2x rapid ligation buffer, 1 pul DNA (~70 pg) and 1 pul pGEM®T Easy (~50
pg) and 6 pl ddH,O. A negative control reaction was set up in the same way using deionised
water (ddH,O) instead of the DNA template. Ligation reactions were carried out overnight at
4°C. Ligations were transformed into competent JM109 E. coli cells using standard
procedures. Transformants were grown overnight on LA/Amp, IPTG, X-gal plates (LA/Amp
supplemented with X-gal to a final concentration of 80 pg/ml and IPTG to a final
concentration of 0.5 uM) for blue/white screening. After an overnight incubation, six white
colonies were selected from each of the overnight plates and grown overnight in 5 mi
LB/Amp. A plasmid extraction of the overnight culture was performed using the QIAprep®
Spin Miniprep kit, (Qiagen, USA) according to manufacturer’s instructions and the samples
were analysed using 1 % AGE. Plasmids containing inserts were termed pGEM®-VP1 and
PGEM®-3C"™ and restricted with BamHI and Sall as described below.

2.2.9 Restriction analysis and cloning of VP1 and 3Cr into pQE-80L

VP1 and 3CP™ genes were isolated from pGEM® T Easy by restriction analysis using BamHI
and Sall which had been engineered on the 5’ and 3’ ends of the nucleotide sequences of the
proteins respectively. AGE was performed to analyse the restricted plasmids. The suspected
VP1 insert at approximately 880 bp and the suspected 3CP" insert at approximately 649 bp
were excised from the agarose gel under UV light and purified using the Wizard® SV Gel
and PCR Clean-up System (Promega, USA) according to manufacturer’s instructions.
Purified VP1 and 3CP" inserts were ligated into linearised pQE-80L (Qiagen, USA) using
BamHI and Sall to produce pBMVP1 and pBM3CP™. In a total volume of 10 pl, reactions
contained 1 U T4 DNA ligase, 1 ul 10x ligase buffer, 1 ul DNA (~70 pg) and 1 ul linearised
pQE-80L (~50 pg) and 6 pl ddH,O . A negative control reaction was set up in the same way
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using deionised water (ddH,0) instead of the DNA template. The reactions were mixed by
pipetting and incubated for 1 hr at 37°C. Ligations were transformed into competent JM109
E. coli cells using standard procedures. Transformants were grown overnight on LA/Amp
plates at 37°C. A single colony was selected from each overnight plate and grown overnight
at 37°C in 5 ml LB/Amp. Plasmid DNA was extracted from overnight cultures using the
QlAprep® Spin Miniprep plasmid extraction Kit (Qiagen, USA) according to manufacturer’s

instructions. Samples were analysed by 1 % AGE.

2.2.10 Confirmation of integrity of pBMVP1, pBM3Cr and pETVP1 (1-
741) by restriction analysis and Sanger sequencing

The integrity of pPBMVP1 and pBM3CP"™ was confirmed by restriction analysis with BamH]
and Sall restriction endonucleases. In a total volume of 20 pul, reactions contained 1 U BamHlI
and Sall, 1 pl 1x restriction enzyme buffer D, 10 ul recombinant plasmid DNA (~70 pg) and
7 pl ddH,0. For pETVP1 (1-741) restriction analysis, 1 U Xhol and Xbal were used instead
of BamHI and Sall restriction endonucleases. The restriction analysis was carried out at 37°C
for 1 hr and analysed by 1 % AGE. Secondly, the integrity of recombinant plasmids was
confirmed by Sanger sequencing (Ingaba Biotec™, South Africa), in order to confirm
whether the open reading frames were intact and that no mutations were generated during the
PCR reaction procedure. QE Promoter and QE reverse oligonucleotides were used for the
sequencing of pBMVP1 and pBM3CP™®. The T7 promoter and T7 reverse oligonucleotides
were used for the sequencing of pETVP1 (1-741).

2.3 Results

2.3.1 Prediction of hydrophobic, hydrophilic and antigenic regions of
VP1

The VP1 amino acid sequence was analysed in order to predict, hydrophobic, hydrophilic and
antigenic regions of the protein using the internet based program Protscale in the ExPASytool

website (www.expasytool.com ). The results are shown in Figure 2.1 A and B below.
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Figure 2.1 A: Kyte and Doolittle Hydropathy plot of VP1. Peaks below zero are predicted to be
hydrophilic regions and those above zero are predicted to be hydrophobic regions. B: Hopp and
Woods Hydrophilicity plot of VP1. Peaks below zero are predicted to have non-antigenic properties
and hydrophobic regions and those above zero are predicted to have antigenic properties and

hydrophilic regions.

It can be observed from the Hydropathy plot in Figure 2.1 A that there is distribution of
predicted hydrophobic and hydrophilic regions across the VP1 protein as shown by the peaks
above and below the zero axis respectively. Amino acids 0-20 on the N-terminus were
predicted to be hydrophilic as shown by peaks below the zero axis. The middle region of the
amino acid sequence appears to have a distribution of amino acids predicted to be
hydrophobic and hydrophilic as shown by the peaks above and below the zero axis
throughout the middle region of the protein sequence. The Hopp and Woods Hydrophilicity
plot in figure 2.1 B indicates that amino acids 0-20 on the N-terminus are predicted to have
antigenic properties as shown by the peak above the zero axis whilst some amino acids on the
C-terminus contained peaks which were predicted to have non-antigenic properties as shown
by the peaks below the zero axis within this region. The middle region of the protein shows
distribution of regions predicted to have antigenic and non-antigenic properties as shown by

the peaks above and below the zero axis.

27



In order to determine whether there was a correlation between the Hydropathy and

Hydrophilicity plot, an overlap of both plots was performed, (Figure 2.2).

HKyte-Doolittie Scale (hhydrophaobdicity)

Figure 2.2: An overlap of the Kyte-Doolittle Hydropathy plot (blue) and the Hopp and Woods
Hydrophilicity plot (green) for VP1.

The overlap of the Kyte and Doolittle plot (blue) and the Hopp and Woods plot (green) shows
a correlation between hydrophilic and antigenic peaks. The amino acids in the Hydropathy
plot predicted to be hydrophilic are shown to have antigenic properties in the Hydrophilicity
plot. Amino acids 0-20 in the N-terminus which are predicted to be hydrophilic in the Kyte
and Doolittle plot have been predicted to have antigenic properties in the Hopp and Woods
plot and hydrophobic amino acids on the C-terminus of the protein have been predicted to
have non-antigenic properties in the Hydrophilicity plot. Distribution of predicted antigenic
(hydrophilic) and non-antigenic (hydrophobic) regions were observed across the middle

region of the protein.

2.3.2 Prediction of hydrophobic, hydrophilic and antigenic regions of
3(Cpro

The 3CP° amino acid sequence was analysed in order to determine the predicted
hydrophobic, hydrophilic and antigenic regions of the protein using the internet based

program Protscale in the EXPASytool website (www.expasytool.com). The results are shown

in Figure 2.3 A and B below.
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Figure 2.3 A: Kyte and Doolittle Hydropathy plot of 3C"". Peaks below zero are predicted to be
hydrophilic regions and those above zero are predicted to be hydrophobic regions. B: Hopp and
Woods Hydrophilicity plot of 3C°. Peaks below zero are predicted to have non-antigenic
properties and hydrophobic regions and those above zero are predicted to have antigenic properties
and hydrophilic regions.

It can be observed in figure 2.3 A that amino acids 0-30 of 3CP° are predicted to be
hydrophobic as shown by the peaks above zero. There is distribution of predicted
hydrophobic and hydrophilic amino acids across the middle region of the 3C*™ amino acid
sequence as shown by peaks above and below zero respectively. The Hopp and Woods
Hydrophilicity plot in Figure 2.3 B indicates that amino acids 0-30 on the N-terminus are
predicted to have non-antigenic properties as shown by the peak below zero axis. The middle
region of the protein shows a distribution of amino acids predicted to have antigenic and non-

antigenic properties as shown by the peaks above and below the zero axis within this region.

In order to determine whether there was a correlation between the Hydropathy and
Hydrophilicity plot, an overlap of both plots was performed, (Figure 2.4).

yte-Doolittile Scale (hhydrophobicity)
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Figure 2.4: An overlap of the Kyte-Doolittle Hydropathy plot (blue) and the Hopp and Woods

pro

Hydrophilicity plot (green) for 3C
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The overlap of the Kyte and Doolittle and Hopp and Woods plots shows a correlation
between the plots. The N-terminal amino acids 0-30 predicted to be hydrophobic in the
Hydropathy plot are predicted to have non-antigenic properties in the Hydrophilicity plot. A
distribution of predicted antigenic (hydrophilic) and non-antigenic (hydrophobic) regions are

observed across the middle region of the protein.

In order to further understand the physico-chemical properties of VP1 and 3C", linear B cell

epitopes predicted to be on the surface of the proteins were identified.

2.3.3 Multiple Sequence alignments of VP1 and 3Cr within different
TMEYV strains using Clustal W

In order to generate the predicted three-dimensional models for TMEV GDVII VP1 and
3CP", homologous templates of the proteins must be identified. HHpred and PDB were used
in order to acquire the homologous protein templates of resolved structures for VP1 and
3CP"™. A multiple sequence alignment was performed using ClustalW in order to determine
the percentage of identical, similar and conserved amino acid residues found within TMEV
GDVII VP1 and its homologous template, (TMEV DA VP1, PDB id: 1TME) and to
determine whether VP1 is conserved within the various TMEYV strains. The results are shown

in figure 2.5 below.
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Figure 2.5: Multiple sequence alignment of VP1 amino acid sequences of the various TMEV

hker

virus strains. indicates identical amino acid residues (green). “” indicates different but highly

conserved amino acids (orange) and “.” indicates different amino acids with similar properties (red).

Blanks indicate amino acids which have dissimilar properties.

The multiple sequence alignment of VP1 sequences of different TMEYV strains (GDVII, DA,
and BeAn) shows a high percentage of amino acid residues which are identical within various
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TMEV strains as shown by the amino acid residues highlighted in green. The percentages of
conserved and similar amino acid residues of VVP1 are lower as shown by the orange and red
highlighted amino acids residues respectfully. This indicates that VVP1 capsid protein is
conserved within the different strains of TMEV. Overall approximately 88 % of the amino
acid residues are identical, 5.5 % of the amino acid residues are conserved and 2.3 % of the
amino acid residues were found to have similar properties. The homologous template 1”TME
had an 86 % sequence homology to TMEV GDVII VP1. The sequence homology between
TMEV GDVII VP1 and 1TME was high enough to be used for predicting linear B cell

epitopes exposed on the surface of the protein structure.

A multiple sequence alignment was performed in order to determine the percentage of
identical, similar and conserved amino acid residues found within 3CP* of various TMEV

strains. Results are shown in figure 2.6 below.
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Figure 2.6: Multiple sequence alignment of 3C"™® amino acid sequences of the different TMEV

T TH

strains. “*’indicates identical amino acid residues (green). “:” indicates different but highly conserved

amino acids (orange) and “.” indicates different amino acids with similar properties (red). The catalytic
triad of the protease is highlighted in purple. Blanks indicate amino acids which have dissimilar

properties.

The multiple sequence alignment of 3CP™ amino acids sequence of various TMEV strains
shows that there is a high percentage of identical amino acid residues (green) compared to the
conserved (orange) and similar (red) amino acid residues. The catalytic triad of the protease

P is conserved within the different strains of

is indicated in purple. This indicates that 3C
TMEV. Overall approximately 90 % of the amino acid residues are identical, 3.3 % of the
amino acid residues are conserved and 0.2 % of the amino acid residues were found to have

similar properties.
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Since there is no resolved structure for 3CP™ within the genus Cardiovirus, a sequence
alignment was performed in order to determine the percentage of identical, similar and
conserved amino acid residues found between TMEV GDVII 3CP° and its homologous
template (FMDV A10 (61), PDB id: 2BHG). The results are shown in figure 2.7 below.
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Figure 2.7: Sequence alignment of TMEV GDVII 3C" and 2BHG. “*’indicates identical amino acid
residues (purple). “:” indicates different but highly conserved amino acids (red) and “.” indicates
different amino acids with similar properties (green). Blanks indicate amino acids which have

dissimilar properties.

The sequence alignment of TMEV GDVII 3CP* and its homologous template (2BHG) shows
that there is a higher percentage of conserved amino acid residues (red) compared to identical
and similar amino acid residues in purple and green respectively. Overall approximately 42.8
% of the amino acid residues are conserved, 22.8 % of the amino acid residues are identical
and 19.46 % of the amino acid residues were found to have similar properties. The
homologous template 2BHG had a 40.6 % sequence homology to TMEV GDVII 3CP°. The
sequence homology between TMEV GDVII 3CP™ and 2BHG was high enough to be used for

predicting linear B cell epitopes exposed on the surface of the protein structure

2.3.4 Homology modeling and prediction of linear B cell epitopes

HHpred and PDB were used in order to acquire a homologous protein template of resolved
structures for TMEV GDVII VP1. Models for TMEV GDVII VP1 and 3CP™ were generated
using Modeller software, 17TME was identified as the homologous template for TMEV
GDVII VP1 with a sequence homology of 86 %. The generated model was viewed using the
open-source software PyMOL v1.1. For the linear B cell epitope prediction, the primary
amino acid sequences of TMEV GDVII VP1 and 1TME were analysed using DNAStar
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Protean3D system in order to determine the predicted linear B cell epitopes on the molecular
surface of the proteins. The predicted linear B cell epitopes were mapped on the molecular

surface of the models using PyMOL v1.1. The results are shown in figure 2.8 A and B below.
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Figure 2.8 Panel A: Secondary structural model of TMEV GDVII VP1 and the predicted linear B
cell epitopes of VP1 capsid protein displayed on the molecular surfaces. The secondary
structural model of VP1 displays beta sheets, alpha helices and loops in yellow, red and green
respectively. Three linear B cell epitopes were mapped on the molecular surface of TMEV GDVII
VP1, 1 (amino acids 52-78) hot pink, 2 (amino acids 195-209) green, 3 (amino acids 250-275) cyan.
Panel B: Secondary structure of the 1.TME homologous template and the predicted linear B cell
epitopes of VP1 capsid protein displayed on the molecular surfaces. The secondary structural
model of 1TME displays beta sheets, alpha helices and loops in yellow, red and green respectively.
Four linear B cell epitopes were mapped on the molecular surface of 1. TME, 1 (amino acids 56-68) hot
pink, 2 (amino acids 78-114) green, 3 (amino acids 164-174) cyan and 4 (amino acids 205-213)

yellow.

The secondary structure of TMEV GDVII VP1 in Panel A shows that the protein consists of
an eight-stranded anti-parallel beta-barrel structure (yellow), alpha helixes (red) and loops
(green). The N-terminal and C-terminal region of the protein is indicated in magenta and
cyan respectively. There are three predicted linear B cell epitopes mapped on the molecular
surface of TMEV GDVII VP1, 1 (amino acids 52-78), 2 (amino acids 195-209) and 3 (amino
acids 250-275). The secondary structure of the 17TME template in Panel B shows that the
protein consists of an eight-stranded anti-parallel beta-barrel structure (yellow), alpha helixes
(red) and loops (green). The N-terminal and C-terminal region of the protein are indicated in

magenta and cyan respectively. There are four predicted linear B cell epitopes mapped on the
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molecular surface of 1TME, 1 (amino acids 56-68), 2 (amino acids 78-114), 3 (amino acids
164-174) and 4 (amino acids 205-213).

