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ABSTRACT 
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Doctor of Philosophy 
POLYPROTEIN PROCESSING IN CALICTVIRUSES 

By Annabel Bromfield 

Caliciviruses have a single stranded positive sense RNA genome of approximately 
7.5kb. The non structural proteins of caliciviruses are encoded in a large 
polyprotein which undergoes proteolytic processing by a 3C-like cysteine protease 
to produce functional proteins. A small basic protein with unknown function is 
encoded at the 3' end of all caliciviral genomes. Caliciviruses encode a single 
capsid protein, which in the Norwalk-like viruses (NLVs) and Vesiviruses are 
encoded in a separate reading frame (ORF) from the nonstructural proteins. 
Whereas in the Sapporo-like viruses (SLVs) and Lagovirsues are encoded in a 
large ORF contiguous with the nonstructural proteins. Studies of the molecular 
biology and replication cycle of the human enteric caliciviruses has been severely 
hampered due to the inability to propagate these viruses in tissue culture. Stool 
samples from outbreaks are the primary source of viral RNA, however, the small 
quantities of stool available and the difficulties associated with manipulating RNA 
makes the construction of cDNA clones essential for in vitro studies and 
transfection of these viruses. 

Mutations within a full length clone of Lordsdale NLV were corrected to produce 
an authentic full length clone and used in in vitro transcription and translation 
studies. These studies revealed a proteolytic pattern which suggested the presence 
of precursor proteins. These proteins were mapped using polyclonal antisera to 
defined regions of the polyprotein including the N terminal region. The N 
terminal region was expressed in an E.coli expression system and the recombinant 
proteins purified and used to raise hyperimmune antisera. In addition, an 
infectious full length clone of FCV(urbana) was adapted so that a guanosine 
nucleotide was engineered in front of the first 5'nucleotide to result in an 
increased efficieny of in vitro transcription and translation products in a rabbit 
reticulolysate system. Lordsdale NLV full length clone and Manchester SLV 
clones fused to GFP were used in transfection studies using a vaccinia T7 
expression system. Transfection of these clones indicated that the nonsructural 
proteins are expressed in this system. Trans cleavage experiments were performed 
using full length clones of Manchester SLV, Southamtpon NLV, Lordsdale NLV, 
Jena virus and FCV against Manchester SLV, Southampton NLV and Jena NLV 
protease mutant clones. These studies showed that the NLVs are capable of trans 
cleavage, whereas the SLVs and FCV do not cleave in trans. 
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Chapter 1 

Introduction 

1.1 Historical Perspectives 

Caliciviruses are non-enveloped positive-sense single stranded RNA viruses, 

which cause a wide range of diseases in humans and animals. Members of the 

Caliciviridae include animal pathogens such as vesicular exanthema of swine 

virus (VESV), San Miguel sea lion virus (SMSV), rabbit haemorrhagic disease 

virus (RHDV), and feline calicivirus (FCV), as well as human enteric 

caliciviruses, which are recognised as a cause of epidemic outbreaks of viral 

gastroenteritis. 

Caliciviruses were first identified as pathogens in 1932 with an outbreak of 

vesicular exanthema of swine (VESV) (Barlough et ah, 1982) which causes 

vesicular lesions similar to those of foot and mouth disease. VESV originates 

from San Miguel sea lion virus (SMSV), a marine calicivirus that spread from 

marine mammals to pigs. SMSV was later isolated from pinniped species in 1972 

(SnudiefaA,1973^ 

In 1957 a calicivirus was recognised, by electron microscopy, in cats suffering 

from feline panleukopaenia. The virus was subsequently termed feline calicivirus 

(FCV) (Pastier, 1957). In 1971 Povey and Wardley showed that FCV displayed 

the same morphological features as SMSV and VESV. 

In 1984, Liu et al., identified a rabbit calicivirus that was rapidly spreading 

throughout the globe from China. The virus was called Rabbit Haemorrhagic 

Disease Virus (RHDV) after the discovery that it caused fatal haemorrhagic liver 

disease. 



Human caliciviruses (HuCV) were discovered in the 1970's when stool samples 

taken from young children with diarrhoea were analysed by electron microscopy 

(Madeley and Cosgrove, 1976; Appleton and Higgins, 1975). In 1979 the 

prototype classic calicivirus, designated Sapporo, was isolated (Chiba, 1979) 

during an epidemic of viral gastroenteritis in an infant home in Sapporo, Japan. 

Non-bacterial gastroenteritis in humans was first reported in the USA in 1929 

(Zahorsky, 1929), and was described as winter vomiting disease due to its 

seasonality. The symptoms were described as a sudden onset of vomiting 

followed by diarrhoea. A few years later this illness was reported in the UK and 

stool samples which were examined for bacteria gave negative findings. These 

investigations suggested that these outbreaks were not caused by bacterial agents, 

but where perhaps viral (Miller and Raven, 1936; Gray, 1939; Bradley, 1943). 

Until 1972 all attempts to isolate a bacterial or viral agent had failed, but an 

epidemic gastroenteritis outbreak in an elementary school in Norwalk, Ohio 

provided proof that viruses were the causative agent of these outbreaks (Kapikan, 

1972). A virus like particle of 27nm in diameter was observed by immune 

electron microscopy of stool samples, and was subsequently called Norwalk virus. 

In 1981 biochemical studies on proteins of Norwalk virus isolated from stools 

suggested this viral agent to be a calicivirus with a single virion associated protein 

of approximately 59kDa (Greenberg and Valdesuso et ah, 1981). This 

characteristic was consistent with prototypic caliciviruses reported to have single 

structural proteins of 60-7IkDa (Burroughs, 1974; Schaffer, 1976; Bachrach, 

1973). 

Subsequent to the identification of the Norwalk virus, there were many reports of 

small virus-like particles found in stool samples (Appleton, 1977; Cubitt, 1979). 

The particles were shown to be of similar size and density of the Norwalk virus. 

These early electron microscopy studies of these small round viruses (SRVs) 



demonstrated the difficulties of establishing an accurate taxonomic status and 

aetiological role of the viruses. 

In 1982 Caul and Appleton, attempted to bring some order to the identification of 

these viruses by publishing an interim classification scheme. The study examined 

known animal and human SRVs by electron microscopy (EM) to establish the 

morphological appearance of the particles, as well as to estimate size and buoyant 

density. The application of EM resulted in major advances in the knowledge of 

the aetiology of viral gastroenteritis. The viruses studied could be divided into 

two main groups -1) those without any visible surface structures and a smooth 

entire outer edge, and -2) those with a surface structure and/or ragged edge. The 

second group included 'classic' caliciviruses, astro viruses and viruses with an 

amorphous surface and ragged edge. These viruses were represented by the 

Norwalk virus, which were morphologically distinguishable from astroviruses and 

classic caliciviruses, and were termed Small Round Structured viruses (SRSVs). 

Recently the Caliciviridae family has been classified into 4 genera (Pringle,1998; 

Green et ah, 2000) - Vesivirus, Lagovirus, Sapporo-like virus and Norwalk-like 

virus. The Vesiviruses are animal viruses, including VESV, SMSV and FCV, 

while RHDV and related European brown hare syndrome virus (EBHSV) are 

grouped in the Lagovirus genus. SRSVs and Norwalk virus are classified 

Norwalk-like viruses (NLVs), and the classic human caliciviruses are Sapporo-

like viruses (SLVs). 

The Norwalk-like viruses have been genetically classified into three major genetic 

groups consisting of 17 genetic subgroups. On the other hand the Sapporo-like 

virus (SLV) genogroup has been classified into four genotypes, represented by 

Sapporo virus, London virus, Parkville virus (Jiang et al, 1997) and Stockholm 

virus (Vinje et al., 2000). In these studies, phylogenetic analysis of the genome 

confirmed the subdivision of the SLV genogroup (Vinje et al., 2000). However 

recent studies have suggested that the Sapporo-like viruses may only be classified 



into two main groups (Robinson et al., 2002, Southampton University, 

unpublished). 

1.2 Morphology 

NLVs which all have a density of 1.33-1.4Ig/cm' (Greenberg and Matsui, 1992), 

were originally described as non-enveloped round 27nm particles with a ragged 

outer edge (Kapikan et ah, 1992) lacking a definitive surface structure. In 1992, 

Norwalk virus structure was described (Jiang et al., 1992) and this was based on 

the analysis of recombinant Norwalk virus (rNV) capsid particles produced in 

insect cells by a baculovirus expression system. Capsid protein expressed in this 

system spontaneously assemble to form virus like particles (VLPs), and released 

into cell culture supernatant (Jiang et al., 1995; Dingle et ah, 1995). Visualisation 

of these rNV particles by negative stain EM showed a similar morphology to 

native NV (Jiang et al., 1992). 

Analysis of the recombinant Norwalk-like virus capsid (rNV) particles (Prasad, 

1994) and of a calicivirus isolated from a pigmy chimpanzee (Prasad, Manson and 

Smith, 1994), by electron cryomicroscopy and computer imaging, have derived 

the 3 dimensional structure of the capsid to 20A. A T=3 icosahedral symmetry is 

exhibited with 90 dimers of capsid protein that form a shell domain from which 

arch-like capsomers protrude. These arches are arranged so that there are large 

hollows (32 depressions) at 5-fold and 3-fold positions. Recently, the X-ray 

crystallographic structure of the NLV capsid has been determined (Prasad, 1999), 

which more clearly defined the capsid structure consisting of 180 copies of a 

single protein. A protruding domain (P) connected by a flexible hinge to a shell 

domain (S) that has a classical 8 stranded P-sandwich motif The P domain has a 

sub-domain located at the exterior of the capsid 

Although NLVs have an amorphous structure, characterisation of their genome 

has shown that they are members Caliciviridae ( Jiang et al., 1993; Lambden et 

al., 1993; Dingle et al., 1995). 



Sapporo like viruses (SLVs) which have distinctive cup shaped depressions on 

their surface are slightly larger than NLVs , having a diameter of 30-38nm. A 

buoyant density of 1.36-1.39g/cm^ has been reported ( Terashima, 1983). These 

classic calicivirus particles when viewed across their 3 fold axes of symmetry 

possess a central stain filled cup surrounded by 6 peripheral cups to give a Star of 

David appearance. Viewed along the 2 fold axes of symmetry there appears to be 

4 identifiable cups, whilst viewed along the 5-fold axes, a 10 pointed sphere can 

be seen. Caliciviruses derived their name from the Latin word calyx which means 

'goblet' or 'cup', from the cup shaped depressions that are observed by electron 

microscopy. The ragged outline of the SLVs makes diameter measurements 

difficult to ascertain, and explains the 30-38nm diameters quoted by many 

researchers. FCV and VESV (Vesivirus) when viewed by negative electron 

microscopy show the similar distinctive structure displayed by the SLVs. 

The 3D structure of the wild type RHDV (Lagovirus) has been determined to a 

resolution of 3.2nm by electron cryomicroscopy (Zheng et ah, 2001). Features 

were characteristic of a typical calicivirus with T=3 icosahedral capsid with 90 

arch like capsomers at the icosahedral and local 2-fold axes and 32 large surface 

hollows at the 3- and 5-fold axes. However, some distinct structural 

characteristics were revealed that have not been observed in other caliciviruses 

including interconnected capsomers and a lack of proturbance on the base of each 

surface hollow. Two types of particle were identified with similar outer capsid 

structure but different density distributions inside the capsid shells. It is though 

that they may correspond to particles containing either the genomic or subgenomic 

RNAs. 



1.3 Clinical Features and Pathogenesis 

1.3.1 Clinical Features 

1.3.1.1 Norwalk-like viruses (NL Vs) 

Information regarding the clinical aspects of NLVs have been established from the 

many investigations on volunteers (Kapikan, 1994). Transmission of NLVs 

occurs through a faecal-oral route, with an incubation time of approximately 24 

hours (Kapikan, 1994) and with a dose dependent range of 18-48 hours (Blacklow 

and Herrman, 1988). Symptoms are characterised by a sudden onset of vomiting 

and/or diarrhoea. The vomiting can be projectile and severe, and may arise from a 

decrease in gastric motility resulting in a reflex action in the stomach (Meeroff et 

al, 1980). Diarrhoeal stools are often liquid, without mucus, blood or leucocytes 

(Dolin et al., 1976), which contrasts with bacterial gastroenteritis. Other 

symptoms can include low-grade fever, mild abdominal pain/cramps, malaise and 

headaches. 

Peak virus shedding occurs about during the acute phase of the illness and 

continues for up to 7 days post infection, even after symptoms are no longer 

present (Graham et ah, 1994). Therefore infected individuals may continue to 

shed infectious virus long after symptoms improve, and individuals who are 

unaware that they are infected could spread virus by contaminating food or water 

supplies. Asymptomatic virus shedding can result in new outbreaks or outbreaks 

that persist. 

The clinical features of SLVs are similar to those that occur with NLV infections, 

except abdominal pain often accompanies vomiting and diarrhoea (Suzuki et al., 

1979; Cubitt and McSwiggin, 1981; Cubitt et al., 1987. The incubation time is 1-

3 days and symptoms normally persist for 4 days. SLV outbreaks are generally in 



infants and young children, and transmission takes place through person-person 

spread via a faecal-oral route, which probably results in an endemic state being 

maintained in semi-closed communities. Contaminated shellfish, drinking water 

and cold foods have also been suggested to be vehicles of infection (Cubitt, 1988). 

1.3.2 Pathogenesis 

1.3.2.1 Norwalk-like viruses 

Pathogenesis has been studied in volunteer studies where proximal intestinal 

biopsies were taken (Agus, et al, 1973; Schreiber, 1974). As few as 10-100 

infectious particles are required to initiate infection, and replication is thought to 

occur in the mature enterocytes in the villus tips of the proximal small intestine 

(Agus et al, 1973). Light microscopy of the intestinal biopsies from symptomatic 

volunteers has identified the broadening and blunting of intestinal villi, crypt cell 

hyperplasia, cytoplasmic vacuolisation and infiltration of polymorphonuclear and 

mononuclear cells into the lamina propria. At the ultrastructural level mucosal 

epithelial cells showed dilation of rough and smooth endoplasmic reticulum with 

an increase in multivesiculate bodies. Clinical studies have also shown that the 

small intestinal brush border enzymatic activities, such as alkaline phosphatase, 

sucrase and trehalase, decreased and resulted in mild steatorrhea and carbohydrate 

malabsorption (Agus, 1973). Gastric secretion of HCl, pepsin and intrinsic factor 

was associated with these changes and gastric emptying was delayed (Meeroff, 

1980), which perhaps is responsible for vomiting. 