HHpred and PDB were used in order to acquire the homologous protein templates of resolved
structures for TMEV GDVII 3CP"°. Models for TMEV GDVII 3CP" were generated using
Modeller software, 2BHG was identified as the homologous template for TMEV GDVII
3CP™ with a sequence homology of 40.6 %. The generated models were viewed using the
open-source software PyMOL v1.1. For the linear B cell epitope prediction, the primary
amino acid sequences of TMEV GDVII 3CP™ and 2BHG were analysed using DNAStar
Protean3D system in order to determine the predicted linear B cell epitopes on the molecular
surface of the proteins. The predicted linear B cell epitopes were mapped on the molecular

surface of the models using PyMOL v1.1. The results are shown in figure 2.9 A and B below.
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Figure 2.9 Panel A: Secondary structural model of TMEV GDVII 3CP™ and the predicted linear B
cell epitopes of 3CP™ displayed on the molecular surfaces. The secondary structural model of
TMEV GDVII 3CP° displays beta sheets, alpha helices and loops in yellow, red and green
respectively. Three linear B cell epitopes were mapped on the molecular surface of TMEV GDVII
3C"™, 1 (amino acids 90-107) blue, 2 (amino acids 130-136) orange and 3 (amino acids 145-152)
magenta. Panel B: Secondary structure of 2BHG homologous template and the predicted linear
B cell epitopes of protein displayed on the molecular surfaces. The secondary structure of 2BHG
displays beta sheets, alpha helices and loops in yellow, red and green respectively. Three linear B
cell epitopes regions mapped on the molecular surface of 2BHG, 1 (amino acids 22-28) blue, 2

(amino acids 107-113) orange and 3 (amino acids 181-192) magenta.

The secondary structure of TMEV GDVII 3C"™ in Panel A shows that the protein consists of
a six-stranded anti-parallel beta-barrel structure (yellow), alpha helixes (red) and loops

(green). The N-terminal and C-terminal region of the protein is indicated in magenta and
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cyan respectively. There are three predicted linear B cell epitopes mapped on the molecular
surface of TMEV GDVII 3CP™, 1 (amino acids 90-107) blue, 2 (amino acids 130-136) orange
and 3 (amino acids 145-152) magenta. The secondary structure of 2BHG in Panel B
indicated that the protein consists of a six-stranded anti-parallel beta-barrel structure (yellow),
alpha helixes (red) and loops (green). The N-terminal and C-terminal region of the protein is
indicated in magenta and cyan respectively. There are three predicted linear B cell epitopes
mapped on the molecular surface of 2BHG, 1 (amino acids 22-28) blue, 2 (amino acids 107-
113) orange and 3 (amino acids 181-192) magenta.

Based on the results obtained from the bioinformatic analysis and the predicted B cell
epitopes on the protein surface, the full length coding sequences of VP1 and 3CP™ were PCR
amplified and cloned into pQE-80L to produce pBMVP1 and pBM3CP™. The integrity of the

recombinant plasmids was confirmed using restriction analysis and Sanger sequencing.

2.3.5 Confirmation of pBMVP1 by restriction analysis and Sanger
sequencing

A restriction digest using BamHI and Sall was performed in order to determine the integrity
of pPBMVPL. Digests were analysed by 1 % AGE, the results are shown in figure 2.10 below.
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Figure 2.10: A. Schematic map of pBMVP1: The VP1 gene sequence downstream of the 6x His-
tag. B: Restriction analysis of pPBMVP1: Lane 1: A pstl DNA ladder, lane 2: pPBMVP1 uncut, lane 3:
pBMVP1 restricted with BamHI and Sall.

Figure 2.10 A shows a schematic map of pPBMVP1, which is 5602 bp in size. The pQE-80L
expression vector is 4751 bp in size and consists of an optimised promoter-operator element

consisting of the phage T5 promoter and two lac operator sequences which increase lac
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repressor binding and ensure efficient repression of the T5 promoter. E. coli JIM109 cells are
used for cloning because this cell strain harbours the lacl® mutation and produces enough lac
repressor to efficiently block transcription in the absence of an inducer such as IPTG. The
cell strain is also ideal for storing and propagating pQE plasmids. The pQE-80L vector also
consists of a multiple cloning site for convenient preparation of expression constructs. A -
lactamase gene (bla) which encodes for ampicillin resistance and a 6x His-tag sequence at the

5’ end of the cloning region are also present on the vector (www.qiagen.com/Knowledge-

and-Support/Resource-Center/, accessed 20-02-2013). Figure 2.10 B shows that when

pBMVP1 was restricted with BamHI and Sall, two bands are formed. One band representing
linearised pQE-80L is present above the 4749 bp marker and another band representing the
VP1 insert is present above the 805 bp marker (lane 3) as expected. This suggests that the
VP1 coding sequence was successfully cloned into the pQE-80L.

To further confirm the integrity of pBMVP1 and to ensure that the correct open reading
frame was present, Sanger sequencing was performed. The results are shown in figure 2.11

below.

ATGAGAGGATCG GGATCCGGAATTGACAATGCTGAGAAGGGAAAGGTCTCC
AACGATGACGCTTCGGTCGATTTCGTTGCCGAGCCAGTCAAGCTACCCGAGAACCAAACCCGGGTGGCCT
TCTTTTACGACAGAGCTGTCCCCATAGGAATGTTGAGACCCGGCCAAAATATGGAAACCACCTTTAGCTAC
CAAGAGAATGATTTCCGCCTCAATTGTCTTCTGTTGACCCCTCTTCCTTCTTATTGTCCCGACAGTTCCTCCG
GTCCTGTCAGAACGAAGGCTCCCGTCCAGTGGCGATGGGTGCGGTCTGGTGGCGCCAATGGTGCCAACT
TCCCACTCATGACCAAACAGGACTACGCCTTCCTCTGCTTTTCCCCTTTCACCTACTACAAGTGTGACCTTG
AAGTTACCGTTAGTGCTATGGGAGCAGGCACCGTTTCTTCTGTTCTGCGCTGGGCACCCACCGGGGCGCC
CGCGGATGTCACTGACCAGCTGATCGGCTATACTCCTAGTCTTGGTGAAACACGTAACCCCCGCATGTGG
ATCGTTGGCTCTGGAAATTCTCAAATTTCTTTTGTCGTACCTTACAATTCCCCTCTGTCCGTCTTACCCGCTG
CTTGGTTCAATGGATGGTCCGACTTTGGAAACACCAAGGATTTTGGAGTTGCTCCTACGTCGGATTTTGGG
CGCATTTGGATACAGGGTAACAGCTCTGCCTCAGTTCGAATCAGTACAAGAAGATGAAGGTCTTCTGCCC
CCGCCCGACCCTCTTTTTCCCCTGGCCAACGCCCACCACCACCAAGATCAATGCTGACAATCCAGTCCCCAT
TCTTGAGCTTGAGTGACTGGACTTTAATCACAGTGAGTTCGCGTGAGTCGAC

Figure 2.11: Sanger sequencing of pBMVP1: Shown in red and purple are the start and stop
codons respectively; in green is the 6x His-tag upstream of the sequence for VP1, the forward and
reverse oligonucleotides are underlined. The BamHI and Sall restriction sites are shown in orange
and cyan respectfully. The first and the last codons of VP1 coding sequence are shown in blue and

burgundy respectively.
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The results of the sequence analysis shows that the open reading frame is intact when the
codons are read in triplicate from the first ATG shown in red through to the stop codon, TGA
in purple. The 6x His-tag sequence upstream of the VP1 sequence is in green, the BamHI and
Sall restriction sites are shown in orange and blue respectively at the beginning and end of
the VP1 coding sequence. The forward and reverse oligonucleotides are underlined. No
mutations were identified when the sequence was subjected to BLAST against the TMEV

GDVII complete genome sequence (Acc no: X56019.1)

2.3.6 Confirmation of pETVP1 (1-741) by restriction analysis and
Sanger sequencing

The pETVP1 (1-741) is a recombinant plasmid which was constructed by Dora Mwangola
and it consists of nucleotides 1-741 of VP1 coding sequence cloned into the pET22b+

expression vector.
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Figure 2.12 A: Schematic map of pETVP1 (1-741): The VP1 (1-741) gene sequence downstream of
the 6x His-tag. B: Restriction analysis of pETVP1 (1-741): Lane 1: A pstl DNA ladder, lane 2:
PETVP1 (1-741) uncut, lane 3: pETVP1 (1-741) restricted with Xhol and Xbal.

Figure 2.12A shows a schematic map of pETVP1 (1-741), which is 6233 bp in size. The
PET22b+ vector is 5493 bp in size and consists of an optimised promoter-operator element
consisting of the phage T7 promoter and a lac operator sequence downstream from the T7
promoter which increases lac repressor binding and ensures repression of the T7 promoter.
The T7 promoter is highly specific in that it is only bound to the bacteriophage T7 RNA
polymerase. The vector also consists of a multiple cloning site and translational stop codons
in all three reading frames for convenient preparation of expression constructs. A -lactamase
gene (bla) which encodes for ampicillin resistance and a 6x His-tag sequence 3’ to the

cloning region are also present in the vector (www.novagen.co.za, accessed: 20-02-2013). E.
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coli BL21 (DE3) cells are used for cloning into the pET22b+ vector as this cell strain allows
for high-efficiency protein expression of genes which are under the control of a T7 promoter.
The bacterial strain is lysogenic for A-DE3 which contains the T7 bacteriophage gene I,
encoding T7 RNA polymerase under the control of the lac UV5 promoter

(www.promega.com, accessed: 20-02-2013). The restriction analysis in figure 2.12 B was

performed using Xhol and Xbal. The Xbal restriction site is present within the multiple
cloning site and restricts VP1 (1-741) at approximately 40 bp downstream from the Ndel
restriction site, so that the size of the VP1 (1-741) insert observed on the 1 % AGE is 781 bp
in size. When pETVP1 was restricted with Xhol and Xbal, two bands are formed. One band
representing linearised pET22b+ is present above the 5077 bp marker and another band
representing VP1 (1-741) insert is present below the 805 bp marker (lane 3) as expected.
This suggests that the VP1 (1-741) coding sequence was successfully cloned into the
PET22b+.

To further confirm the integrity of pETVP1 (1-741) and ensure that the open reading frame

was intact, Sanger sequencing was performed and results shown below in figure 2.13.

CATIE\GGAATTGACAATGCTGAGAAGGGAAAG GTCTCCAACGATGACGCTTCGGTCGATTTCGTTGCC
GAGCCAGTCAAGCTACCCGAGAACCAAACCCGGGTGGCCTTCTTTTACGACAGAGCTGTCCCCATAGGAA
TGTTGAGACCCGGCCAAAATATGGAAACCACCTTTAGCTACCAAGAGAATGATTTCCGCCTCAATTGTCTT
CTGTTGACCCCTCTTCCTTCTTATTGTCCCGACAGTTCCTCCGGTCCTGTCAGAACGAAGGCTCCCGTCCAG
TGGCGATGGGTGCGGTCTGGTGGCGCCAATGGTGCCAACTTCCCACTCATGACCAAACAGGACTACGCCT
TCCTCTGCTTTTCCCCTTTCACCTACTACAAGTGTGACCTTGAAGTTACCGTTAGTGCTATGGGAGCAGGCA
CCGTTTCTTCTGTTCTGCGCTGGGCACCCACCGGGGCGCCCGCGGATGTCACTGACCAGCTGATCGGCTAT
ACTCCTAGTCTTGGTGAAACACGTAACCCCCACATGTGGATCGTTGGCTCTGGAAATTCTCAAATTTCTTTT
GTCGTACCTTACAATTCCCCTCTGTCCGTCTTACCCGCTGCTTGGTTCAATGGATGGTCCGACTTTGGAAAC
ACCAAGGATTTTGGAGTTGCTCCTACGTCGGATTTTGGGCGCATTTGGATACAGGGTAACAGCTCTGCCTC
AGTTCGAATCACGTACAAGAAGATGAAGGTCTTCTGCCTCGAG CACCACCACCACCACCAC

Figure 2.13: DNA sequencing of pETVP1: The start codon is highlighted in green and the stop
codon is shown in red, the Ndel and Xhol restriction sites are shown in burgundy and orange
respectively, the reverse and forward oligonucleotides are underlined. The 6x His-tag is shown in blue
downstream of the sequence for VP1 (1-741). The first and last codons of VP1 (1-741) coding

sequence are shown in purple and cyan respectively.

The results of the sequence analysis shows that the open reading frame is intact when the
codons are read in triplicate from the first ATG shown in highlighted in green through to the

stop codon, TGA in red. The 6x His-tag sequence downstream of the VP1 (1-741) sequence
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is in blue, the Xhol and Ndel restriction sites shown in burgundy and orange respectively at
the beginning and end of the VP1 (1-741) coding sequence. The forward and reverse
oligonucleotides are underlined. No mutations were identified when the sequence was
subjected to BLAST against the TMEV GDVII complete genome sequence (Acc no:
X56019.1).

2.3.7 Confirmation of pBM3Crr by restriction analysis and Sanger
sequencing

A restriction digest using BamHI and Sall was performed in order to determine the integrity

of pBM3C. Digests were analysed by 1 % AGE. The results are shown in figure 2.14 below.
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Figure 2.14:A. Schematic map of pBM3C"™: The 3C" gene sequence downstream of the 6x His-
tag. B: Restriction analysis of pBM3CP™: Lane 1: A pstl DNA ladder, lane 2: pBM3CP* unrestricted,
lane 3: pBM3CP" restricted with BamHI and Sall.

Figure 2.14 A indicates a schematic map of pBM3CP™ which is 5388bp in size. The size and
essential features of pQE-80L have been previously described in section 2.3.5. Figure 2.14 B
shows that when pBM3CP" was restricted with BamHI and Sall, two bands formed. One band
representing linearised pQE-80L is present above the 4749 bp marker and another band
representing the 3CP" insert is present below the 805 bp marker (lane 3) as expected. This

suggests that the 3C"™ coding sequence was successfully cloned into the pQE-80L.

To further confirm the integrity of pBM3CP™ and to ensure that the open reading frame was

intact, Sanger sequencing was performed. The results are shown in figure 2.15 below.
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ATGAGAGGATCGCATCACCATCACCATCACGGATCCGGAGGCGGGAAGGTTCTAGCCCAGGCCGGTAAC
CCCGTCATGGACTTTGAGCTTTTCTGTGCCAAAAACATGGTTTCCCCGATTACCTTCTACTATCCTGACAAG
GCTGAAGTGACCCAGAGCTGCTTGCTGCTCCGTGCCCACCTCTTCGTGGTCAACCGCCACGTCGCTGAAAC
GGAATGGACAGCTTTCAAGCTTAGGGATGTGAGGCACGAACGTGACACTGTTGTCATGCGTTCCGTTAAC
CGCTCAGGAGCTGAAACGGACCTTACATTCGTGAAGGTTACTAAAGGACCACTCTTCAAGGACAATGTGA
ACAAGTTTTGCTCAAACAAGGACGATTTTCCTGCTAGGAATGACACTGTTACCGGGATAATGAACACTGG
ATTGGCCTTCGTGTATTCCGGTAACTTTCTGATTGGCAATCAACCTGTGAACACAACAACTGGAGCCTGCT
TCAACCACTGCCTCCACTATCGAGCTCAAACTCGACGTGGTTGGTGTGGTTCTGCCATCATCTGCAATGTT
AACGGCAAAAAAGCTGTTTACGGAATGCACTCTGCTGGAGGCGGAGGCCTTGCCGCCGCTACCATCATCA
CCAGAGAGTTGATTGAAGCAGCTGAGAAGTCTATGTTGGCGCTGGAACCGCAATGAGTCGAC

Figure 2.15: Sanger sequencing of pBM3CP"™: Shown in green and cyan are the start and stop
codons respectively, in red is the 6x His-tag upstream of the sequence for 3C"°, the forward and
reverse oligonucleotides are underlined. The BamHI and Sall restriction sites are shown in blue and
orange respectively. The first and last codons of 3C"° coding sequence are shown in purple and

burgundy respectively.

The results from the sequence analysis show that the open reading frame is intact when the
codons are read in triplicate from the first ATG shown in green through to the stop codon,
TGA in cyan. The 6x His-tag sequence upstream of the 3CP™ sequence is in red, the BamHlI
and Sall restriction sites are shown in blue and orange respectfully at the beginning and end
of the 3CP™ coding sequence. The forward and reverse oligonucleotides are underlined. No
mutations were identified when the sequence was subjected to BLAST against the TMEV

GDVII complete genome sequence (accession number: X56019.1).

2.4 Discussion

This chapter describes a bioinformatic analysis of TMEV VP1 and 3CP° amino acid
sequences and the cloning of the full length coding sequences of VP1 and 3C"* into pQE-
80L.