Due to the lack of an animal model to further elucidate NLV pathogenesis, the 

direct physiological effects on host cells remains poorly understood. However, a 

porcine enteric calicivirus (PEC) (Guo et a/., 1999) and three bovine caliciviruses 

(Jena virus (Liu et al., 1999) and Newbury agent 1 and 2 (Dastjerdi et al.,1999; 

2000)) that cause diarrhoea in pigs and cows respectively are genetically more 

closely related to NLVs than to animal caliciviruses. In addition bovine enteric 

caliciviruses also replicate in the enterocytes of the small intestine (Hall et 



a/., 1984). Considering these similarities, the bovine and porcine enteric 

caliciviruses could be a useful clinical model for studying the pathogenesis of 

enteric calicivirus infection because fresh, healthy bovine or pig small intestine 

tissue would be more readily available than undiseased human tissue. 

7. j . 2 2 Fiz-wfef 

In contrast with NLVs there have been no reports of ultra structural studies of 

SLVs in the gut. The identification of caliciviruses in the small intestinal lumen 

of a child dying from gastroenteritis (Flewitt and Davies, 1976) has been reported, 

although an aeteological role could not be determined as ultrastructural studies 

were not performed. In comparison with other viruses that cause gastroenteritis, it 

is suggested that SLVs replicate in the mucosal cells lining the villi of the small 

intestine (Hall et al, 1984). 

1.4 Epidemiology 

1.4.1 NLVs 

NLVs have been established as the major cause of diarrhoeal disease in humans 

(Kapikan, 1994). Infections with NLVs are mainly associated with outbreaks of 

gastroenteritis in young children and adults. The spread of the disease is thought 

to be through a faecal-oral route, as well as mechanical spread from hand to 

mouth, although NLVs have been detected in the vomit associated with acute 

infections and the formation of aerosols, suggests an alternative vehicle of 

transmission (Caul, 1994; Chadwick, 1994). Outbreaks occur in semi-closed 

communities, such as schools, hospitals, day care centres, cruise ships, hotels and 

holiday locations. These outbreaks have been attributed to contaminated water 

and food. Contaminated water supplies such as municipal water, drinking water 

and recreational swimming water have been implicated (Greenberg, 1979; 

Blacklow, 1991). 



A major cause of water and foodborne gastroenteritis is linked to the consumption 

of molluscan shellfish. Viruses do not replicate in food, but may contaminate 

food by two main routes. Firstly, bivalve molluscs (oysters, clams, cockles and 

muscles) concentrate NLVs by filtration from sewage contaminated waters, 

although there is no evidence that NLVs replicate in these shellfish. Although 

oyster and clam associated outbreaks are usually result of consuming raw 

shellfish, cases have been reported in which cooking or steaming did not 

inactivate infectious NLV in contaminated shellfish (McDonnel et al., 1997) 

Secondly, cold foods, such as salads, fresh fruit, bakery products, sandwiches and 

cooked meats may become contaminated by infected foodhandlers shedding the 

virus (Caul, 1994; Griffin, 1982). 

There is a lack of secondary spread by the respiratory route, but the many 

explosive outbreaks that are reported cannot be due solely to the faecal/oral route, 

and the NLVs that are detected in vomit and the consequent formation of aerosols 

suggests an alternative mode of spread (Caul, 1994; Chad wick, 1994). This 

together with low infection doses may explain the fast, explosive outbreaks 

observed in closed communities. 

1.4.2 SLVs 

SLVs were originally reported in 1976 by Madely and Cosgrove, who detected 

classic calicivirus particles in both symptomatic and asymptomatic subjects and 

have since been shown to be linked with outbreaks of vomiting and diarrhoea in 

young children. 

Caliciviruses account for 0.9% of the total identification of diarrhoeal viruses 

(Monroe et al., 1991) of which over 90% were identified in children aged less than 

5 years old. Excretion rates of 0.9-6.6% have been reported in children 

hospitalised with sporadic diarrhoea (Suzuki et al., 1979; Cubbitt & McSwiggan, 

1981). Nosocomial infection with SLVs has been implied (Spratt et al, 1978), 



although a high rate of infection noted in children in Toronto was often associated 

with immunocompromised children. 

Epidemics in Japan (Chiba et al, 1979), Australia (Grohmann et al, 1991), 

England (Cubbit &McSwiggan, 1979; Humphrey et al., 1984; Gray et al., 1987), 

Canada (Spratt et al., 1978) and Scandinavia (Kjeldsberg, 1977) have been noted 

not only among children, but in elderly patients in nursing homes where attack 

rates ranged from 50-70%. Outbreaks amongst the elderly are generally unusual. 

1.5 Antigenic Variation and Seroepideniiology 

1.5.1 NLVs 

Due to an inability to propagate NLVs in cell culture and a lack of suitable animal 

models there have been limited seroprevalence studies in past years. Researchers 

in the United States have, although, developed numerous serological assays using 

faecal extracts which contain Norwalk virus to ascertain the acquisition of the 

virus antibody in different populations (Kapikan et al., 1978; Greenberg et al., 

1979). Norwalk virus antibody prevalence was initially studied using RIA and 

immune adherence hemagglutination assay (lAHA) (Kapikan, 1978) and these 

assays have shown that Norwalk virus was responsible for many outbreaks in the 

1970s. 

It has been determined that antibodies are acquired gradually during childhood 

with 20% of children under 5 years being positive for Norwalk virus antibody. 

The prevalence of antibody rises to 45% in 18-35 year olds and to 55-60% in 45-

65 year olds (Kapikan et ah, 1978; Greenberg et al., 1979). In developing 

countries, antibodies are attained very early in life, for example, in Bangladesh 

100% of children had acquired the antibody by the age of 5 years whereas in the 

former Yugoslavia the seroprevalence rate was intermediate of that of the USA 

(Parker, 1994) and those of the less developed countries (Kapikan, 1994). 
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The expression of recombinant Norwalk virus capsids in insect cells was a major 

advance (Jiang et al, 1992) and has subsequently allowed further 

seroepidemiological studies to be carried out by ELlSAs. For example, infection 

with NV detected by ELISA using recombinant NV antigen was observed in 49% 

of 154 infants and young children in Finland over a period of 2 years (Green et 

aI.,l993;Lew et al., 1994). 

1.5.2 SLVs 

SLVs showing classical morphology have been grouped into 4 distinct antigenic 

types determined by JEM, and the method of RIA have shown that they share a 

common antigen (Cubitt et al., 1987). 

Immunity to SLVs is long lived (Greenberg, 1992) and it has been shown that 

there is a high incidence of antibodies in young children (> 80%) (Nakata, 1988). 

In Japan, antibodies acquired to caliciviruses increases between 6 months and 2 

years with a prevalence of 30%, which rises to 65% in 2-5 year olds and 90% in 

older children and adults (Sakuma, 1981; Nakata, 1985). Nakata also showed 

results similar to this in USA (Nakata, 1988). Serum specimens from children and 

adults living in Sapporo, Japan, showed that 59% were positive for calicivirus 

antibodies, and seroconversions and increases in calicivirus specific IgM 

antibodies have been demonstrated in patients by lEM (Chiba et al, 1980). 

Caliciviruses were not seen in 7 stool samples obtained by chance 2-10 days 

before a diarrheal outbreak in Japan in an orphanage, virus was consequently 

detected in 18 out of 19 faecal samples collected within 4 days of the outbreak. 

The age-related prevalence of antibodies to SLVs suggests that calicivirus 

infection begins later on in infancy and is accelerated in later childhood (Sakuma, 

1981). In infants maternally-acquired antibody affords some protection against 

infection and serum antibody levels correlate with resistance to reinfection 

(Nakata, er a/., 1985). 
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1.6 Laboratory Diagnosis 

1.6.1 Virus Isolation 

At present there is no cell culture system for NLVs and SLVs, and tests with a 

wide range of animals have also failed to identify a suitable model (Kapikan, 

1994). Although, the bovine caliciviruses, Jena virus and Newbury agent, have 

been shown to be similar to NLVs and also replicate in the enterocytes of the 

small intestine (Liu et ah, 1999; Dastjerdi et ah, 1999). This similarity in tissue 

tropism and genomic organisation suggests that the bovine caliciviruses could be 

used as a model system for investigating caliciviral infection. 

There has,however, been some success achieved with the transmission of Norwalk 

viruses in chimpanzees, in which serological responses and excretion of Norwalk 

antibody in stools has been described (Wyatt, et ah, 1978). Also, there has been a 

single report of infections by human caliciviruses in dolphin kidney cells and 

HEK cells in the presence of trypsin (Cubit & Barrett, 1984). 

1.6.2 Immunoassays 

The development of the radio-immunoassay (RIA), enzyme immunoassay (EIA) 

and immune adherence assay (IAHA) has greatly enhanced the understanding of 

NLV and SLV infections. These assays gave an indication of the aetiological role 

of Norwalk viruses in epidemic gastroenteritis in the 1970s (Kapikan, 1994). 

RIA antigen and antibody detection assays have been used to further characterise 

infection and illness in experimentally-induced human infection to perform 

seroprevalence studies in different populations and to investigate outbreaks of 

gastroenteritis. 

The preparation of hyperimmune antisera to Norwalk capsid has facilitated the 

development of an EIA for identifying naturally acquired or experimentally 
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induced Norwalk virus antigen (Jiang, 1992; Treanor, 1993; Pletneva et al., 1998). 

The utilisation of these assays to volunteer studies has provided new insights into 

Norwalk virus infection (Graham et al., 1994), and has shown that 

seroconversions are highest amongst volunteers who experienced vomiting. 

Monoclonal antibodies (MAbs) to recombinant NV capsid protein have been used 

in antigenic mapping of NLVs by western blotting and competition ELISAs, and 

have mapped to a single epitope that is common to group I NLVs. These studies 

may allow determination of an equivalent epitope in group 11 NLVs. MAbs to 

group I and group II epitopes could then allow the development of a broadly cross 

reactive ELISA to rapidly identify Group I and II NLVs in stool samples as a 

cause of outbreaks of gastroenteritis (Hale et al, 2000). 

A diagnostic EIA has been developed, based on Lordsdale NLV capsid, that is 

relevant not only to detecting circulating NLV strains in the UK, but also 

worldwide (Vipond et al., 2000). 

Comparison of results from RIA and EIA with electron microscopy (EM) methods 

have implied that these immunoassays are more sensitive for the identification of 

NLVs and SLVs, as they detect both particulate (virion) and soluble antigens. 

These assays are highly specific and reveal more subclinical infections, and longer 

periods of virus excretion and higher infection rates are recognised. 

1.6.3 Electron Microscopy 

Electron microscopy (EM) is the most common diagnostic method used in 

laboratories for the detection of NLVs and SLVs in stool samples. However, this 

method requires expensive equipment, making it not feasible for large 

epidemiological or clinical studies. 

NLVs are indistinguishable in EM when examined by a routine negative stain 

method, and virions are shown to possess an amorphous surface structure lacking 
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definition. Preparations of NLVs to be examined must be in the absence of 

antibodies, which can mask the surface structure, and lead to an incorrect 

identification (Caul and Appleton, 1982). On the other hand, SLVs are easily 

identified by EM by their characteristic morphology. 

1.6.4 Molecular Techniques 

The characterisation of the NLV genome has opened the prospect of applying 

molecular techniques to diagnosis such as the application of reverse transcription 

polymerase chain reaction (RT-PCR). RT-PCR to amplify the small amount 

nucleic acid found in stool samples, water and food sources has become the 

principal means used by many laboratories for the detection of NLVs and SLVs. 

This assay has the advantage of being both sensitive and broadly reactive 

compared to antigen detection EIA. The sensitivity and specificity of RT-PCR 

assays depend in large part on primer selection. The majority of primers have 

been designed to amplify the most conserved part of the genome, the RNA-

dependant RNA polymerase region. A first generation generic RT-PCR assay 

based on a single primer pair targeting conserved GLPSG and YGDD motifs 

within the RNA polymerase region has been developed (Vinje et al, 2000). This 

assay was shown to detect all genotypes of SLVs. 

A RT-PCR-oligonucleotide amplification and detection method has been 

developed by Schwab et al. (2001). This method involves replacing the reverse 

transcriptase and Taq polymerase with xTth polymerase, which is a heat stable 

enzyme that functions as both as a reverse transcriptase and a DNA polymerase. 

The RT-PGR amplicons are then detected by ELISA using virus-specific 

biotinylated oligoprobes. This DNA enzyme immunoassay (DEIA) permits rapid, 

potentially automated PGR product detection. More recently, a booster nested 

PGR using primers in the RNA dependant RNA polymerase region has been 

developed (Honma S et al., 2001). This method can detect and differentiate 

viruses in the genetic groups of Sapporo virus based on the size of the PGR 

products obtained. The booster nested PGR was introduced as it reduced the 
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chance of contamination as it is performed in a single tube and was more sensitive 

than conventional PGR. 

There are, although, disadvantages of PGR, such as the presence of PGR inhibitors 

in faecal samples can restrict the use of this method as a catch all system. In 

addition RT-PCR can be time consuming, expensive, and there is a risk of 

contamination from DNA present in the laboratory. 

1.7 Organisation of Genome Structure 

Galiciviruses contain an RNA genome of approximately 7.5kb, with a common 

feature of a non-structural gene in the 5' section of the genome and a structural 

capsid gene at the 3' end of the 5' non-structural gene. A small ORF that encodes 

a basic protein is found at the 3' end of the genome. 

There are two different arrangements of the calicivirus genome structure. NLVs 

and Vesiviruses have separate reading frames for the non-structural (ORFl) and 

capsid proteins (0RF2), whilst SLVs and Lagovirues have a non-structural gene 

that is fused to and continuous with the capsid gene (ORFl) (Fig. 1.1). 