The Kyte and Doolittle Hydropathy plots for both proteins indicated that VP1 and 3CP™ have
a distribution of amino acids which are predicted hydrophobic and hydrophilic throughout the
protein sequence. The Hopp and Woods Hydrophilicity plots indicated that both proteins
have a distribution of predicted antigenic and non-antigenic regions throughout the protein

sequences. An overlap of both plots indicated a correlation between the predicted
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hydrophobic and non-antigenic regions as well as predicted hydrophilic and antigenic regions
for the proteins. Based on these results it was decided that the full length coding sequences of
VP1 and 3C"° would be PCR-amplified and cloned into pQE-80L for expression.

The prediction of linear B cell epitopes exposed on the surface of protein structures was also
described. When an antigen is encountered within a living organism, B cells of the immune
system recognise the antigen by their membrane bound immunoglobulin receptors. In
response to this event antibodies are produced specific to the antigen. The binding region of
an antigen to the B cell is known as a B cell epitope (Ponomarenko and van Regenmortel
2009). Two types of B cell epitopes are known, linear or continuous (non-conformational) B
cell epitopes and discontinuous (conformational) B cell epitopes. Linear or continuous B cell
epitopes are a single stretch of a polypeptide chain on antigens which antibodies formed by
B-cells bind. Discontinuous B cell epitopes consist of various parts of the polypeptide chain
joined on the protein surface by the folding of the protein (Larsen et al., 2006; Ponomarenko
and van Regenmortel 2009). Discontinuous B cell epitopes are the most common epitopes
found in proteins which cross react with corresponding epitopes whereas only 10 % of linear
B cell epitopes cause a cross reaction with corresponding antibodies. Linear B cell epitopes
are exposed to the surface and most commonly localised in loop regions of proteins. The loop
regions of proteins have been found to be flexible and are composed of hydrophilic polar
residues (Odorico and Pellequer, 2003; Larsen et al., 2006). Various methods such as X-ray
crystallography, enzymatic fragmentation, synthetic over-lapping peptides and site directional
mutagenesis to name a few, may be used to determine B cell epitopes, however these
methods are time consuming and expensive. Computational methods can be used for the
prediction of B cell epitopes, this alternative is less expensive and fast (Sharma et al., 2013).
Linear B cell epitopes can be predicted by the use of scale methods which analyse the
physicochemical properties of amino acids (Larsen et al.,, 2006). The prediction of
discontinuous B cell epitopes is based on the knowledge of the three-dimensional structure of
the protein. The determination of discontinuous B cell epitopes has proven to be a major
challenge with only a few applications available. Previous prediction methods have been

based on protein sequences and are not effective (Ponomarenko and van Regenmortel 2009).

Prior to linear B cell epitope prediction, homology modelling was conducted to identify
homologous templates for TMEV GDVII VP1 and 3CP°. These homologous templates were
used for the generation of three-dimensional models of TMEV GDVII VP1 and 3C"°. The
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multiple sequence alignment of VP1 TMEV sequences gave an amino acid residue
percentage identity of 88 %, suggesting that the protein is highly conserved. The 88 % amino
acid residue identity was in agreement with the 86 % sequence homology between TMEV
GDVII VP1 and its homologous template, 17 TME. Therefore this template was used for the

prediction of Linear B cell epitopes exposed on the surface of the protein structure.

The model of TMEV GDVII VP1 and its homologous template 1TME indicated that the
protein structures consist of an eight-stranded antiparallel beta barrel structure, alpha helices
and loops. Three capsid proteins, VP1, 2 and 3 have been described to consist of a beta barrel
structure. The beta structure forms a wedge shaped structure which has been suggested to
play a role in stabilising the virion (as reviewed by Racaniello, 2007). Structural analysis of
the TMEV DA, homologous template has indicated that the VP1, 2 and 3 viral capsid
proteins consist of eight-stranded antiparallel beta barrels cores which are similar to those
found in other picornavirus capsid proteins (Grant et al., 1992). There were three predicted
linear B cell epitopes exposed on the molecular surface of TMEV GDVII VP1, 1 (amino
acids 52-78), 2 (amino acids 195-209) and 3 (amino acids 250-275). The third epitope, 3
(amino acids 250-275) was localised on the loop region of the structure where a number of
polar residues such as serine, threonine, cysteine and glutamine were identified within this
region of TMEV GDVII VP1 secondary structure. Four predicted B cell epitopes exposed on
the molecular surface of 1TME, 1 (amino acids 56-68), 2 (amino acids 78-114), 3 (amino
acids 164-174) and 4 (amino acids 205-213).

The multiple sequence alignment of 3C" TMEV sequences gave an amino acid identity
percentage of 90 %, suggesting that the protein is highly conserved. Since no structure of
3CP™ has been resolved within the Cardiovirus genus, (FMDV A10 (61), PDB id: 2BHG),
was identified as a homologous template of the protein. A sequence alignment was conducted
between the TMEV 3CP™ and 2BHG primary sequences. A percentage identity of 22.8 % was
obtained. There is a sequence homology of 40.6 % between TMEV GDVII 3CP* and 2BHG.
TMEV GDVII 3CP™ has a sequence homology of 25 % with (chain A HRV, PDB id: 1CQQ),
a 23 % sequence homology was identified between TMEV GDVII 3CP™ and (HAV, PDB id:
2HAL) and 30 % homology with (chain A PV, PDB id: 4DCD). Sufficient homology of
sequences for predicting a three-dimensional structure can be assumed when there is a 30 %

or more sequence identity, when sequences confer a 15 % or lower identity, then homology
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cannot be assumed (Hillisch et al., 2004). HHpred is more sensitive in determining homology
between a target sequence and its template. The Hidden Markov Model (HMM) profile
included in HHpred ensures that homology is considered from a structural perspective in
addition to the sequence identity being taken into account (Soding et al., 2005). The
homologous template, 2BHG was used for the prediction of linear B cell epitopes exposed on
the protein surface.

Homology modelling was performed in order to generate three-dimensional structures for
TMEV GDVII 3C" and 2BHG. The TMEV GDVII 3C" model and its homologous
template, 2BHG, indicated that the protease structures consist of an anti-parallel beta-barrel
structure, alpha helices and loops. Five crystal structures of picornavirus 3CP™ have been
determined (HRV-14, HRV-2, PV-1, HAV, FMDV).The structure of picornavirus 3C*™ has
been found to consist of a six-stranded antiparallel beta structure which folds into two beta
barrels which form the chymotrypsin-like fold. These beta barrels have been found to form an
extended groove which allows for substrate binding (as reviewed by Norder et al., 2011).
There were three predicted B cell epitopes exposed on the molecular surface of TMEV
GDVII 3CP™, 1 (amino acids 90-107), 2 (amino acids 130-136) and 3 (amino acids 145-152)
and three predicted B cell epitopes exposed on the molecular surface of 2BHG, 1 (amino
acids 22-28), 2 (amino acids 107-113) and 3 (amino acids 181-192).

Based on the results obtained from the bioinformatic analysis and to include the predicted B
cell epitopes regions, the full length coding sequences of VP1 and 3CP"™ were PCR amplified
and cloned into pQE-80L expression vector to produce pBMVP1 and pBM3CP°. The
expression vector, pQE-80L was chosen as a vector system because cloning into this vector
has been successful in our laboratory. TMEV 2C was cloned and expressed in pQE-80L for
preparation of antibodies against the non-structural 2C protein. Staining with anti-TMEV 2C
antibodies localised the protein to the Golgi where virus replication is suggested to occur
(Jauka et al., 2010).

The full length coding sequences of VP1 and 3CP™ were successfully cloned into pQE-80L. A
second expression vector system was used for VP1 (as discussed in chapter 3). pETVP1 (1-
741) is a plasmid created by Dora Mwangola (B.Sc Honours student, Rhodes University).
The integrity of the recombinant plasmids was confirmed by restriction analysis and Sanger
sequencing. The open reading frames of pBMVP1, pBM3CP® and pETVP1 (1-741) were
intact and no mutations were identified when the sequences were subjected to BLAST against
the TMEV GDVII complete genome sequence (Acc no: X56019.1).
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The next chapter describes the expression and purification of recombinant VP1, 3CP™ and

VP1 (1-247) in order to produce antigen for immunisation purposes.
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Chapter 3: Preparation of antigen for the generation of
polyclonal antibodies against TMEV VP1 and 3Crre,

3.1 Introduction

This chapter describes the expression of recombinant VP1, VP1 (1-247) and 3CP™ proteins in

pro

a bacterial system and purification of recombinant VP1 and 3C"™ using ion affinity

chromatography in order to prepare antigen for immunisation in rabbits.

Recombinant pBMVP1, pBM3CP"™ and pETVP1 (1-741) previously described in chapter 2
were transformed using standard procedures. A time course induction study was performed
using 1 mM IPTG in order to determine the maximum expression time of recombinant VVP1,
3CP™ and VP1 (1-247). Western analysis using mouse monoclonal antibody [clone 2] (anti-
Hisg (2)) was conducted in order to confirm whether the expressed proteins identified by
SDS-PAGE analysis were recombinant VP1, VP1 (1-247) and 3CP™ proteins.

Solubility studies were carried out in order to determine whether recombinant VP1, VP1 (1-
247) and 3CP"™ were present in the soluble or insoluble fractions. When recombinant proteins
were found to be predominantly in the insoluble fraction, treatment with Sarcosyl was carried
out in an attempt to release recombinant proteins into the soluble fraction. Sarcosyl is an ionic
detergent which is commonly used for protein solubilisation because of its mild effects on

tertiary conformations of protein chains (Crossley and Holberton, 1983).

Pl was carried out using Protino® NI-IDA 1000

Purification of recombinant VP1 and 3C
Packed columns kit (Macherey-Nagel, Germany). These columns enable purification of
recombinant proteins by immobilised ion affinity chromatography. Protino® NI-IDA resin is
pre-charged with Ni** ions which interact with the 6x His-tag of recombinant proteins thus
ensuring efficient binding of the target protein (Macherey-Nagel user manual, 2011).
Purification is carried out under native conditions for soluble proteins or denaturing
conditions for insoluble proteins. Denaturing conditions involve the solubilisation of
insoluble protein with a high concentration of urea, a chemical denaturant which increases
solubility of compounds. Urea stabilises the recovery of proteins in the unfolded state where
non-polar side chains are exposed, this weakens hydrophobic interactions which occur in
insoluble proteins (Rossky, 2008). Based on the solubility studies results, recombinant VP1

pro

was purified under native conditions and recombinant 3C™" was purified under denaturing
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conditions. Refolding of the proteins was not necessary after denaturation as the antigen did
not have to be in its active form for downstream applications. However it was necessary to

remove urea for immunisation purposes by dialysis of the purified protein using PBS.
The specific objectives were:

e To conduct a time course induction in order to determine the maximum expression
time for recombinant VP1, 3C"° and VP1 (1-247)

e To conduct solubility studies of recombinant VP1, 3C" and VP1 (1-247) in order to
determine whether recombinant proteins were present within the soluble or insoluble
fractions

e To purify recombinant VP1 and 3CP° under native and denaturing conditions
respectively using ion affinity chromatography to generate antigen for immunisation
of rabbits

3.2 Methods and Materials:

3.2.1 Time course induction study of recombinant VP1, 3Cr and VP1 (1-
247)

E. coli JIM109 cells were transformed with pBMVP1, pBM3CP™ and pQE-80L. E. coli BL21
(DEJ) cells were transformed with pETVP1 (1-741) and pET22b+ using standard procedures.
Transformants were grown on LA/Amp plates overnight at 37°C. A single colony was
selected and grown overnight in 5 ml LB/Amp at 37°C with shaking. Following the overnight
incubation, a 1:20 dilution was performed by adding 2 ml of the cell culture to 38 ml of
LB/Amp and cultures were allowed to grow to log phase (ODgn0.6-0.8) at 37°C. The
cultures were induced with IPTG at a final concentration of 1 mM and harvested every 2 hrs
for 6 hrs for recombinant VVP1. Cells were harvested at 2 and 4 hrs for recombinant 3CP"™.
Two 1 ml samples were collected from each culture at each time point. One sample was used
for SDS-PAGE analysis in order to determine protein expression and the other sample was
used to measure the optical cell density at 600 nm using a UV-VIS spectrophotometer
(Shimadzu, USA). To determine protein expression, cells were harvested by centrifugation at
11100 x g and the pellet was resuspended in a volume of phosphate buffered saline (PBS)
[137 mM NacCl, 2.7 mM Na,HPO,4, 2 mM KH,PO, (pH 7.4)] using the equation

Volume: PBS pl=Agoonm/0.5*150 pl
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3.2.2 Solubility studies

To determine whether recombinant VP1, VP1 (1-247) and 3C"™ were present in the soluble
or insoluble fraction, induction studies were carried out as described in the section above. A
40 ml culture was divided into 2 x 20 ml cultures and cells harvested by centrifugation at
13000 rpm in a Beckman ultracentrifuge (Beckman Coulter, USA). One of the pellets was
resuspended in 500 pl ice cold PBS and the second pellet was resuspended in 500 pl in PBS
containing 7.5 % N-lauroylsarcosine (Sarcosyl; Sigma, USA). The cell suspensions were
sonicated 10 times 15 sec using the Vibra Cell apparatus (Sonics and Materials, USA) at 4°C.
A 100 pl aliquot of sample was taken to represent total protein (TP) and the remainder of the
sample was harvested by centrifugation to pellet the insoluble fractions. The soluble fraction
or supernatant (S) was collected and the insoluble fraction or pellet (P) was resuspended in
500 pl PBS. The total protein (TP), supernatant (S) and pellet (P) samples were analysed by
SDS-PAGE.

3.2.3 SDS-PAGE and Western analysis

Proteins were resolved by 12 % or 15 % SDS-PAGE. Gels were prepared according to
manufacturer’s instructions (Bio-Rad, USA). Proteins were boiled for 5 min in 5x SDS
sample buffer [62.5 mM Tris-HCI (pH 6.8), 10 % glycerol, 1.25 % bromophenol blue, 0.5 %
B-mercaptoethanol, 2 % SDS]. Gels were electrophoresed at 100V for 2 hrs in 1x SDS
running buffer [1.44 % glycine, 25 mM Tris (pH 8.3), 0.1 % SDS] and stained with
Coomassie brilliant blue [6.25 % Coomassie (R125), 50 % methanol, 10 % acetic acid] and

incubated overnight in destaining solution (40 % methanol, 7 % acetic acid).

Western analysis was conducted using the BM Western blotting kit chemiluminescence
mouse/rabbit kit (Roche, Mannheim, Germany). Proteins separated by SDS-PAGE were
transferred onto nitrocellulose membrane (Bio-Rad, USA) in transfer buffer [25 mM Tris-
HCI (pH 8), 192 mM Glycine, 20 % methanol] for 2 hrs on ice with stirring. In order to
determine that the transfer was successful the membrane was stained in Ponceau-S stain (0.1
% Ponceau S in 0.1 % glacial acetic acid) for 2 min and the membrane was rinsed in water.
The membrane was washed twice for 20 min in TBS-T [Tris-buffered saline (TBS 150 mM
NaCl, 50 mM Tris (pH 7) containing 1 % Tween-20]. The membrane was incubated for 2
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hrs with shaking in 1 % block solution [1 % Blocking reagent (stock solution) in TBS]. The
membrane was incubated overnight with anti-Hisg (2) primary antibodies (1:3000; Roche,
Mannheim, Germany) in 0.5 % blocking solution at 4°C. The membrane was washed twice
for 20 min in TBS-T and probed with HRP-conjugated mouse/rabbit secondary antibody
diluted 1:20 000 in 0.5 % blocking solution for 45 min followed by washing four times for 15
min in TBS-T. Detection was performed according to manufacturers’ instructions and

proteins visualised with the VersaDoc™Model 4000 imaging system (Bio-Rad, USA).