Norwalk-like viruses, which have three distinct ORFs, can be divided into 2 

genetic groups (Ando et al., 1994; Gubitt et al., 1994; Green et al., 1994; Wang et 

ah, 1994). Three group I viruses have been sequenced, Norwalk virus ( Jiang, 

1993; Hardy, 1996), Southampton virus ( Lambden, 1993; 1995) and Ghiba Virus 

(Someya et al., 2000), and the sequences for Lordsdale virus (Dingle et al., 1995), 

Gamberwell virus (Seah et al, 1999) and Hawaii Virus (Pletneva et ah, 2001), 

which are group II viruses are available. The genome of group I viruses is slightly 

larger (7.7kb) than the group II viruses (7.5kb). The smaller size of group II 

NLVs is due to ORFl being smaller, and there is significant diversity in the 

nucleotide sequence of the 5' region of ORFl of the 2 groups. Southampton virus 

(group I) has a genome of 7708nt and ORFl begins at nt5 giving a translation 

product of 1788 amino acids. ORFl (non-structural proteins) overlaps 0RF2 
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Sapporo-like Virus (SLV) 

ORF 2 

ORF 1 - Non structural protein Capsid 

ORF: 

Lagovirus 

ORF 1 - Non structural protein Capsid 

ORF 2 

Norwalk-like Virus (NLV) 

ORF 1 - Non structural protein ORF 3 

ORF 2 - Capsid 

Vesivirus 

ORF 3 

ORF 2 - Capsid 

ORF 1 - Non structural protein 

Figure 1.1 Schematic diagram representing the genome organisations in the 
different genera of caliciviruses. Vesivirus and NLVs have 3 
potential ORTs, whereas in Lagovirus and SLVs the non 
structural ORF is continuous with the capsid region to give a 
single large polypeptide. 
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(capsid) by 17 nucleotides to give a +1 frameshift. A small 3'ORF which encodes 

a basic protein is in a different reading frame from the capsid, the first residue of 

0RF3 initiation codon overlaps the last base of the termination codon of 0RF2 to 

give a -1 frameshift. Thus, ORF3 returns to the same reading frame as ORFl. 

Lordsdale virus (groupll) is 7555nt long, and ORFl begins at nt5, but gives a 

shorter product than Southampton virus, of 1699 amino acids. The overlap 

between ORFl and 0RF2 I is slightly larger (20nt) than those in group I NLVs, 

but gives a similar +1 frameshift. As in group I, 0RF2 and 0RF3 overlap with a -

1 frameshift, to make 0RF3 in the same reading frame as ORFl. 

A complete sequence for a bovine enteric calicivirus (Jena virus) isolated in Jena, 

Germany has been determined and been classified with the group I NLVs (Liu et 

ah, 1999). Jena virus has a genome organisation similar to that of the NLVs, with 

three separate ORFs. The genome is 7338 nucleotides in length, with ORFl 

encoding a polyprotein of 1680 amino acids. 0RF2 encodes a capsid of 519 

amino acids, which is smaller than that of all other caliciviruses. 

The complete genome sequence of FCV (Vesivirus) have been determined for 4 

isolates ( Neill, 1990; Neill et al, 1991; Tohya et al, 1991; Carter et al, 1992; 

Oshikamo et al., 1994; Sosnovtev and Green, 1995). These 4 isolates are similar 

with only a variation in size of 9 nucleotides. There are 3 ORFS, with the first 

potential initiation codon for ORFl at nucleotide 20, encoding a polyprotein of 

1763 amino acids. The nucleotide sequence at the junction between ORFl 

termination codon and 0RF2 initiation codon is conserved. The initiation codon 

for 0RF2 is frameshifted -1 relative to ORFl, and 0RF3 is frameshifted -1 

relative to 0RF2, with 0RF2 termination codon overlapping start codon of 0RF3 

by 4 nucleotides. Therefore 0RF3 has a +1 frameshift relative to ORFl. 

There is no compete genome sequence for VESV, but there are partial sequences 

for 14 SMSV serotypes and one compete genome sequence for SMSV-1 (Neill et 

al., unpublished), and the genome organisation has been shown to be similar to 

FCV (Neill, 1992). Four nucleotides of ORF2/ORF3 junction are identical to 

17 



those in FCV, but there are 5 instead of 4 untranslated nucleotides between the 

stop codon of ORFl and the initiation codon of 0RF2. More recently a primate 

calicivirus (Pan-1) has been sequenced and been shown to be similar to SMSV 

(Rinehart-Kim et al, 1999). Pan-1 is 8304 nt long plus a poly-A tail and arranged 

into three ORFs, with ORFl thought to start at nt20. Pan-1 is longer than any of 

the other sequenced caliciviruses, and the extra sequences include a unique 424 

nucleotide sequence at the 5' end of ORFl, additional amino acids at the N 

terminus of the capsid, and a longer 3' UTR. 

There have been two Sapporo-like viruses completely sequenced, Manchester 

virus (Liu, 1995; 1997) and Bristol/98/UK virus (Robinson et al, unpublished) 

and 7 partially sequenced (Vinje et ah, 2000). Manchester virus is 743Int long, 

with ORFl starting at ntl3, and is smaller than the NLVs. The 3' end contains 84 

untranslated nucleotides followed by a polyadenylated tail. The small 3'ORF, 

which is frameshifted -1 relative to the capsid protein of ORFl, corresponds to 

0RF3 of the NLVs and Vesiviruses, but is smaller than that of NLV and larger 

than its animal virus counterpart. A feature of Manchester SLV that is not seen in 

any other calicivirus is a predicted 2'"' small ORF. This ORF is 484nt long and is 

in a different frame that overlaps with the N terminus of the capsid region. The 

initiation codon is 11 nucleotides downstream of the predicted start codon of the 

capsid. 

Lagoviruses have a genomic structure that is characteristic of SLVs. Sequence 

analysis of EBHSV determined a genome of 7442bp, and a similar organisation to 

RHDV (Wirblich, 1994; Le Gall, 1996). Four European isolates of RHDV have 

been sequenced, and share greater than 95% sequence identity. RHDV is 7437 

nucleotides long and the initiation codon for ORFl is at nucleotide 10. The start 

codon for 0RF2, which corresponds by size and location to 0RF3 of FCV, is at 

nucleotide 7025. In contrast to FCV, 0RF2 has a 17nt overlap with ORFl, but is 

frameshifted -1 relative to the capsid ORF. 
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In 1999 a porcine enteric calicivirus (PEC) was sequenced and the genome 

organisation was shown to be similar to the Lagoviruses and SLVs (Guo et al., 

1999). PEC has a genome of 7320 bp, excluding the 3' poly A tail. ORFl 

encodes a polyprotein of 2254 amino acids that is fused to and contiguous with the 

capsid protein. 0RF2 at the 3' end encodes a small basic protein of 164 amino 

acids. 

A Mink enteric calicivirus (MEC) (Guo et al, 2001) has been detected and 

sequence analysis based on nucleotide and predicted amino acid sequences 

indicated that MEC is closely related genetically to SLVs and may belong to an 

individual genogroup in the SLV genus. Furthermore, a non-enteric mink 

calicivirus (MCV), which is cultivable, was found to be most closely related 

genetically to Vesiviruses. 