3.2.4 Purification of recombinant VP1 under native conditions

In order to obtain sufficient antigen for immunisation purposes, the culture was scaled-up to
1L (4x 250 ml) for induction. Cell cultures were harvested in a Beckman ultracentrifuge at
10 000x g for 10 min and stored at -20°C overnight. For protein purification the Protino® NI-
IDA 1000 Packed columns kit (Macherey-Nagel, Germany) was used. Each pellet was
resuspended in 5 ml of 1x lysis-equilibration-wash (LEW) buffer [50 mM NaH,PO,4, 300 mM
NaCl (pH 8.0)] and lysozyme to a final concentration of 1 mg/ml. The suspension was kept
on ice with stirring for 30 min. Each sample was sonicated in 5 x 1 ml aliquots as described
in section 3.2.2. A sample representing total protein (TP) was boiled in SDS sample buffer
and stored at -20°C. The rest of the samples were clarified by centrifugation at 13000 rpm for
5 min. A Protino®NI-IDA Packed columns (Macherey-Nagel, Germany) was equilibrated
using 2 ml of 1x LEW buffer and allowed to drain. The clear supernatants were pooled and
loaded to the pre-equilibrated column and the flow through sample was collected. The
column was washed twice with 2 ml of 1x LEW buffer. The recombinant protein was eluted
three times with 1.5 ml of elution buffer [50 mM NaH;PO,4, 300 mM NaCl, and 250 mM
imidazole (pH 8.0)]. Flow-through (FT), wash 1 (W1), wash 2 (W2), elution 1(E1) and
elution 2 (E2) samples were collected and analysed by 12 % SDS-PAGE.

3.2.5 Purification of recombinant 3Cr™ under denaturing conditions

Cultures were induced as described for VP1 in section 3.2.4. After sonication, the samples
were clarified by centrifugation at 10 000x g for 5 min. The supernatants were discarded and
the five pellets were resuspended in 5 ml of 1 x denaturing solubilisation buffer (DSB) [50
mM NaH,PO, 300 mM NaCl, 8 M Urea (pH 8.0)]. The suspensions were pooled and
centrifuged at 10 000x g for 30 min at 4°C in a Beckman ultracentrifuge. The supernatant
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was discarded and the pellet was resuspended in 2 ml of 1x DSB to solubilise the inclusion
bodies. The suspension was left to dissolve by stirring on ice for 60 min. The suspension was
then centrifuged at 10 000x g for 30 min at 4°C in a Beckman ultracentrifuge and the
supernatant was retained for purification. A Protino®NI-IDA packed column (Macherey-
Nagel, Germany) was equilibrated with 2 ml of 1x DSB and allowed to drain. The
supernatant was passed through the column and the flow through was collected. The column
was washed twice with 2 ml with 1x DSB. The recombinant protein was eluted three times
with 1.5 ml 1x denaturing elution buffer [50 mM NaH,PO,, 300 mM NaCl, 8 M Urea, and
250 mM imidazole (pH 8.0)]. Flow-through (FT), wash 1 (W1), wash 2 (W2), elution 1(E1),
elution 2 (E2) and elution 3 (E3) samples were collected and analysed by 15 % SDS-PAGE.

3.2.6 Dialysis of purified 3Crr antigen

SnakeSkin® pleated Dialysis tubing (Thermo Scientific, USA) was used for the dialysis. A
14 cm length was equilibrated by soaking with ddH,O and 1.5 ml of the purified protein was
added to the tubing. Air bubbles were removed from the tubing and the top end was clamped
using a plastic clamp. The tubing was placed in 2 L of PBS and incubated with stirring
overnight at 4°C with the PBS being replenished at 4 hr intervals. The protein precipitate
was removed and a 20 pl sample was set aside for analysis. The dialysed sample was
centrifuged at 10 000x g for 5 min. A 20 pl sample of the supernatant was collected before it
was discarded. The pellet was dried by aspiration and resuspended in 250 pl PBS and stored
at 4°C for immunisation of rabbits. The total protein, supernatant and pellet samples were
analysed by 15 % SDS-PAGE. Immunisation was carried out by Prof. Bellstedt at the
University of Stellenbosch, South Africa.

3.3 Results:

3.3.1 Time course induction study of recombinant VP1

In order to determine the maximum expression time of recombinant VVP1 protein, E. coli
JM109 cells harbouring pPBMVP1 and pQE-80L were grown to mid-log phase and induced
with ImM IPTG for 6 hrs. Samples were collected every 2 hrs and analysed by 12 % SDS-
PAGE. Western analysis was conducted using anti-Hisg (2) antibodies (Roche, Mannheim,

Germany). The results are shown in figure 3.1 A and B below.
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Figure 3.1 Panel A: Time course induction study of recombinant VP1 expression. Cells were
induced for 6 hrs, samples were collected every 2 hrs and analysed by 12 % SDS-Page. Coomassie
staining was used to visualise the proteins. Panel B: Western analysis using anti-Hisg (2)
antibodies. Lane M: Prestained protein molecular weight marker in kDa; Lane -0: Uninduced cells
harbouring pQE-80L; Lane 0: Cells harbouring pBMVP1 prior to induction; Lane 2h, 4h, 6h: Cells

expressing recombinant VP1 at 2 hr, 4 hr and 6 hr post-induction.

The molecular weight of recombinant VP1 was calculated to be 38.04 kDa using the internet

based programme EXPASy- compute pl/Mw tool (www.expasy.com). Panel A indicates the

SDS-PAGE analysis of the time course induction study for recombinant VP1. Expression is
observed from 2 hrs, 4 hrs and 6 hrs post-induction as shown by the protein band resolved at
approximately 38 kDa in lanes 2h, 4h and 6h respectively. The negative control in lane -0
consists of cells harbouring pQE-80L and no expression of recombinant VP1 is observed in
this lane as expected. Lane 0 shows cells harbouring pBMVP1 prior to induction and no
recombinant protein band is observed at this time point. In order to confirm if the expressed
protein was recombinant VP1, Western analysis was conducted using anti-Hisg (2) antibodies
(Panel B). Recombinant VP1 was detected at 2, 4, and 6 hrs post-induction and the signal
increased in intensity at each time point. This suggests that protein expression was increasing
with an increase in hours post-induction. A 6 hr induction of recombinant VP1 will be carried

out for solubility studies and purification.

3.3.2 Time course induction study of recombinant 3(rr°

In order to determine the maximum expression time of recombinant 3C"°, E. coli IM109
cells harbouring pBM3CP™ and pQE-80L were grown to mid-log phase and induced with 1
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mM IPTG for 4 hrs. Samples were collected every 2 hrs and analysed by 15 % SDS-PAGE.
Western analysis was conducted using anti-Hisg (2) antibodies (Roche, Mannheim,

Germany). The results are shown in figure 3.2 A and B below.

A
M O0h -2h -4h Oh 2h 4h

117 -

85

48 e .

34

26 <—3CPpro
B

8 B < 3cere

pro

Figure 3.2 Panel A: Time course induction study of recombinant 3C™" expression. Cells were
induced for 4 hrs, samples were collected every 2 hrs and analysed by 15 % SDS-Page. Coomassie
staining was used to visualise the proteins. Panel B: Western analysis using anti-Hisg (2)
antibodies. Lane M: Prestained protein molecular weight marker in kDa; Lane -0: Uninduced cells
harbouring pQE-80L; Lane 0: Cells harbouring pBM3C™™ prior to induction; Lane -2h, -4h: Cells
pro

expressing pQE-80L at 2 hr and 4 hr post-induction; Lane 2h, 4h: Cells expressing recombinant 3C

at 2 hr and 4 hr post-induction.

The molecular weight of recombinant 3C*™ was calculated to be 27 kDa using the internet

based programme EXPASy- compute pl/Mw tool (www.expasy.com). Panel A indicates the

SDS-PAGE analysis of the time course induction study for recombinant 3CP"°

. Expression
was observed at 2 and 4 hrs post-induction as shown by the protein band resolved at
approximately 27 kDa in lane 2h and 4h. No protein band representing the recombinant
protein was observed in lanes labelled -Oh and Oh as expected. In order to confirm whether
the expressed protein was recombinant 3CP, Western analysis was conducted using anti-Hisg
(2) antibodies (Panel B). The Western analysis showed a signal for recombinant 3C"* at 2 hrs
and 4 hrs post-induction. An increase in the protein signal was observed with an increase in
hours post-induction. This suggests that protein expression was increasing at each time point.
A 4 hr induction of recombinant 3CP™ will be conducted for solubility studies and

purification.
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3.3.3 Solubility studies of recombinant VP1

A 40 ml culture was induced for 6 hrs. Cell cultures were harvested for solubility studies in
order to determine whether recombinant VP1 was present in the soluble or the insoluble
fraction. Cells expressing recombinantVVP1 were resuspended in PBS without (figure 3.3 A)
and with (figure 3.3 B) 7.5 % Sarcosyl and sonicated. A sample was taken to represent the
total protein TP, the remaining sample was harvested by centrifugation to obtain the soluble
(S) and insoluble (P) fractions. The total protein (TP), supernatant (S), and pellet (P) samples
were analysed by 12 % SDS-PAGE. The results are shown in figure 3.3 A and B below
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Figure 3.3: Solubility analysis of recombinant VP1. Panel A: Cells expressing recombinant VP1
in the absence of 7.5 % Sarcosyl. Lane M: Prestained protein molecular weight marker in kDa; lane
TP: Total protein lysate; Lane P: Pellet (insoluble) fraction; Lane S: Supernatant (soluble) fraction.
Panel B: Cells expressing recombinant VP1 in the presence of 7.5 % Sarcosyl. Lane M: Prestained
protein molecular weight marker in kDa; lane TP: Total protein lysate; Lane P: Pellet (insoluble)
fraction; Lane S: Supernatant (soluble) fraction. Coomassie staining was used to visualise the

proteins.

Panel A indicates that recombinant VP1 is present equally in the soluble and insoluble
fraction as shown by the protein band resolved at approximately 38 kDa in lane P and S.
After treatment with 7.5 % Sarcosyl, recombinant VP1 is released into the soluble fraction
with trace amounts of recombinant protein still present in the insoluble fraction as shown by
the protein band resolved at approximately 38 kDa in lane S and P of panel B. This suggests
that treatment with Sarcosyl was successful and recombinant protein is solubilised from the
insoluble fraction into the soluble fraction. Based on these results, purification of

recombinant VVP1 was carried out under native conditions.
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3.3.4 Solubility studies of recombinant 3Crro

A 40 ml culture was induced for 4 hrs. Cell cultures were harvested for solubility studies in
order to determine whether recombinant 3CP was present in the soluble or insoluble fraction.
Cells expressing recombinant 3C"™ were resuspended in PBS without (figure 3.4 A) and with
(figure 3.4 B) 7.5 % Sarcosyl and sonicated. After sonication, a sample was taken to
represent the total protein TP, and the remaining sample was harvested by centrifugation to
obtain the soluble supernatant (S) and insoluble pellet (P) fractions. The total protein (TP),
supernatant (S) and pellet (P) samples were analysed by 15 % SDS-PAGE, results are shown
in figure 3.4 A and B below.
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Figure 3.4: Solubility analysis of recombinant 3C"™. Panel A: Cells expressing recombinant 3C"°
in the absence of 7.5 % Sarcosyl. Lane M: Prestained protein molecular marker; lane TP: Total
protein lysate; Lane S: Supernatant (soluble) fraction; Lane P: Pellet (insoluble) fraction. Panel B:
Cells expressing recombinant 3C"° in the presence of 7.5 % Sarcosyl. Lane TP: Total protein lysate;
Lane S: Supernatant (soluble) fraction; Lane P: Pellet (insoluble) fraction. Coomassie staining was

used to visualise the proteins.

Panel A indicates that recombinant 3C"" was present in the insoluble fraction as shown by
the protein band resolved at approximately 27 kDa in lane P. Panel B indicates that treatment
with Sarcosyl did not affect the solubility of recombinant 3CP™ since the protein was still
predominantly present in the insoluble fraction. Based on these results, purification of

recombinant 3CP" was carried out under denaturing conditions.

3.3.5 Purification of recombinant VP1 under native conditions

A scale up culture of 1 L was induced for 6 hrs and cells were harvested by centrifugation,

resuspended in 1x LEW buffer and sonicated at 4°C. Sonicates were clarified by
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centrifugation and passed through a Ni-IDA column for purification. TL, FT, W1 and 2 and
E1l and 2 samples were collected during purification and were analysed using 12 % SDS-

PAGE. The results are shown below in figure 3.5 below.
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Figure 3.5: SDS-Page analysis of the purification of recombinant VP1 under native conditions.
Samples collected at each stage during the purification were resolved by 12 % SDS-PAGE. Lane M:
Prestained protein molecular marker; Lane TL: Total protein lysate after sonication; Lane FT: Flow
through from the His-tagged column; Lane W1-2: Wash1 and 2 fractions; Lane E1-2: Elution fractions

1-2. Coomassie staining was used to visualise the proteins.

The total protein lysate (TL) indicates proteins present after sonication. Recombinant VP1 is
shown by the protein band resolved at approximately 38 kDa. The flow through in lane FT
indicates that some of recombinant VP1 protein was passed through the column without
being bound to the Ni-IDA column, suggesting that the column may have reached its binding
capacity. The column was washed twice in 1x LEW buffer. It can be observed in lane W1
that contaminating proteins were washed off the column including unbound recombinant
VP1. Two proteins are eluted from the column (lane E1). The protein resolved at
approximately 38 kDa is possibly recombinant VP1. The co-eluting protein resolving
between 48 and 85 kDa is unidentified and present at a higher concentration than

recombinant VVP1. No proteins can be observed in the second elution fraction (lane E2).

3.3.6 Purification of recombinant 3Cr under denaturing conditions

A scale up culture of 1 L was induced for 4 hrs and cells were harvested by centrifugation,
resuspended in 1x LEW buffer and sonicated at 4°C. Sonicates were clarified by
centrifugation and treated with 1x DSB. The treated samples were passed through a Ni-IDA
column for purification under denaturing conditions. TL, FT, W1 and 2 and E1-3 samples
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were collected during the purification and analysed by 15 % SDS-PAGE. Results are shown

below in figure 3.6 below.
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Figure 3.6: SDS-Page analysis of the purification of recombinant 3C"™ under denaturing
conditions. Lane M: Prestained protein molecular marker; Lane E3-1: Elution fractions; Lane W2-1.:
Wash fractions; Lane FT: Flow through from the His-tagged column; Lane TL: Total protein lysate

after sonication (TL). Coomassie staining was used to visualise the proteins.

The total protein lysate (TL) indicates all protein present after sonication. The flow through
in lane FT indicates that some recombinant 3C"™ was passed through the column without
being bound to the Ni-IDA column as shown by the protein band resolved at approximately
27 kDa, suggesting that the column may have reached its binding capacity. The column was
washed twice in 1x DSB and it can be observed in lane W1 that contaminating proteins were
washed off the column including unbound recombinant 3C"°. Recombinant 3C"° is eluted in
lane E1 as shown by the protein band resolved at approximately 27 kDa with trace amounts
of co-eluting proteins. Lane E2 indicates that some of recombinant 3CP° is present in the

second elution. Sample E1 was chosen for dialysis and immunisation of rabbits.

3.3.7 Dialysis of purified recombinant 3Crre

pro

In order to remove the urea in the 1.5 ml purified recombinant 3C™" sample, dialysis was

pro

performed. The dialysed recombinant 3C™" antigen (1 ml) was centrifuged, a sample of the
supernatant was taken for analysis and the pellet was resuspended in 250 ul PBS. BSA
standards were analysed alongside the dialysed and undialysed samples in order to determine

the concentration of the purified antigen. The results are shown in figure 3.7 below.
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Figure 3.7: SDS-PAGE analysis of the dialysis of purified recombinant 3C"" sample. Lane M:
Prestained protein molecular marker; Lane 1-5: BSA standards 0.10-1.00 mg/ml; Lane P: 1:10 dilution

of dialysed recombinant 3C"° Pellet; Lane S: Supernatant of dialysed recombinant 3C”°; Lane E1:

pro

Elution 1 sample of the purified recombinant 3C™" before dialysis. Coomassie staining was used to

visualise the proteins.

During dialysis it was observed that the purified recombinant 3C" formed a white
precipitate. The precipitate was mixed with PBS present within the dialysis tubing to form a 1
ml suspension. The suspension was centrifuged, the supernatant and pellet were analysed by
SDS-PAGE. A 1:10 dilution of dialysed pellet was made in order to avoid the sample from
precipitating during SDS-PAGE analysis. Dialysed recombinant 3CP" is present in the pellet
as shown by the protein band resolved at approximately 27 kDa in lane P. No protein band is
observed in lane S. Due to the sample precipitating out of solution, less amounts of the
recombinant protein was observed after dialysis making it difficult to measure concentration
of the dialysed sample using BSA standards. Likewise a nanodrop reading was performed to
determine the concentration of the dialysed pellet and an average concentration reading of
0.35 mg/ml was obtained. However due to the sample precipitating out of solution, the
reading from the nanodrop was considered not to be accurate. Because purified recombinant
3CP™ was in solution before dialysis, concentration was estimated for the sample using BSA
standards. BSA standards in lanes 0.10-1.00 show that the purified sample before dialysis

was approximately 0.75 mg/ml.