Early work on SMSV and VESV suggested the presence of several different RNA 

molecules expressed in infected cells. These RNA molecules included a large 

single stranded genomic RNA and a smaller single stranded subgenomic RNA 

species (Ehresmarm and Schaffer, 1979). Herbert et al. (1996) identified 2 FCV 

RNA species of 7.6kb and 2.4kb. The 2.4kb RNA is subgenomic and encodes 

both 0RF2 and 0RF3 products. Two abundant RNA species of 7.5kb and 2.2kb 

for RHDV have been reported (Meyer et al., 1991). The 2.2kb subgenomic RNA 

is colinear with the genomic RNA for the complete distance between the 

subgenomic 5' end and the poly-A tails. In addition, the 5'terminal 16 nucleotides 

of the 2.2kb RNA were shown to be highly similar to the genomic terminal 5' 

sequence (Meyers et ah, 1991). In 1993, it was confirmed that the capsid is made 

from the subgenomic mRNA (Para et al., 1993). The related EBHSV produces 

similar RNAs in infected livers (Wirblich et al., 1994). 

The production of a sub-genomic RNA coding for the capsid and small 3'ORF is 

characteristic of animal caliciviruses, and is thought to provide a regulatory role 

for transcription and packaging of RNA into virions. In the case of RHDV, 

subgenomic RNA is packaged into mature virions (Meyers et al., 1991). The 5' 
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termini sequences of subgenomic RNA of FCV and RHDV are highly conserved 

in the 5' termini of genomic RNA ( Lambden and Clarke, 1995). The 5' terminal 

sequence of ORFl is repeated around the 5' terminal of 0RF2. It is not known if 

NLVs produce a subgenomic RNA, although the use of alternative methods for 

PGR amplification of the NLV genome terminal have identified similar conserved 

sequences in both groups I and II (Dingle, 1995; Lambden et al, 1995), 

suggesting that NLVs probably produce subgenomic RNA. 

1.8 Viral Proteins 

The genome organisation of caliciviruses is different from their closest relative the 

picornaviruses. In the picornaviruses a single long open reading frame (ORF) 

encodes the structural capsid protein as well as the non-structural proteins 

(Stanway, 1990). In addition, the structural capsid protein of picornaviruses are 

encoded at the 5' end of the genome, whilst in the caliciviruses they are encoded 

after the non-structural proteins. Although there is a difference in genome 

organisation, the ORFl region of caliciviruses have motifs that are typical of the 

picornaviral 2C NTPase, 3C cysteine protease and 3D RNA-dependent RNA 

polymerase (Fig. 1.2) 
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A) Caliciviral polyprotein structure 

N terminus 2C NTPase 3A 3B 3C j 3D polymerase Capsid 

5 ' Vpg protease 

ORF 1 - Noil Structural Proteins Structural protein 

B) Picornaviral polyprotein structure 

5 ' 

l A IB IC ID 2A 2B 2C NTPase 3A 3B| 3C |3D polymerase 

PI P2 P3 

Structural proteins Non-structural proteins 

Figure 1.2 The order of the structural and non-structural proteins of A) 
Calicivirus and B) Picornavirus are shown and the amino acid 
motifs analogous to the picornaviral 2C helicase, 3C protease and 
3D RNA polymerase are indicated. 

1.8.1 Non-structural proteins 

ORFl encodes the non-structural proteins, which are processed by a proteolytic 

cascade equivalent to that of the picornaviruses (Palmenberg, 1990). Computer 

analysis of ORFl has identified amino acid motifs typical of the picornaviral 2C 

NTPase, 3C protease and 3D RNA-dependant RNA polymerase. Sequence 

analysis of SLVs and other caliciviruses show only 30-40% amino acid identity in 

the NTPase, protease and polymerase regions. 
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The 2C protein of RHDV has been shown in vitro to have ATP binding and 

ATPase activities (Soledad Marin, et ah, 2000). Detailed sequence analysis of the 

carboxyl terminal region of RHDV 2C protein revealed the presence of two amino 

acid sequences GAPGIGKT and DE which correspond to the motifs A and B 

found in ATP binding (Soledad Marin, et ah, 2000) and mutation in these motifs 

impaired their ATP binding and ATPase activities. Southampton NLV 2C protein 

has been expressed in bacteria and the purified 2C exhibited NTP-binding and 

NTP hydrolysis activities and had no detectable helicase activity (Pfister and 

Wimmer, 2001). 

The 3C-like protease is predicted to belong to a group of trypsin-like serine 

proteases, which are encoded by members of the picornavirus family (Dougherty 

and Semler, 1993), where the active site serine is occupied by a cysteine residue. 

Amino acid motif GDCG is conserved in the 3C-like protease region of the 

calciviruses, with the cysteine residue within this motif being important for the 

catalytic activity of these proteases (Gorbalenya et al., 1989). Sequence analysis 

of the protease region of RHDV polyprotein has implied that the 3C-like protease 

was smaller than the picornaviral 3C protease, and closer in size to the 

picornaviral 2A protease (Wirblich, 1995). 

The 3D region of caliciviruses also contain several conserved amino acid motifs, 

including LKDEL, GLPSG and YGDD. The YGDD motif is highly conserved 

and found in all positive strand RNA viruses (Kamer and Argos, 1984), whilst the 

LKDEL motif is an endoplasmic reticulum membrane targetting sequence motif 

1.8.2 Capsid 

Caliciviruses posses a single major capsid protein of molecular mass of 58-76kD ( 

Greenberg et al., 1981; Terashima et al., 1983; Bachrach et al., 1973). In SLVs 

and Lagoviruses the capsid encoding region is in frame and contiguous with the 
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ORFl polyprotein, whereas in NLVs and Vesiviruses the capsid gene forms a 

separate ORF. 

Fretz and Schaffer (1979) demonstrated in FCV and SMSV, that the capsid 

protein is first synthesised as a precursor, and then cleaved by the viral protease to 

give a mature protein. Shin et al (1993) have shown that the capsid precursor is 

not processed autocatalytically into mature capsid, but is dependent upon the 

protease being expressed. Recently the cleavage site, recognised by the protease, 

in the capsid precursor has been identified to be an EG site at amino acid position 

125 (Sosnovtsev et al., 1998). RHDV expresses a major and minor capsid protein 

species (Para et al., 1993). The major structural protein is generated from the 

subgenomic RNA, and the minor capsid protein is a result of the translation of the 

genomic RNA and subsequent cleavage from the polymerase/capsid boundary. 

Computer analyses and alignments of capsid protein sequences can determine the 

phylogenetic relationship of caliciviruses. The capsid proteins of NLVs have 68% 

amino acid sequence identity within a genetic group and 40% between groups. 

SLVs with less then 80% identity in the capsid region represent antigenically 

distinct capsid types. Capsid proteins of Sapporo virus and Manchester SLV show 

99% amino acid identity, Parkville SLV shares only 80% amino acid identity over 

the capsid region (Noel et al., 1997), Loiidon/92 SLV only 45% (Jiang et al., 

1997) and Stockliolm/97 SLV shares 74% identity with Sapporo virus (Vinje et 

al., 2000). The capsid protein also contains a region that shows similarities with 

the structural protein VP3 of picornaviruses (Jiang et al, 1993). This region is 

identified by a tripeptide PPG motif and is conserved in all caliciviruses and most 

of the picornaviruses (Palmenberg, 1989). 