3.3.8 Time course induction study of recombinant VP1 (1-247)

Because recombinant VP1 co-purified with an unidentified protein, a different bacterial
expression system was used. pETVP1 (1-741) was constructed and kindly donated by Dora

Mwangola (B.Sc Honours student, Rhodes University). In order to determine the maximum
expression time of recombinant VP1 (1-247), E. coli BL21 (DE3) cells harbouring pETVP1
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(1-741) and pET22b+ were grown to mid-log phase and induced with 1 mM IPTG for 6 hrs.
Samples were collected hourly and analysed by 12 % SDS-PAGE. Western analysis was
conducted using anti-Hisg (2) antibodies (Roche, Mannheim, Germany). The results are
shown in figure 3.8 A and B below.
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Figure 3.8 Panel A: Time course induction study of recombinant VP1 (1-247) expression. Cells
were induced for 6 hrs and samples were collected and analysed with 12 % SDS-Page. Coomassie
staining was used to visualise the proteins. Panel B: Western analysis using anti-Hisg (2)
antibodies. Lane M: Prestained protein molecular weight marker in kDa; Lane -0 and -6h: Cells
harbouring pET22b+; Lane Oh: Cells harbouring pETVP1 (1-741) at O hr; Lane 1h - 6h: cells
expressing recombinant VP1 (1-247) 1 hr - 6 hr post-induction.

The molecular weight of recombinant VP1 (1-247) was calculated to be 35 kDa using the

internet based programme ExXPASy- compute pl/Mw tool (www.expasy.com). A protein band

of this size was not observed by SDS-PAGE analysis as shown in Panel A. Western analysis
was performed to detect the presence of recombinant VP1 (1-247) using anti-Hisg (2)
antibodies (Panel B). Panel B shows a signal which increases in intensity between 1 and 6 hrs
post-induction.

3.3.9 Solubility studies of recombinant VP1 (1-247)

In order to confirm the expression of recombinant VVP1 (1-247) and determine if recombinant
protein was present in the soluble or the insoluble fraction, a 40 ml induction study was
carried out for 6 hrs and cell cultures were harvested for solubility studies. Cells were
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resuspended in PBS and sonicated. A sample was taken to represent the total protein TP and
the remaining sample was harvested by centrifugation to obtain the soluble (S) and insoluble
(P) fractions. The total protein (TP), supernatant (S), and pellet (P) samples were analysed by
12 % SDS-PAGE. Western analysis was conducted using anti-Hisg (2) antibodies (Roche,

Mannheim, Germany). The results are shown in figure 3.9 A and B below.

kDa M TP S P

Figure 3.9: Solubility analysis of recombinant VP1 (1-247). Panel A: Cells expressing
recombinant VP1 (1-247). Lane M: Prestained protein molecular weight marker in kDa; Lane TP:
Total protein lysate; Lane S: Supernatant (soluble) fraction; Lane P: Pellet (insoluble) fraction.
Coomassie staining was used to visualise the proteins. Panel B: Western analysis using anti-Hisg
(2) antibodies. Lane TP: Total protein lysate; Lane S: Supernatant (soluble) fraction; Lane P: Pellet

(insoluble) fraction.

The solubility study resulted in the presence of two protein bands being resolved between 35
and 40 kDa in all fractions. The lower protein band is predominantly present in the insoluble
fraction with trace amounts of the protein band present in the soluble fraction as shown in
lanes P and S. The upper protein band is more concentrated in the soluble fraction than in the
insoluble fraction as seen in lane S and P respectively. Western analysis was conducted using
anti-Hisg (2) antibodies (Panel B) in order to confirm the presence of a 6x His-tagged protein.
A signal is detected in all three lanes. The signal is less intense in lane P, suggesting that
more of the recombinant protein is present in the soluble fraction. An attempt was made to
solubilise the protein with Sarcosyl and treatment had no effect on the solubility of the

protein (data not shown).

Since the two protein bands resolved were similar in size (figure 3.9), an attempt to separate
the protein bands by longer electrophoresis time was carried out. A 1:20 dilution was
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performed on the insoluble fraction in lane P and increasing volumes (2 ul-8 pl) of the
diluted sample were resolved by 12 % SDS-PAGE for an additional 30 min. The gel was
transferred onto nitrocellulose membrane and Western analysis using anti-Hisg (2) antibodies
was conducted. The results are shown in figure 3.10 A and B below.

40 W 5 -5 * }«— Upper protein band
. |<— Lower protein band

Figure 3.10: Panel A: SDS-PAGE analysis of different volumes of 1:20 dilution of the insoluble
fraction. Panel B: Western analysis of the 1:20 dilution of the insoluble fraction using anti-Hisg
(2) antibodies. Lane M: Prestained protein molecular weight marker in kDa; Lane 1: 2 pl of 1:20
insoluble fraction dilution; Lane 2: 4 ul of 1:20 insoluble fraction dilution; Lane 3: 6 pl of 1:20 insoluble
fraction dilution; Lane 4: 8 pl of 1:20 insoluble fraction dilution.

The longer electrophoresis time results in a greater separation of the two proteins (Panel A).
A double signal is detected for both bands by Western analysis using anti-Hisg (2) antibodies
in all lanes. The signal for higher molecular weight protein is more intense than that for the
lower protein band. An increase in protein signal for both protein bands is observed with an
increase in sample volume. It was initially suspected that the lower protein band is
recombinant VP1 (1-247) however based on these results, it is still not clear which protein
band represents recombinant VP1 (1-247).

3.4 Discussion

This chapter describes the preparation of antigen against recombinant TMEV VP1, VP1 (1-

247) and 3CP™in order to generate polyclonal antibodies against these proteins.
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A time course induction study was performed in order to determine the maximum expression
time for recombinant VP1. Expression was observed at 2, 4 and 6 hrs post-induction and
Western analysis using anti-Hisg (2) antibodies confirmed the presence of recombinant VP1.
A 6 hr induction of recombinant VVP1 was conducted for solubility studies and purification. A
similar study was carried out for recombinant 3C*™ and a 4 hr induction of recombinant 3C""

was conducted for solubility studies and purification.

Different expression systems can be used for heterologous protein expression. Bacterial,
mammalian, and baculovirus expression systems are the most commonly used. Baculovirus
vectors are widely used for heterologous expression of protein in insect cells (Luckow, 1991;
Miller, 1988). The principle of the system is based on the capability of a baculovirus to infect
and multiply in cultured insect cells. Post-translational modifications which are encountered
in mammalian cells such as glycosylation and phosphorylation also occurs in insect cells.
However the preparation of a baculovirus system is expensive and more challenging than a
bacterial system. Mammalian cells are often the best host for expression of recombinant
vertebrate proteins even though they have very low expression levels. This system is
favoured because it produces the same post-translational modifications and is able to
recognise the same signal for synthesis, processing and secretion utilised in the organism
from which the sequence was originally obtained. However, a mammalian system yields low
levels of protein which is not favoured for some downstream applications (Verma et al.,
1998).

Recombinant VP1 and 3CP™° were successfully expressed in a bacterial system. Bacterial
expression systems for heterologous protein production are widely used because of high
productivity and low cost (as reviewed by Terpe, 2006). E. coli is the most widely used host
due to its ability to grow rapidly and at high densities on inexpensive substrates and a large
number of vectors and mutant host strains which are easily accessible. (as reviewed by
Baneyx, 1999). For these reasons, a bacterial expression system was used in this study. An E.
coli expression strain should lack most harmful natural occurring proteases, retain the
expression plasmid in a stable condition and offer genetic elements which will enable high
expression levels of target genes (Serensen and Mortensen, 2005). There are many
advantages of using E. coli as a host for production of heterologous proteins, however not
every gene can be highly expressed in the bacterium. This may be caused by a number of
factors including stability and translation efficiency of mRNA, possible toxicity of protein to
host and presence of rare E. coli codons on the foreign gene. There are drawbacks in using a
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bacterial expression system. The inability to perform post-translational modifications of
proteins such as glycosylation is one of the major drawbacks which make it a challenge to
produce biologically active proteins. Other drawbacks include the lack of secretion
mechanism to release protein into the culture medium efficiently and limited resources to
facilitate the formation of disulphide bonds (as reviewed by Jana and Deb, 2005). Because
the protein expressed in this study was used for immunisation purposes and not functional

assays, these drawbacks did not affect the study.

In order to determine whether recombinant VP1 and 3CP™ were present in the soluble or
insoluble fractions, solubility studies were conducted. Recombinant VP1 was present in
approximately equal amounts in the soluble and insoluble fraction before treatment with
Sarcosyl. Sarcosyl treatment was successful in releasing the protein from the insoluble
fraction into the soluble fraction, suggesting that some of the protein was membrane

associated.

Based on the presence of recombinant VP1 protein in the soluble fraction, purification was
carried out under native conditions. Two protein bands co-eluted from the column during the
first elution. The protein resolved at approximately 38 kDa was suspected to be recombinant
VP1. The co-eluting protein resolved between 48 and 85 kDa was unidentified and present at

a higher concentration than recombinant VVP1.

In an attempt to separate the two proteins, size exclusion chromatography was performed.
The technique separates molecules based on pore sizes, depending on the size of the proteins
(Yau et al., 1937). Different fractions were collected and analysed by SDS-PAGE. No protein
bands were observed on the gel and the technique was not repeated due to time constraints. It
was suggested that the co-eluting protein may be a molecular chaperone interacting with
recombinant VP1 (data not shown). Both Hsp 90 and Hsp 70 have been found to play a role
in the picornavirus assembly process. Immunoprecipitation experiments showed that the
Enterovirus P1 precursor protein co-precipitates with Hsp 90 and 70 (Macejak and Sarnow,
1992; Geller et al., 2007). Furthermore, there is redistribution of Hsp 90 and Hsp 70 in
TMEV-infected cells and inhibitors of Hsp 90 prevent the development of cytopathic effect
(Mutsvunguma et al., 2011). However, Western analysis using anti-Hsp 70 antibodies failed

to detect the co-eluting protein (data not shown) and its identity still remains unknown.

Recombinant 3CP™ solubility studies showed that the recombinant protein was abundant in
the insoluble fraction before treatment with Sarcosyl. Treatment with Sarcosyl was unable to
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release the protein into the soluble fraction presumably because of the formation of insoluble
inclusion bodies which are cytoplasmic or nuclear aggregations of proteins in a host cell. The
formation of inclusion bodies may be due to a variety of factors such as protein misfolding
and over expression (Fink, 1998; Palomares et al., 2004). These misfolded or over expressed
proteins accumulate in intracellular aggregates by an unknown mechanism (Palomares et al.,
2004). It is unknown whether inclusion bodies are formed as a result of hydrophobic
interactions between exposed regions of an unfolded protein or by grouping mechanisms.
Incorrect formation of disulphide bonds for proteins with cysteine residues in the reducing
environment of E. coli cytoplasm may add to misfolding and formation of inclusion bodies

(Carrio and Villaverde, 2002; www.giagen.com/Knowledge-and-Support/Resource-Center/,

accessed: 08-03- 2013). There are seven cysteine amino acid residues present in TMEV
GDVII 3CP™ sequence, suggesting that disulphide bonds may occur between cysteine
residues leading to protein aggregation. The formation of protein aggregates can be reduced
by controlling certain parameters during protein expression such as growth temperature,
expression rate and host metabolism. Temperature affects expression levels and protein
solubility, a decrease in growth temperature will lead to lower expression levels and higher
protein solubility. On the other hand cultures can be grown to a higher cell density before
induction, and expression time can be reduced. Expression levels can also be significantly
reduced by the reduction in IPTG concentration from 1mM to 0.5mM or less. Finally the host
strain can be changed due to the ability of certain host strains to express some proteins better
than others in a stable condition and allow for higher expression levels before the formation

of inclusion bodies (Jonasson et al., 2002).

Based on the presence of recombinant 3CP™ in the insoluble fraction, purification was carried
out under denaturing conditions. The recombinant protein was denatured using 8M urea.
Guanidine hydrochloride can also be used for denaturing proteins for purification. Guanidine
hydrochloride is a chaotropic protein denaturant, meaning that it disrupts protein structures
by transferring apolar groups to water in order to reduce the hydrophobic effect of insoluble
proteins. When used at lower concentration, guanidine hydrochloride assists the refolding of

denatured proteins (www.scbt.com , accessed 10-03- 2013). Recombinant 3C"™ was eluted in

the first fraction with trace amounts of co-eluting proteins, and this fraction was selected for

dialysis and immunisation of rabbits.

For immunisation purposes, it was necessary to remove urea present in the purified 3CP°

pro

sample. During dialysis the purified 3C™" antigen was observed to form a white precipitate.
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This complicated protein concentration measurements using BSA standards and SDS-PAGE,
and also nanodrop readings. However based on the amount of visible protein present before
dialysis, it was decided that the precipitate should be used for immunisation of rabbits. When
there is instability between intra- and inter-molecular interactions during protein folding,
aggregation will occur during the refolding process. Aggregation normally occurs during
dialysis because the protein of interest is exposed to intermediate concentration of denaturant
for a certain period of time which may cause the protein to lose its stability. Misfolding of
proteins may lead to the exposure of buried hydrophobic regions which cause the insoluble
protein to aggregate. Certain methods have been proposed in order to avoid aggregation
during the refolding process. These methods include slow continuous or discontinuous
addition of protein to refolding buffer whereby there is time given between the additions of
protein to allow for folding past the early stages when the protein is found to be at risk of
aggregation (as reviewed by Clark, 1998). Another method involves folding the protein by
dilution to final concentrations of the denaturant that are high enough to solubilise aggregates
but low enough to induce proper folding of the protein, a study using this method was able to
show the successful oxidative renaturation of lysozyme at a high concentration of
approximately 5mg/ml by the addition of non-denaturing concentration of the chaotropic

agent guanidinium hydrochloride (as reviewed by Clark, 1998).

Immunisation companies such as Proteintech™ (www.ptglab.com, accessed: 14-03-2013) and

Prosci.inc (http://www.prosci-inc.com, accessed: 14-03-2013) accept precipitated protein

antigen for immunisation of rabbits, because immunising with insoluble protein produces
antibodies which are more effective than antibodies arising from immunisation with a soluble
protein. A precipitated antigen is suspected to provide long-term antigen storage for
continuing stimulation of the immune system. It may also be easier for antigen-presenting

cells such as macrophages to engulf precipitated antigen (www.ptglab.com, accessed: 14-03-

2013). Precipitated 3CP"® was sent off for immunisation of rabbits.

Because recombinant VP1 co-purified with an unidentified protein, a different bacterial
expression system was used. VP1 was C-terminally truncated to produce recombinant VP1
(1-247). The recombinant protein was expressed in the pET22b+ expression vector. The size
of the recombinant protein was estimated to be 35 kDa. A protein band of that size was not
observed by SDS-PAGE analysis of the time course induction study of the recombinant
protein. However Western analysis showed detection of a 6x His-tagged protein at
approximately 35 kDa. A signal increasing in intensity was observed at each time point. The
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results suggest that recombinant VP1 (1-247) was being expressed in low levels possibly due
to the presence of rare E. coli codons. The recombinant protein might have been unstable or

considered toxic in an E. coli host system.

When protein expression is initiated by an inducer, large quantity of heterologous mRNA is
produced. E. coli uses a precise subset of the 61 amino acid codons for the production of
MRNA. Rare codons occur in genes expressed in low levels, whereas major codons occur in
highly expressed genes (Kane, 1995). The expression of heterologous proteins may be
decreased when the gene encodes numerous rare E. coli codons (Novy et al., 2001). Presence
of rare codons leads to problems such as, delayed translation rates of the target gene and
undetectable protein bands of expressed protein during analysis (as reviewed by Chen and
Texada, 2006).

The FMDV VP1 gene has been widely studied for development of new vaccines. High
expression levels of the protein are important for this application. Previous attempts to
express FMDV type A VPL1 in a bacterial system resulted in low expression levels of the
protein, therefore codon optimisation was carried out in order to achieve maximum
expression levels of recombinant VP1 for purification. Codons were optimised using
GeneOptimizer software and synthesised taking into account the codon bias of the host.
Synthesised products were cloned and expressed in pET-28a. Higher expression levels were
achieved with 36 % of recombinant VP1 accounted for. The recombinant protein was
successfully purified and used as antigen for further studies. The results from this study
revealed that codon optimisation is a useful method in protein expression (Liu et al., 2011).
Another example is the nucleoprotein antigen for Crimean-Congo Haemorrhagic Fever virus
(CCHFV) which was prepared for expression using codon optimisation. The CCHFV
nucleoprotein coding sequence was optimised using Optimum Gene software and
synthesised. The synthesised gene was expressed in the pCold TF expression vector. The
pCold TF expression system expresses protein at a lower temperature and uses a trigger
factor (TF) chaperone as a solubilising tag which assists with folding and solubility of

expressed protein (www.takarabioeurope.com, accessed: 17-03-2013). Higher expression

levels were achieved from the synthesised gene in a bacterial expression system. The
expressed protein was found to be insoluble and was purified under denaturing conditions
and used as antigen to test for cross-reactivity against antibodies in recovering CCHFV
patients by enzyme-linked immunosorbent assay (ELISA) (Samudzi et al., 2012). According
to Zhang et al., 1991, there are eight rare codons of E. coli namely arginine (AGG, AGA,
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CGA and CGGQG), isoleucine (AUA), leucine (CUA), proline (CCC) and serine (UCG). Rare
E. coli codons were identified on TMEV GDVII VP1 coding sequence. Five rare codons for
arginine (GGA) and 2 rare codons for CGG were identified. Two rare codons for isoleucine
and thirteen rare codons for proline were identified. This suggests that low expression levels
of recombinant VVP1 (1-247) observed may be due to the presence of these particular rare E.
coli codons in the TMEV VP1 (1-247) gene, however this is not likely as recombinant VP1
was successfully expressed from pQE-80L in E. coli JIM109 cells.

There are different types of vector systems which can be used for sufficient expression of
recombinant proteins. Fusion protein consists of a partner or a tag which is linked upstream
or downstream from the target protein coding sequence by a restriction site. Most fusion
partners are utilized for specific affinity purification approaches (Sgrensen and Mortensen,
2005). The most commonly used tags are the polyhistidine tag (His-tag), which works
efficiently with immobilised metal affinity chromatography and the glutathione S-transferase
(GST) tag, which is used for purification on glutathione based resins. Other tags include the
E. coli maltose binding protein (MBP) and E. coli N-utilizing substance A (NusA) which are
commonly used when expressing proteins which form inclusion bodies (Sgrensen and
Mortensen, 2005). The pQE-80L expression vector has been used successfully in our
laboratory for the expression of TMEV 2C and 3D. TMEV 2C was cloned and expressed in
pQE-80L for preparation of antibodies against the non-structural 2C protein. These antibodies
were used to identify the site of replication in TMEV-infected cells (Jauka et al., 2010).
Therefore pQE-80L was chosen for the expression of recombinant VP1 and 3CP°. Because
recombinant VP1 co-purified with an unknown protein when using pQE-80L, the pET
expression system was chosen for expressing recombinant VP1 (1-247). This system has
been widely used for cloning and expression of recombinant proteins. The pET expression
system was also chosen because it has been widely used for the preparation of recombinant
FMDV VPL1. Shi et al., (2012), were able to successfully clone and express FMDV O-DG-
2005 VP1 in pET-28a. FMDV type A VP1 was codon optimised and prepared in pET-28a for
purification. The antigen was used for further development studies in vaccination production
(Liu et al., 2011).

Solubility studies were carried out in order to confirm the expression of recombinant VP1 (1-
247) and to determine whether the recombinant protein was present in the soluble or
insoluble fraction. The solubility study resulted in the presence of two protein bands being
resolved between 35 and 40 kDa. The lower protein band was predominantly present in the
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insoluble fraction with less of the protein being present in the soluble fraction. The upper
protein band was more concentrated in the soluble fraction with less being present in the
insoluble fraction. Initial Western analysis experiments showed detection of a single 6x His-
tagged protein in the total protein lysate, supernatant and pellet fractions.

Because the protein bands were of similar size, it was uncertain which of the two protein
bands detected by Western analysis represented recombinant VP1 (1-247). A longer
electrophoresis time resulted in greater separation of the two proteins. Western analysis
showed the presence of two protein signals and the signal for the higher molecular weight
protein was more intense than that for the lower protein band.

The presence of two protein bands resolved by SDS-analysis may be due to degradation of
recombinant VP1 (1-247) caused by freeze-thawing of sample before analysis. Protein
stability is influenced by a number of factors, freeze-thaw cycles being one of the factors.
Repeated freeze-thaw cycles degrade proteins by disrupting the stability of the protein
structure. It is best to aliquot protein samples used for analysis in order to avoid protein
degradation (www.uni-leipzig.com, accessed: 11-03-2013).

The presence of two protein bands resolved may also have been caused by the presence of the
reducing agent, -mercaptoethanol, in SDS-loading buffer. Reducing agents break disulphide

bonds in proteins which disrupt the tertiary structure of the protein (www.uni-leipzig.com,

accessed: 11-03-2013). In a similar study, it was shown that the denaturation of a
recombinant protein in the presence of a reducing agent such as DTT results in the formation
of two protein bands of similar size resolved during SDS-PAGE analysis. In the absence of a
reducing agent, the recombinant protein is resolved as a single band (Jacqueline van Marwijk,
Ph.D. dissertation, University of the Free State, 2010). Due to time constraints, the effect of

B-mercaptoethanol on recombinant VP1 (1-247) was not investigated.

In conclusion, purified recombinant 3C"™ was sent off for immunisation of rabbits. Because
recombinant VP1 co-purified with an unidentified protein and recombinant VP1 (1-247)
protein band could not be identified by SDS-PAGE and Western analysis, recombinant VVP1
or VP1 (1-247) antigen was not sent off for immunisation of rabbits. The next chapter
involves the testing of anti-TMEV 3CP" antibodies for detection of 3C"™ by Western analysis

and indirect immunofluorescence.
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Chapter 4: Testing of anti-TMEV 3Crro antibodies for
detection of bacterially-expressed antigen and virally-
expressed protein in TMEV-infected BHK-21 cells

4.1 Introduction

This chapter describes the testing of anti-TMEV 3CP° antibodies for the ability to detect
bacterially expressed antigen and virally-expressed protein in TMEV-infected BHK-21 cells.

Recombinant 3CP° was successfully expressed, purified under denaturing conditions and
used for immunisation as described in chapter 3.

Day 0 (pre-immune), 28 and 43 serum was received and tested for antibody activity. Day 43
antiserum was tested for the detection of bacterially expressed antigen using Western

analysis. Increasing amounts of purified recombinant 3CP*

antigen was resolved by SDS-
PAGE and probed with different dilutions of day 43 antiserum. A negative control was
prepared using pre-immune serum in order to test for cross reactivity of antibodies against the

antigen used for immunisation. Crude and pre-cleared antiserum was used for analysis.

The antibodies were also tested for the detection of virally-expressed 3CP™ in infected cell
lysates by Western analysis. The protein was virally-expressed by infecting BHK-21 cells
with TMEV and preparing cell lysates using Triton X-100 at 5 hrs post-infection. Anti-
TMEV 2C antibodies were used as a positive control in order to determine if the cells were
successfully infected with TMEV. Pre-immune serum was used as a negative control to

determine any cross reactivity of antibodies in the serum against virally-expressed 3CP".

For localisation of 3C"° in infected BHK-21 cells, indirect immunofluorescence (IF) was
performed using anti-TMEV 3CP™ antibodies at dilutions of 1:500 and 1:1000, and Alexa-
Fluor 488-conjugated anti-rabbit secondary antibodies at a dilution of 1:500. Proteins were
detected by fluorescence and confocal microscopy. Indirect IF is a procedure in which cells
are stained with a primary antibody specific for the protein or molecule of interest. The
primary antibody is then bound at the constant region by a secondary antibody which is
tagged with a fluorescent dye. The cells are then viewed using confocal or fluorescence
microscopy to detect the region of staining by the primary antibody (Harlow and Lane, 1988;
Johnson et al., 1981). Negative controls were performed by staining TMEV-infected cells
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with anti-TMEV 3CP" antibodies alone and Alexa-Fluor 488-conjugate anti-rabbit secondary
antibodies alone. Anti-TMEV 2C and P1 antibodies were used to stain the cells in order to

determine if they were successfully infected by the virus.
The specific objectives were:

e To detect bacterially expressed antigen using anti-TMEV 3CP" antibodies by Western
analysis

e To detect virally- expressed 3C* in infected BHK-21 cell lysates by Western analysis
using anti-TMEV 3CP" antibodies

e To localise virally-expressed 3CP° in infected BHK-21 cells by indirect

immunofluorescence and confocal microscopy

4.2 Methods and Materials:

4.2.1 Testing of Day 0 and Day 43 serum

Antiserum collected at day 0 (pre-immune serum), 28 and 43 post immunisation was received
6 weeks after the purified 3C"™ antigen had been sent off for immunisation of rabbits. The
day 43 antiserum (anti-TMEV 3CP") was tested for its ability to recognise bacterially
expressed 3CP™. Increasing amounts of purified recombinant 3CP™ antigen in doubling
dilutions were resolved by 15 % SDS-PAGE. The proteins were transferred individually onto
nitrocellulose membrane (Bio-Rad, USA), which was probed with pre-immune serum at a
dilution of 1:5000, and anti-TMEV 3CP" at dilutions of 1:5000, 1:10 000, 1:50 000 and 1:100

000 respectively as described in section 3.2.3.

4.2.2 Pre-clearing of anti-TMEV 3Crre using E. coli JM109 cell lysate

E. coli JM109 cells were grown in LB overnight at 37°C. A 2 ml aliquot of cells was
collected and sonicated 12 times for 15 sec at 4°C on ice. The cells were harvested by
centrifugation at 11100 x g for 2 min. The supernatant was discarded and the pellet was
washed with PBS and centrifuged at 11100 x g for 2 min. The pellet was resuspended in a
1:10 dilution of crude day 43 antibody in PBS. The suspension was left to shake for 2 hrs at
RT and centrifuged at 11100 x g for 2 min. The supernatant was collected and used for
Western analysis of the bacterially expressed antigen as pre-cleared anti-TMEV 3CP™
antibodies.
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4.2.3 Mammalian cell lines and Culture conditions

BHK-21 cells were a kind gift from Professor Martin Ryan (University of St Andrews, UK)
and were the cell line used in this study. Cells were maintained in HEPES-buffered Dulbecco
modified Eagle’s medium (DMEM, Lonza Group Ltd, Basel, Switzerland) containing 5 %
fetal calf serum (FCS, Lonza Group Ltd, Basel, Switzerland) and 1 % penicillin,
streptomycin and fungizone (PSF, Lonza Group Ltd, Basel, Switzerland) in a 25 cm® vented
flasks incubated at 37°C with 10 % CO,.

4.2.4 Subculturing of BHK-21 cells

Cells at 100 % confluency were subcultured by discarding the old medium in the flask and
rinsing the cells with 2 ml PBS. Trypsin was added to the cells to interrupt the cell matrix and
cell-cell interactions. Cells were incubated at 37°C for 1 min to allow detaching from the
surface and 2 ml of complete medium was added to cells. Cells were seeded into 5 ml of

fresh complete medium in new 25 cm® vented flasks at a dilution of 1:10.

4.2.5 Cryopreservation of BHK-21 cells

Cells were preserved by subculturing a confluent 25 cm? flask into 10 x 25 cm® flasks. At 100
% confluency, cells were trypsinised and resuspended in 1 ml completed medium per flask.
Cells were pooled into a sterile 20 ml Falcon tube and centrifuged at 200 x g for 1 min. The
pellet was resuspended in 10 ml cryopreservation solution (20 % FCS, 10 % glycerol, 1 %
PSF, 69 % DMEM). Cells were aliquoted into 1 ml cryovials and stored at -80°C.

4.2.6 Preparation of TMEV stock

A 100 % confluent 25 cm® vented flask was subcultured into a 75 cm® vented flask with 10
ml complete medium. When cells reached 100 % confluency, they were infected with TMEV
stock (previously prepared in our laboratory). Cells were incubated at RT with shaking for 1
hr to allow the virus to be adsorbed. 9 ml of serum-free DMEM was added and cells were
incubated overnight at 37°C. Cells lysis was accomplished by three cycles of freeze-thawing
and then collected in a 15 ml falcon tube. Cell debris was pelleted at 200 x g for 1 min and

the supernatant was aliquoted into 1 ml cryovials and stored at the - 80°C.
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4.2.7 Preparation of BHK-21 cell lysate supernatants for Western
analysis

A 100 % confluent 25 cm® flask was subcultured into two 75cm? flask with 10 ml complete
medium, and incubated at 37°C with 10 % CO, until 100 % confluency. Old medium was
discarded and cells were rinsed with serum-free DMEM. One flask was infected with 1 ml
TMEV at an estimated multiplicity of infection (MOI) of 50 and the other flask was mock-
infected with 1 ml of serum-free DMEM. The flasks were shaken at RT for 1 hr and topped
up with 5 ml serum-free DMEM before being incubated for a further 5 hrs at 37°C with 10 %
CO.. Cells were collected by trypsinisation and harvested by centrifugation at 200 x g for 1
min. Cells were rinsed with PBS to remove the excess trypsin and resuspended in 100 ul of
lysis buffer [50 mM Tris-HCI, (pH 7.5), 150 mM NaCl, 1 % Triton X-100, 1 mM DTT, 1
mM PMSF, 1x EDTA-free protease inhibitor cocktail (PIC) (Roche, Mannheim, Germany)]
and kept on ice for 30 min with vigorous vortexing every 5 min. Cells were then passed
through a 25-gauge needle 25 times and centrifuged at 11100 x g for 1 min. The supernatant
was collected and analysed by 15 % SDS-PAGE and Western analysis using anti-TMEV

3C"" antibodies.

4.2.8 Preparation of total BHK-21 cell protein for Western analysis

Cells were prepared as described in section 4.2.7. Cells were rinsed with PBS to remove the
excess trypsin and resuspended in 200 pl of PBS. The suspension was boiled for 5 min in 5x
SDS sample and analysed by 15 % SDS-PAGE and Western analysis using anti-TMEV 3CP"*
antibodies.

4.2.9 Preparation of BHK-21 cells for indirect immunofluorescence

Cells were grown to 90 % confluency on ethanol-sterilised 13 mm glass coverslips in a 6-
well plate with complete medium. Old medium was discarded and cells were rinsed with
serum-free DMEM. Cells were infected with TMEV stock diluted 1:10 in serum-free DMEM
(final volume of 1 ml) at an estimated MOI of 10. Cells were mock-infected for controls with
serum-free DMEM. The cells were incubated at 37°C for 1 hr with shaking. The virus was
removed and 2 ml serum-free DMEM was aliquoted into each well and the plates were
incubated at 37°C for a further 5 hrs to allow for the expression of viral proteins. The
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medium was removed and cells were rinsed with PBS and fixed with 4 % paraformaldehyde
for 5 min with shaking at RT. Coverslips were rinsed with PBS and transferred into a 24-well

plate for IF staining.

4.2.10 Indirect immunofluorescence staining of BHK-21 cells

Cells were permeabilised with PB (10 % sucrose, 0.5 % NP-40 in PBS) for 20 min with
shaking at RT and blocked with 2 % blocking solution (2 % BSA in PBS) for 1 hr with
shaking at RT. Cells were washed twice for 10 min in wash buffer (0.1 % Tween-20 in PBS)
and incubated with anti-TMEV 3CP", anti-TMEV 2C and anti-TMEV P1 antibodies (table
4.1) prepared in blocking solution for 1 hr with shaking at RT. Cells were washed twice for
10 min in wash buffer and incubated in species-specific Alexa-Fluor 488-conjugated
secondary antibodies (Molecular probes through Invitrogen, USA) for 30 min. Cells were
washed three times with the second wash containing 0.8 pg/ml of 4°, 6-Diamino-2,
phenylindole dihydrochloride (DAPI, Sigma, St Louise, USA) in order to stain the nucleus.
Coverslips were then mounted onto glass slides using Dako fluorescent Mounting Medium
(Dako North America, Inc, CA, USA) and stored at 4°C for fluorescence and confocal
microscopy. For negative controls, cells were stained with anti-TMEV 3CP™ antibodies alone
at a dilution of 1:1000 and Alexa-Fluor 488-conjugated anti-rabbit secondary antibodies

alone at a dilution of 1:500.