Capsid genes of caliciviruses have been expressed in insect cells, using 

baculovirus vectors and the expressed proteins undergo self assembly to produce 

virus like particles (VLPs). Norwalk virus (group INLV) was the first calicivirus 

capsid to be expressed as VLPs in insect cells using this recombinant baculovirus 

system (Jiang et al, 1992). The NV VLPS were indistinguishable from wild type 
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NV. Sequence analysis of the recombinant protein showed it to be identical to a 

fragment of NV capsid produced by trypsin cleavage at amino acid residue 227 

(Hardy et al, 1995). VLPs have now also been expressed for two NLV group II 

viruses, Lordsdale virus(Dingle et al., 1995) and Mexico virus (Jiang et al., 1995) 

and two group I NLVs, Southampton virus (Dingle et al., 1995) and Seto virus 

(Kobayashi et al., 2000). RHDV capsid protein has also been expressed in insect 

cells where the protein spontaneously assembled to form VLPs, which were 

physically and immunologically indistinguishable from the wild type (Sibilia et 

al, 1995; Nagesha et al, 1995; Laurent et al., 1994). 

Recently, Porcine Enteric Calicivirus (PEC) capsid protein was expressed in 

baculovirus and recombinant capsid proteins assembled into VLPs (Guo et al., 

2001). The PEC VLPs had the same molecular mass as the native virus capsid, 

and were morphologically and antigenically similar to the native virus. The PEC 

VLPs reacted with pig hyperimmune and convalescent hyperimmune sera to PEC 

in ELISA and the VLPs induced an immune response in guinea pigs suggesting 

that the VLPs could be used for future candidate PEC vaccines. 

Since no permissive cell lines for the growth of human caliciviruses has been 

established, the virus like particles (VLPs) are useful for the study of virus-cell 

interactions. Studies have shown that radiolabelled recombinant VLPs of 

Norwalk-like virus can bind to a saturable number of binding molecules on the 

cell surface of 13 cell lines (White et al., 1996) These included human intestine 

(differentiated and undifferentiated Caco-2) and insect (Spodoptera frugiperda 9) 

ovary cell lines. Differentiated Caco-2 cells bound significantly more rNV VLPs 

than any other cell lines and the binding site was localised to the C terminal region 

of the capsid. 

More recent studies involving recombinant VLPs of Ueno virus (rUEV) (Tamura 

et al., 2000) a genogroup II NV, were used to characterise the binding properties 

between the VLPs and mammalian cells. Virus overlay protein-binding assays 

showed that the binding of rUEVs to Caco-2 cells was mediated by a 105kDa 
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single molecule. It was illustrated that this lOSkDa protein was capable of 

binding to at least two other VLPs derived from Seto virus (SEV) and Funabashi 

virus (FUV) which are serologically different NVs from UEV. The lOSkDa 

protein was also detected in 6 mammalian cells using rUEV as a probe (Tamura et 

oA,2000) 

The capsid protein of NLV isolates has also been expressed in an E.coli system, 

where the expressed recombinant NLV capsid proteins were fused with maltose 

binding protein and thioredoxin (Yoda et al, 2000). Rabbit IgG hyperimmune 

sera raised against these recombinant proteins detected both group I and II rNLV 

capsids. Serum samples obtained NLV infected patients detected these E.coli 

expressed rNLV capsids, and purified NLVs from patients stool samples could be 

detected with the anti-rNLV IgG. The results from this study suggest that the anti-

rNLV sera could be used for the immunological detection of NLV antigens. 

The capsid structure has been determined from the recombinant NV capsid 

particles, by cryoelectron microscopy and X-ray crystallography (Prasad, 1999). 

The capsid was shown to have a shell domain (S), consisting of the N terminal 

225 amino acids of the 530 amino acid capsid protein, and a protruding domain 

(P). The central region of the sequence forms a topmost domain (P2) of arch-like 

structures, and the C terminus forms a domain (PI), which connects the shell and 

P2 domains, comprising the body of the arch. 

1.8.3 3 ORF protein 

The 3'ORF encodes a small basic protein, the function of which has not been 

determined, although the conservation of this ORF in all caliciviruses suggests 

that it does have an important function. It has been suggested that this protein 

could have a role in particle assembly or in encapsidation of genomic RNA 

(Wirblich et ah, 1996) which implies that the 0RF3 protein is virion-associated. 

Expression of the 3 'ORF protein in infected cells has been described for FCV and 

RHDV (Herbert, 1996; Konig, 1998). Results with FCV suggested that 0RF3 
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was translated from subgenomic mRNA containing both 0RF2 and 0RF3 

(Herbert et al., 1996) and Sosnovtsev and Green (2000) demonstrated the presence 

of 0RF3 in the virions of FCV. RHDV 3 'ORF protein was detected in infected 

rabbit hepatocytes and observed after in vitro translation, although the mechanism 

responsible for expression of this protein has not yet been elucidated (Konig et al., 

1998). 

There is sequence variation between and within the genetic groups. The predicted 

translation product is different between the 2 groups of the NLVs, with LV 

encoding a 269 amino acid 3'ORF protein and NV translating a protein of 212 

amino acids. However they are larger than the animal caliciviral 3' ORF proteins, 

where the FCV protein is 106 amino acids and is expressed from the subgenomic 

RNA (Herbert, 1996). 

1.8.4 Genome Linked Protein (VPg) 

VPg is a viral protein that is covalently attached to the 5' end of the genome of 

many positive sense, single stranded RNA viruses, including picornaviruses, 

animal caliciviruses and many plant RNA viruses (Wimmer, 1982). 

It has been demonstrated that the genomic and subgenomic RNAs of VESV and 

SMSV are covalently linked to proteins of lOkDa and 15kDa respectively (Black 

et al., 1978; Burroughs, 1978; Schaffer et ah, 1980) and in 1991, Meyers et al., 

identified a 15kDa VPg for the genomic and subgenomic RNAs of RHDV. A 

small protein of 15kDa was shown to be attached to the 5' end of both the 

genomic and subgenomic RNAs of FCV (Herbert et al., 1997)and in the virions of 

FCV (Sosnovsev and Green, 2000). Presence of a VPg-like protein encoded by 

ORFl in NLVs and SLVs strongly suggested by analogy with the animal 

caliciviruses. 

The viral genome linked protein (Vpg) from RHDV has been expressed in E.coli 

and the purified recombinant protein was demonstrated to be uridylated in vitro. 
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The use of deletion and point mutations allowed the identification of Tryosine-21 

as the residue involved in the uridylation and in the linkage between Vpg and the 

viral genome (Machin et al, 2001). 

It is thought that the calicivirus VPg may play a role in virus replication and 

transcription. In VESV the VPg has been suggested to be essential for infectivity 

(Burroughs, 1978) and in a primate calicivirus (Pan-1), the removal of VPg 

resulted in loss of infectivity (Dunham et ah, 1998). Removal of FCV VPg by 

proteolytic treatment reduced translation of the RNA dramatically, although the 

fidelity of translation was unaffected (Herbert et al., 1997), suggesting that intact 

VPg is required for efficient translation. Observations by Sosnovtev and Green 

(1995) that VPg is not required for the infectivity of a synthetic transcript derived 

from a full length FCV cDNA clone, but that the RNA did need to be capped for 

infectivity, suggests that the VPg is a cap analogue. The capped FCV RNA was 

infectious, whereas uncapped FCV RNA was not. 