Table 4.1: Detailed description of primary antibodies utilised in IF staining.

Anti-TMEV 3Cpre 1: 500; 1: 1000 Polyclonal Boitumelo Moetlhoa
Rabbit (R.U)

Anti-TMEV-2C 1:1000 Polyclonal Jauka et al,, 2010
Rabbit

Anti-TMEV P1 1:1000 Monoclonal Prof Lipton (U. Of
Mouse Chicago)

4.2.11 Fluorescence and Confocal microscopy and image acquisition

Cells were visualised using an inverted LSM 510-meta confocal laser scanning microscope
and the Zeiss Axiovert.Al Fluorescence LED microscope (Carl Zeiss, Germany) using the
63x oil immersion objective lens. The Helium/neon and argon lasers at wavelengths 488 nm

and 405 nm were used to excite Alexa-Fluor 488 and DAPI respectively. All images were
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analysed using the Axiovision LE or SE freeware software (Carl Zeiss, Germany) and

processed using Microsoft Office PowerPoint 2007.

4.3 Results

4.3.1 Detection of purified recombinant 3Crr antigen using anti-TMEV
3Crro antibodies

To test for cross reactivity of antibodies against the antigen used for immunisation, Western
analysis was conducted using the pre-immune serum at a dilution 1:5000. Crude anti-TMEV
3CP™ antibodies were tested by Western analysis using 1:5000, 1:10 000, 1:50 000 and 1:100
000 dilutions on increasing amounts of the purified antigen. The results are shown in figure
4.1 below.
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Figure 4.1: Detection of increasing amounts of purified 3C*™ using crude anti-TMEV 3C""
diluted at 1:5000(A), 1:10 000 (B), 1: 50 000 (C), 1:100 000 (D) and pre-immune serum diluted
1:5000 (E).

Figure 4.1 shows detection of a protein of approximately 27 kDa with other contaminating
protein bands (Panels A to D). There is an increase in signal intensity with an increase in
amount of antigen loaded. The signal decreases in intensity with an increase in antibody
dilution. In Panel E, increasing amounts of purified recombinant 3CP™ antigen were probed
using a 1:5000 dilution of pre-immune serum. No detection of bacterial proteins is observed
in this panel as expected. The results suggest that anti-TMEV 3CP™ antibodies can detect

107ng of bacterially expressed antigen after a 1 min exposure at a dilution of 1:100 000.
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4.3.2 Detection of purified 3Crr antigen using pre-cleared anti-TMEV
3Crro antibodies

Because contaminating proteins were detected with crude antiserum, pre-clearing with E. coli
JM1009 cell lysates was performed as described in section 4.2.2. This was done in attempt to

reduce the detection of non-specific protein bands. The results are shown in figure 4.2 A and

B below.
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Figure 4.2: Western analysis comparing the detection of purified recombinant 3C"™ antigen
using pre-cleared and crude anti-TMEV 3CP™ antibodies at different dilutions. Panel A:
Detection of 150 ng and 300 ng of purified recombinant 3C"" antigen using pre-cleared and crude
anti-TMEV 3CP° antibodies at a dilution of 1:1000. Panel B: Detection of 150 ng and 300 ng of the
purified recombinant 3C* antigen using pre-cleared and crude anti-TMEV 3C"° antibodies at a
dilution of 1:5000

The results show a reduction in the detection of contaminating protein bands at both the 1:
1000 and 5000 dilutions when pre-cleared anti-TMEV 3CP™ antibodies were used compared
to crude antibodies (Panels A and B). Signal intensity increased with an increase in purified
recombinant 3CP™ concentration as expected. Signal intensity decreased with an increase in
anti- TMEV 3CP™ dilution as shown by the decrease in signal intensity from 1:1000 antibody
dilution (Panel A) to 1: 5000 antibody dilution (Panel B). These results suggest that the pre-

clearing of anti-TMEV 3CP™ antibodies was effective as there was a reduction in signal
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intensity for contaminating protein bands with pre-cleared antibodies compared to crude

antibodies.

4.3.3 Detection of virally-expressed 3Crr in infected BHK-21 cell lysates
supernatants using anti-TMEV 3Crr antibodies

Anti-TMEV 3CP™ antibodies were tested for detection of virally-expressed 3C"* in infected
BHK-21 cell lysates. Anti-TMEV 2C antibodies (Jauka et al., 2010) were used as a positive
control in order to determine if the cells were successfully infected with TMEV. Cells were
infected and mock-infected with TMEV for 5 hrs and resuspended in lysis buffer. The
supernatant was analysed by SDS-PAGE and Western analysis using anti-TMEV 2C (1:10
000) and anti-TMEV 3CP (1:500). The results are shown in figure 4.3 A and B below.
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Figure 4.3: Western analysis of infected and mock-infected BHK-21 cell lysates supernatants.
Panel A: Detection using anti-TMEV 2C (1:10 000); Panel B: Detection using anti-TMEV 3CP"°
(1:500). Lane mock-infected: Mock-infected BHK-21 cell lysates supernatant, Lane infected: Infected

BHK-21 cell lysates supernatant

The predicted size of 2C is approximately 37 kDa. Panel A shows no detection of 2C in the
mock-infected lysate as expected. A protein band is resolved between 35 and 40 kDa in the
infected lysate, indicating the cells were successfully infected. Panel B shows faint protein
bands resolving between 15 and 25 kDa in both mock-infected and infected lysates. No
protein band of the predicted size of 3CP™ is observed in the infected lysate. Because no
signal for virally-expressed 3CP™ in TMEV-infected cell lysate supernatants was detected in

this assay, total protein was prepared for Western analysis.
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4.3.4 Detection of 3Cr in total BHK-21 cell protein samples using anti-
TMEV 3Crre antibodies

In an attempt to determine whether TMEV 3CP® is present in the insoluble fraction, anti-
TMEV 3CP* antibodies were tested using total protein prepared from infected and mock-
infected cell lysates. Once again anti-TMEV 2C antibodies were used as a positive control
and pre-immune serum as a negative control. Cells were infected and mock-infected with
TMEV for 5 hrs and resuspended in PBS. The total protein was analysed by SDS-PAGE and
Western analysis using anti-TMEV 3CP™ (1:500), anti-TMEV 2C (1:10 000) and pre-immune
serum (1:500). The results are shown in figure 4.4 A, B and C below.
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Figure 4.4: Western analysis of total BHK-21 cell protein samples prepared from infected and
mock-infected cell lysates. Panel A: Detection using anti-TMEV 3C"* antibodies (1:500); Panel B:
Detection using anti-TMEV 2C antibodies (1:10 000). Panel C: Detection using pre-immune serum
(1:500).Lane mock-infected: Total BHK-21 cell protein samples prepared from mock-infected cell

lysate, Lane infected: Total BHK-21 cell protein samples prepared from infected cell lysate.
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Panel A shows protein bands resolved between 25 and 35 kDa and between 35 and 40 kDa in
the mock-infected and infected lysates. No protein band of the predicted size of 3C° is
observed in the infected lysate. Panel B shows no detection of 2C in the mock-infected lysate
as expected. A protein band is resolved between 35 and 40 kDa in the infected lysate,
indicating the cells were successfully infected. No protein bands were detected in both
infected and mock-infected lysates as expected in Panel C. These results suggest that anti-
TMEV 3CP™ antibodies are unable detect virally-expressed 3CP™ in total protein samples

prepared from infected and mock-infected cell lysates.

4.3.5 Localisation of virally-expressed 3Cr in TMEV-infected BHK-21
cells by indirect immunofluorescence and confocal microscopy

To localise virally-expressed 3CP™ in infected BHK-21 cells, cells were grown on glass
coverslips and infected with TMEV. Cells were fixed with 4 % paraformaldehyde and stained
with anti-TMEV 3CP™ at dilutions of 1:500 and 1:1000. Anti-TMEV 2C and anti-TMEV P1
antibodies were utilised at a dilution of 1:1000. The primary antibodies were detected with
species-specific Alexa-Fluor 488-conjugated antibodies. Anti-TMEV 2C and P1 antibodies
were used as positive controls in order to confirm that cells were successfully infected with

TMEV. The results are shown in figure 4.5 below.
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Figure 4.5: Detection of TMEV 2C and P1 in infected BHK-21 cells at 6.5 hrs post-infection.
Panel A-C: Infected BHK-21 cells probed with anti-TMEV 2C antibodies (1:1000), primary antibodies
were visualised with Alexa-Fluor 488-conjugated anti-rabbit antibodies. Arrows indicate TMEV
replication complexes. Panel D: Infected BHK-21 cells probed with anti-TMEV P1 monoclonal
antibodies (1:1000), primary antibodies were visualised with Alexa-Fluor 488-conjugated anti-mouse

antibodies.

Cells were visualised using fluorescence microscopy. Panel A, B and C represent separate
fields of TMEV-infected cells fixed at 6.5 hrs post-infection. The staining pattern of 2C is
concentrated within a structure next to the nucleus as described by Jauka et al., 2010. Panel D
shows the distribution of TMEV P1. The signal appears to be both punctate and diffuse in the
cytoplasm and also concentrated in the perinuclear region of the cells. The detection of
TMEYV 2C and P1 confirms that the infection process was successful.

Negative controls were conducted by staining cells with anti-TMEV 3CP™ antibodies and
Alexa-Fluor 488-conjugated anti-rabbit antibodies alone in order to determine the specificity
of the antibodies for staining virally-expressed 3CP™. Cells were viewed using confocal
microscopy and the bright field channel was utilised to visualise cell morphology. The results

are shown in figure 4.6 A and B below.
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Figure 4.6: Negative controls for detection of 3C" in TMEV-infected cells. Panel A: Infected
cells probed with anti-TMEV 3C"" antibodies (1:1000) only. Panel B: Infected cells probed with Alexa-
Fluor 488-conjugated anti-rabbit antibodies (1:500) only. Cells in both panels were visualised using

the bright field channel in order to visualise cell morphology.

No signal is detected in cells probed with anti TMEV 3CP™ antibodies alone (Panel A) and
with Alexa-Fluor 488-conjugated anti-rabbit secondary antibodies alone (Panel B). Most cells
showed typical fibroblast morphology as shown by the bright field channel in both panels.
Based on these results, BHK-21 cells were infected and probed with different dilutions of
anti-TMEV 3CP™ antibodies in order to localise 3C"™ using fluorescence microscopy (figure
4.7).
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Figure 4.7: Detection of TMEV 3C"" in infected BHK-21 cells at 6.5 hrs post-infection: Panel A
and B: Infected cells labelled with anti-TMEV 3C"™ at 1:500 dilution. Panel C, D and E: Infected cells

labelled with anti-TMEV 3CP™ at 1:1000 dilution. Primary antibodies were visualised with Alexa-Fluor

488-conjugated anti-rabbit antibodies at 1:500 dilution. Arrowhead X represents cells with faint 3C""°

staining and Arrowhead Y represent cells with stronger 3C" staining.

Panel A and B show separate fields of TMEV-infected cells fixed at 6.5 hrs post-infection
and probed with anti-TMEV 3CP™ antibodies at a 1:500 dilution. Cytoplasmic staining is
observed as well as concentrated staining in the perinuclear region. As can be seen by the
arrowhead marked X, there are cells with faint staining. Panels C, D and E show separate
fields of TMEV-infected cells fixed at 6.5 hrs post-infection and probed with anti-TMEV
3CP™ antibodies at a 1:1000 dilution.. A weaker signal observed at this dilution compared to

the lower antibody dilution of 1:500 (Panel A and B). Cytoplasmic staining is observed as
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well as concentrated staining around the perinuclear region in panel C and D, as can be seen

pro

by the arrowheads marked X, there are cells which have weaker staining for 3C™" and

pro

arrowheads marked Y show cells which have a stronger staining signal for 3C™".

4.4 Discussion

This chapter describes the testing of anti-TMEV 3CP™ antibodies for the ability to detect
3CP™ by Western analysis and indirect IF.

Antibodies generated against protein antigens are required for analytical techniques such as
immunoblotting and immunohistochemistry in order to further study virus-host interactions.
In the case of TMEV, polyclonal antibodies generated against the non-structural 2C protein
were used to localise the protein to the Golgi apparatus of TMEV-infected cells where virus
replication is suggested to occur (Jauka et al., 2010). In a similar study, anti-Hsp 90, anti-Hsp
70 and anti-TMEV 2C antibodies were used to study the role of molecular chaperones in
TMEV infection (Mutsvunguma et al., 2011). Antibodies have been used to study the
inhibitory role played by the Leader (L) protein in Cardioviruses in the formation of
cytoplasmic aggregates caused by the exposure of infected cells to various environmental
stresses and to localise the protein to the mitochondria of TMEV-infected cells (Borghese and
Michiels, 2011; Sorgeloos et al., 2011). Antibodies have also been used to determine the role
of CD4" T cells in the development of demyelinating diseases due to TMEV infection (as
reviewed by Oleszak et al., 2004). Neutralising monoclonal antibodies to TMEV DA and
GDVII strains were utilised to confirm the division of TMEV into two different subgroups
(Nitayaphan et al., 1985). Furthermore a study by Yamada et al., (1990) was able to show
that the production of a monoclonal antibody, H8, as a result to TMEV infection enhances

demyelination of the CNS by binding to oligodendrocytes in brain cells.

Antigens are injected along with adjuvants in order to boost humoral and/or cell mediated
immune response to the antigen for antibody production. The most widely utilised adjuvant
for experimental antibody production is Freund’s complete adjuvant (FCA) however its use
has been limited due to its adverse effects on the host. FCA is comprised of mineral oils, a
surfactant agent and heat-killed and dried Mycobacterium tuberculosis. Freund’s incomplete
adjuvant (FIA) differs from FCA in that it does not include the heat-killed mycobacterium (as
reviewed by Cox and Coulter, 1997; Stills, 2005). Standard immunisation protocols involve

injecting high doses of protein antigen with FCA and FIA for antibody production however,
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this method becomes challenging when insufficient amounts of antigen are available
(Lancefield et al., 1975; Bellstedt et al., 1987). Another method has been developed where
acid-treated, naked bacteria are used as immune carriers for protein antigen and less than a
milligram of protein antigen is required. This method involves adsorbing protein antigen to
an acid-treated, naked bacteria suspension. The absorbed naked bacteria complexes are then
emulsified with an equal volume of FCA and FIA and intravenously immunised into rabbits
(Bellstedt et al., 1987). This technique was initially used for the production of antibodies
against the lipid A portion of lipopolysaccharides (Galanos et al., 1971), and later used for
the generation of highly specific antibodies against the human apolipoprotein Al (Apo 1 or
CEA) and TMEV 2C protein (Bellstedt et al., 1987; Jauka et al., 2010). In this study,

Recombinant 3CP"

antigen was prepared under denaturing conditions and used for
immunisation of rabbits using the above mentioned technique. Day 43 antiserum (anti-TMEV
3CP™ antibodies) was tested for detection of bacterial antigen and virally-expressed 3C"° by

Western analysis and indirect IF.

Crude anti-TMEV 3CP™ antibodies were able to detect as little as 107 ng of bacterially
expressed antigen at a dilution of 1:100 000 by Western analysis. Pre-clearing of anti-TMEV
3CP™ antibodies using E. coli JIM109 cell lysate reduced detection of contaminating protein

bands and enhanced the signal for bacterial antigen.

P in infected cell

Anti-TMEV 3CP" antibodies were then used to detect virally-expressed 3C
supernatants and total protein lysates by Western analysis. Anti-TMEV 2C antibodies were
used as a positive control. Detection of a protein band resolved between 35 and 40 kDa for
2C was observed indicating that the cells were successfully infected. In a similar study,
detection of TMEV 2C in infected cell lysates by Western analysis showed the detection of a
protein of approximately 37 kDa present in both supernatant and pellet fractions (Jauka et al.,
2010). No protein signal of the predicted size of 3C"™ was observed in either infected cell

supernatants or total protein lysate samples.

In order for efficient interactions to occur between antigen and antibody, epitopes found on
the antigen must be exposed to the surface for binding (Reverberi and Reverberi, 2007). This
study showed that anti-TMEV 3CP™ antibodies were able to recognise bacterial antigen used
for immunisation but not virally-expressed 3C"™ by Western analysis. There are a number of
reasons why the antibodies could not detect virally-expressed protein. One reason could be

that the antibodies were raised against denatured recombinant antigen as opposed to correctly
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folded 3CP, which would be produced in infected eukaryotic cells, suggesting that epitopes
recognised by anti-TMEV 3CP" antibodies on denatured antigen are buried within the virally-
expressed protein in its final conformation. Other factors that may have been responsible for
these results include pH changes, buffer composition and growth conditions all of which can
affect antibody-antigen interactions by altering the epitope and affecting its ability to interact
with the antibody (Reverberi and Reverberi, 2007). It is possible that these conditions may

pro

have caused an alteration to the epitope of virally expressed 3C™" during the preparation of

pro

cell lysates for analysis. Thirdly, it may be possible that levels of virally-expressed 3C™" were

too low in the cell lysates to be detected by Western analysis. Furthermore, the binding of the

pro

non-structural 2C protein to 3C™" at 5 hours-post infection may have altered important

epitopes present on 3CP°

thus inhibiting the binding of the antibodies. Multiple sequence
alignments of 2C with protease inhibitors have shown that 2C contains serine protease motifs
scattered throughout its sequence, suggesting that 2C plays a regulatory role in protease
activity. PV 2C was found to co-immunoprecipitate with viral 3C protease which resulted in
the inhibition of proteolytic activity of 3C both in vivo and in vitro (Banerjee et al., 2004). In
order to investigate this, TMEV-infected cells can be harvested at various time post-infection

and analysed by Western analysis to determine a time point where 3C" is detected.

In the next study, anti-TMEV 3CP™ antibodies were tested for detection of 3CP™ in TMEV-
infected cells by indirect IF. Imaging of negative control cells was performed using confocal
microscopy. However, when follow up studies were conducted, focusing issues with the
microscope were encountered and staining patterns for 3CP", 2C and P1 could not be

confirmed. Because of these issues, images were obtained using fluorescence microscopy.

Anti-TMEV 2C and P1 antibodies were used as positive controls in order to determine
whether the cells were successfully infected. Cells stained with anti-TMEV 2C antibodies
showed a staining pattern of 2C concentrated within a structure adjacent to the nucleus. In a
study where TMEV 2C was localised, similar staining patterns were observed. The large
structure was identified as the viral replication complex which is formed in the region of the
Golgi apparatus (Jauka et al., 2010). Cells stained with anti-TMEV P1 antibodies showed a
pattern which was both punctative and diffuse in the cytoplasm while at the same time
appeared to be concentrated around the perinuclear region of the cells. The distribution is
similar to that reported for Enterovirus 71 (Liu et al., 2013) and Coxsackie virus B3 (Wang et
al., 2012). The detection of TMEV 2C and P1 confirmed that the infection process was

successful.
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No signal was detected in the negative controls as expected. The antibodies were then utilised
for localising 3C"" in TMEV-infected cells. A weaker signal was observed at an antibody
dilution of 1:1000 compared to the lower antibody dilution of 1:500. In all cells imaged,
cytoplasmic and perinuclear staining was observed, whereas nuclear staining was observed in
one of the cells. Faint staining was observed in some of the cells imaged, suggesting that
these cells may have been uninfected. Although further experiments are required to confirm
antibody specificity, the distribution pattern observed for TMEV 3CP" is similar to that
described for HRV where 3CP™ and its precursors were localised in the nuclei, cytoplasm and
perinuclear regions in infected HelLa cells at 4 hrs post-infection (Amineva et al., 2004). In a
similar study, EMCV 3CP" was localised to the nuclei and cytoplasm in infected Hela cells
harvested at 2, 3, 4 and 6 hrs post-infection (Aminev et al., 2003). In another study, the
expression of FMDV 3CP™ alone in BSR T7/5 cells has shown a diffuse cytoplasmic staining
pattern of the protein (Armer et al., 2008). Although the staining pattern observed using anti-
TMEV 3CP™ antibodies is similar to staining patterns of other studies, further optimisation
experiments are required to examine the specificity of the antibodies generated in this study.
For example, mock-infected cells can be stained with various dilutions of anti-TMEV 3CP™
antibodies to test for background staining. Secondly, dilution studies of the antibodies can be
conducted in order to determine the optimal staining concentration. Furthermore, pre-clearing
of anti-TMEV 3CP" antibodies with BHK-21 cell lysate could also be carried out to examine

specificity. Due to time constraints, these experiments were not performed in this study.

In conclusion, crude and pre-cleared anti-TMEV 3CP antibodies were able to detect
bacterially expressed antigen but were unable to detect virally-expressed protein in infected
cell supernatant and total protein lysate samples by Western analysis. Further experiments are
required to confirm the specificity of the antibodies for virally-expressed 3C" by indirect IF.

The next chapter describes the general conclusions of this study and future work.
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Chapter 5: General Conclusions and Future work

This study sought to generate polyclonal antibodies against TMEV VP1 and 3CP™ for use in
localisation of the proteins in infected cells as tools to further study the role of Hsp 90 and
Hsp 70 during TMEV replication and assembly. Molecular chaperones have been shown to
play a role in viral entry, replication, assembly and exit and have been widely researched on a
variety of viruses including picornaviruses. For example, GRP78 from the Hsp 70 family has
been shown to play a role during the attachment and viral entry process of Coxsackievirus
(CV) A9 (Triantafilou et al., 2002). Hsp 90 has been identified as a host factor which induces
the activity of the RNA polymerase of Influenza A virus, leading to efficient transcription
and replication of viral RNA (Momose et al., 2002). This chaperone has also been shown to
be involved in Ebola virus replication (Smith et al., 2010). Another example is the role
played by Hsc 70 during the virus assembly process of HIV-1 (Reviewed by Brenner and
Wainberg, 1999). In Enteroviruses, Hsp 90 and Hsp 70 have been shown to maintain P1 in a
processing conformation during virus assembly such that it can be recognised and cleaved by
viral protease, 3C"° (Macejak and Sarnow, 1992; Geller et al., 2007). This defines the
requirement of molecular chaperones in the capsid assembly process of picornaviruses
(Geller et al., 2007). Only one study has been conducted on the role played by Hsp 90 and
Hsp 70 in the replication of TMEV (Mutsvunguma et al., 2011). No study has been
conducted to investigate interactions between Hsp 90 and TMEV P1 during virus assembly.
In order to study these specific interactions, antibodies against the antigenic capsid subunit,
VP1 and 3CP" are required. These antibodies can be used to study protein-protein interactions
between VP1, 3C"™ and molecular chaperones. The distribution of both proteins in relation to
Hsp 90 and Hsp 70 can also be studied in TMEV-infected cells.

In order to prepare purified antigen for immunisation purposes, bioinformatic analyses were
conducted to determine predicted hydrophobic, hydrophilic and antigenic regions for VP1
and 3CP". The Kyte and Doolittle Hydropathy plots for both proteins indicated that VP1 and
3CP™ have a distribution of amino acids which are predicted hydrophobic and hydrophilic
throughout the protein sequence. The Hopp and Woods Hydrophilicity plots indicated that
both proteins have a distribution of predicted antigenic and non-antigenic regions throughout
the protein sequences. Structural analyses were also conducted for the prediction of linear B
cell epitopes exposed on the molecular surfaces of both proteins. There were three predicted

linear B cell epitopes exposed on the molecular surface of TMEV GDVII VP1, 1 (amino
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acids 52-78), 2 (amino acids 195-209), 3 (amino acids 250-275) and three predicted B cell
epitopes exposed on the molecular surface of TMEV GDVII 3C"", 1 (amino acids 90-107), 2
(amino acids 130-136) and 3 (amino acids 145-152). Based on these results, the full length
coding sequences of VP1 (880 bp) and 3CP* (649 bp) were PCR amplified and cloned into
PQE-80L to produce pBMVP1 and pBM3CP™. The open reading frames for both recombinant
plasmids were intact and no mutations were identified when VP1 and 3CP" coding sequences
were subjected to BLAST against the TMEV GDVII complete genome sequence (Acc no:
X56019.1). The expression vector, pQE-80L was chosen as a vector system because cloning
into this vector has been successful in our laboratory. TMEV 2C was cloned and expressed in
pQE-80L for preparation of polyclonal antibodies against the non-structural 2C protein.
Staining with anti-TMEV 2C antibodies localised the protein to the Golgi apparatus where it
assists with the formation of replication complexes (Jauka et al., 2010).

Recombinant VP1 was expressed in E. coli JM109 cells by IPTG induction for 6 hrs.
Solubility studies revealed that recombinant VP1 was present in the soluble fraction and
treatment of cell lysate with Sarcosyl released most of recombinant VVP1 into the soluble
fraction. Culture volume was upscaled to 1 L for purification of recombinant VP1 under
native conditions however recombinant VVP1 co-purified with an unidentified protein which
was present in higher concentrations. Because recombinant VP1 co-purified with an
unidentified protein, a pET expression system was used to further attempt producing purified
VP1 antigen for immunisation purposes. This system was chosen because it is widely used
for the preparation of recombinant FMDV VP1 (Shi et al., 2012; Liu et al., 2011).

pETVP1 (1-741) was constructed and kindly donated by Dora Mwangola (B.Sc Honours
student, Rhodes University). No mutations were identified when VVP1 (1-741) sequence was
subjected to BLAST against the TMEV GDVII complete genome sequence (Acc no:
X56019.1). Recombinant VP1 (1-247) was expressed in E. coli BL21 (DE3) cells by IPTG
induction for 6 hrs. The size of recombinant VP1 (1-247) was estimated to be 35 kDa and a
protein band of that size was not observed by SDS-PAGE analysis. However Western
analysis showed detection of a 6x His-tagged protein at approximately 35 kDa, suggesting
that the recombinant protein was expressed in low levels possibly due to the presence of rare
E. coli codons on the VP1 gene. Five rare codons for arginine (GGA) and 2 rare codons for
CGG were identified. Two rare codons for isoleucine and thirteen rare codons for proline
were identified. The presence of these particular rare E. coli codons in the TMEV VP1 (1-
247) gene is not likely to be the cause for low expression levels as recombinant VP1 was
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successfully expressed from pQE-80L in E. coli JIM109 cells. Solubility studies resulted in
the presence of two protein bands which were similar in size. The lower protein band was
predominantly present in the insoluble fraction while the upper protein band was more
concentrated in the soluble fraction. Separation of the protein bands by a longer
electrophoresis time and Western analysis showed detection of two protein signals, making it
difficult to determine which protein band represented VP1 (1-247). The presence of two
protein bands resolved by SDS-analysis may have been caused by degradation of
recombinant VP1 (1-247) due to continuous freeze-thawing of sample before analysis.
Another reason could be the presence of the reducing agent, B-mercaptoethanol, in SDS-

loading buffer.

Recombinant 3CP™ was expressed in E. coli JM109 cells by IPTG induction for 4 hrs.
Solubility studies revealed that the recombinant protein was predominantly present in the
insoluble fraction and treatment of cell lysate with Sarcosyl did not affect the solubility of

pro

recombinant 3C"" because of the formation of insoluble inclusion bodies. Culture volume

was upscaled to 1 L for purification of recombinant 3CP°

under denaturing conditions using
8M urea. Purified recombinant 3C"™ was eluted in the first fraction with trace amounts of co-
eluting proteins. For immunisation purposes, urea present in the purified 3CP™ sample was
removed by dialysis using PBS. During dialysis the purified 3C"™ antigen was observed to
form a white precipitate, which was sent off as antigen for immunisation of rabbits. Even
though immunisation with precipitated antigen is considered better than immunisation with
soluble antigen, solubilisation of recombinant 3C"° could have been attempted. Further
studies can involve reducing the formation of protein aggregates by altering certain
parameters during protein expression such as growth temperature, expression rate and host
metabolism. These parameters are known to lead to low expression levels and high solubility
of recombinant protein (Jonasson et al., 2002). A second approach can involve the expression
of truncated 3CP" peptides for immunisation purposes. Peptide-based immunisation is most
commonly intended to induce a specific response to a range of pre-determined antigenic sites.
An advantage of this technique is that only desired antigenic regions which will enhance an
immune response are selected and antigens which may interfere with the immune response
are avoided (Schunk and Macallum, 2005).

Day 43 antiserum (anti-TMEV 3CP° antibodies) was tested for detection of bacterially
expressed 3CP° by Western analysis. Crude anti-TMEV 3CP antibodies detected as little as
107 ng of bacterially expressed antigen however the antibodies required pre-clearing due to
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the presence of contaminating protein bands. Pre-cleared anti-TMEV 3CP™ antibodies were
effective as there was a reduction in signal intensity for contaminating protein bands. When
the antibodies were tested for detection of virally expressed 3C"™ in TMEV-infected cell
supernatant and total protein lysates by Western analysis, no signal for a protein the size of
3CP™ was detected. This may be due to a number of reasons such as conformation of virally-
expressed 3CP", low concentrations of 3CP™ present in the cell lysates, physicochemical
conditions such as buffer composition and pH changes or the inhibition of 2C on 3CP°
activity. Further studies will involve conducting a time course study where TMEV-infected
cells are harvested at various time post-infection and analysed by Western analysis to

determine a time point where 3C" is detected.

Lastly, anti-TMEV 3CP" antibodies were tested for detection of 3C"™ in TMEV-infected cells
by indirect IF. In all cells imaged, cytoplasmic and perinuclear staining was observed,
whereas nuclear staining was observed in one of the cells. The distribution was similar to that
described in section 4.4 for HRV, FMDV and EMCV 3CP™. Although the staining pattern
observed for anti-TMEV 3CP™ antibodies is in agreement with staining patterns of other
picornavirus 3CP, further optimisation studies are required to confirm the specificity of the
antibodies for virally-expressed 3C"".

Antibody specificity refers to the ability of the antibody to bind to specific epitopes of the
target antigen without cross-reacting with other proteins. The specificity of an antibody is
determined by showing specific reactions with the target protein using various experiments.
Testing for antibody specificity helps to avoid follow up experiments on false-positive results
(Burry, 2000).

Future work is needed to confirm the distribution of virally-expressed 3C" in infected cells.
Firstly, more dilution studies of the antibodies can be conducted in order to determine the
optimal staining concentration. Secondly, cells can be mock-infected and stained with various
dilutions of anti-TMEV 3CP™ antibodies to test for background staining. Background staining
can also be tested for by conducting negative control studies where infected-cells are stained
with anti-TMEV 3CP™ antibodies alone and Alexa-Fluor conjugated secondary antibodies
alone using various dilutions. Thirdly, the antibodies can be tested at various time points
post-infection to see if an increase in signal pattern is observed. Furthermore, antibodies can
be pre-cleared with BHK-21 cell lysate and utilised to examine specificity towards virally-

expressed 3CP"°.
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Once the antibodies have been successfully optimised, co-immunoprecipitation studies can be

pro

carried out in order to determine protein-protein interactions between 3C™ and molecular

pro

chaperones. Secondly, the distribution of 3C
observed in TMEV-infected cells. Lastly, the effect of Hsp 90 and Hsp 70 inhibition on

in relation to Hsp 90 and Hsp 70 can be

TMEV capsid folding and assembly can also be studied.

Since problems were encountered during the preparation of purified VP1 antigen, future
studies are intended to express truncated VVP1 peptides in E.coli cells and prepare antigen for
immunisation purposes. A second approach will involve purifying virus particles from
TMEV-infected cells and using the purified particles for immunisation purposes in order to

generate antibodies against TMEV capsid proteins.

In conclusion, this study described the preparation of antigen for the generation of polyclonal
antibodies against TMEV VP1 and 3CP™. Due to problems encountered, antibodies against
VP1 were not generated. Anti-TMEV 3CP™ antibodies detected bacterial antigen but were
unable to detect viral antigen in TMEV-infected cells by Western analysis. A staining pattern
similar to that observed for HRV, FMDV and EMCV 3CP" was obtained however further
optimisation studies need to be carried out to confirm the specificity of the antibodies for

pro

virally-expressed 3C"" by indirect IF.
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