In eukaryotic cells, a 5' end RNA cap structure is important in the stabilisation of 

cellular mRNAs and functions in the interaction of mRNA with the ribosome for 

the initiation of translation. It is, therefore, possible that VPg may serve similar 

functions of the cap structure during replication. 

1.9 Polyprotein Processing 

The non-structural proteins of the caliciviruses are encoded by a large ORF 

(ORFl) from which the mature functional proteins are derived by the proteolytic 

cleavage of the polyprotein in a similar mechanism observed in picornaviruses 

(Palmenberg, 1990). Functional picornaviral proteins are derived by progressive 

co-and post-translational cleavage of the polyprotein by virus encoded proteinases 

(Palmenberg, 1990) 

All Picornaviruses use the activity of the viral polypeptide 3C, a cysteine protease, 

which is encoded in the 3'section of the genome and is mainly responsible for the 
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post translational cleavage events. Reactions of the 3C protease occur only at 

certain sites within the polyprotein, with Q-G, Q-S and E-S amino acid pairs being 

the most common cleavage sites (Palmenberg, 1990). 

In 1991 Meyers et al, showed that a region located immediately upstream of the 

putative RNA polymerase of RHDV ORFl had a limited degree of similarity to 

the known proteases of other positive strand RNA viruses. To demonstrate that a 

functional protease is encoded in that region, Boniotti et al. (1994) identified a 

protease from rabbit haemorrhagic virus (RHDV) by expression studies performed 

in vitro and in E.coli, and it was shown that the protease cuts the polyprotein 

substrates in cis and in trans. The RHDV protease was shown to resemble the 3C 

protease of picornaviruses with respect to the amino acids involved in the catalytic 

activity as well as to the role played by histidine as part of the substrate binding 

pocket. 

The polyprotein processing of RHDV by the 3C protease has been studied in great 

detail ( Boniotti et al, 1994; Wirblich et al, 1995; Wirblich et al, 1996; Alonso 

et al, 1996; Joubert et al., 2000; Meyers et al., 2000). Expression studies 

conducted in E.coli and in vitro transcription and translation have led to the 

production of a comprehensive genetic map of RHDV (Wirblich et al, 

1995; 1996). In ORFl seven cleavage sites were identified which defined 

boundaries of eight putative final cleavage products. Of these eight products, only 

four were seen in vitro as single products and represented the N- terminus, 

NTPase and capsid proteins. The remaining proteins, representing the 3A protein, 

Vpg, 3C protease and 3D polymerase, were only identified as parts of larger 

proteins (Wirblich et al, 1996). The analysis of proteins present in infected cells 

has been made possible by the in vivo propagation of RHDV in primary rabbit 

hepatocytes (Konig et al., 1998). Proteins representing the 3C-like protease, VPg 

and 3A were observed as completely cleaved products in vivo. Meyers et al., 2000 

have established a transient expression system for cDNA constructs of the RHDV 

genome to enable studies on RHDV for protein expression. The proteins observed 

were mostly identical to those found previously in infected hepatocytes, however. 
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p26, p65 and pl4 identified in infected hepatocytes were not detected in this 

transient system. Three cleavage site specificities of the RHDV protease have 

been characterised to be at EG dipeptide bonds (Boniotti et al., 1994; Wirblich et 

al., 1995; Alonso et al., 1996). Recently these EG sites were confirmed as 

cleavage sites and, in addition, a new EG cleavage site was identified (Joubert et 

ah, 2000). The remaining 3 cleavage sites were identified to be EG, ED and QE 

(Meyers et al., 2000) 

The processing of the non-structural polyprotein has also been studied in FCV 

(Sosnovtseva et al., 1999). Site directed mutagenesis of the cysteine residue in the 

putative active site of the protease abolished cleavage of the non-structural 

polyprotein. Protease cleavage sites at EA, ES, ET and EG dipeptides were 

identified, with cleavage at ES and ET dipeptides producing the protease 

(Sosnovtseva et al., 1999). It has also been demonstrated that the FCV protease is 

responsible for processing the capsid precursor into mature capsid at an EA 

cleavage site (Sosnovtsev et ah, 1998) 

In Southampton virus (SV), a group I NLV, three major translation products were 

identified, by a coupled transcription-translation system, of 113, 48 and 41kDa 

(Liu et al, 1996). The combined molecular mass of these three translation 

products was estimated to be 202kDa, which is close to the suggested size of a 

polyprotein initiated at the first AUG codon at nt 5. Immune analysis, using anti 

sera to N- and C- terminal regions, coupled with in vitro transcription/translation 

showed that the 113kDa protein represented a precursor of the viral RNA 

polymerase. The 48kDa protein reacted with the N- terminal anti-sera, suggesting 

that SV was initiated at the three tandem in-frame AUG codons at the 5' end of 

the genome. Deletion of the putative active site of the viral 3C-like protease 

resulted in the production of a protein of approximately 200kDa which reacted 

with both N- and C- terminal anti-sera. Expression of regions of the SV genome 

including the protease in E.coli enabled proteolytic cleavage sites to be identified 

(Liu et al., 1999). Cleavage was shown to occur at an EG dipeptide at the N 
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terminus of Vpg and at the protease/polymerase boundary. The N terminus of the 

protease was released from the Vpg C terminus at an EA dipeptide. 

The 3C-like protease of Chiba Virus (NLV groupl) has been expressed in E.coli 

and has demonstrated to be enzymatically active and capable of cleaving the 

specific site recognised by human rhino virus 3C protease, as well as cleaving at 

predicted proteolytic sites between Vpg/protease and protease/RNA polymerase 

(Someya et at, 2000). These cleavages did not occur when a cysteine mutation 

was made into the GDCG motif, confirming the importance of the Cys residue as 

a functional element. 

Recently, the polyprotein processing in mammalian cells of Camberwell virus 

(NLV group II) ORFl polypeptide have been investigated ( Seali et al, 1999). 

The use of anti-sera against the NTPase, protease and polymerase regions 

identified eight polypeptides ranging in size from 19 to 117kDa when analysed by 

radioimmunoprecipation. It was also shown that cleavage at E-A and E-G sites 

produces a 3C-like protease. Site directed mutagenesis of the GDCG motif 

resulted in a single product of 190kDa corresponding to the size of the complete 

ORFl polyprotein, showing that the viral 3C-like protease was responsible for the 

processing of the polyprotein. 

In vitro transcription and translation studies involving Manchester SLV in a rabbit 

reticulocyte lysate system suggested that the polyprotein is initiated at the first in 

frame AUG. Site directed mutagenesis of the GDCG motif contained within the 

putative 3C-like protease resulted in the loss of proteolytic cleavage producing a 

single 250kDa protein (Robinson, PhD Thesis, 1999). This suggests that 

Manchester SLV polyprotein is cleaved using a single protease with an active site 

cysteine, as observed for RHDV, FCV and Southampton NLV. 
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1.10 Aims of Project 

NLVs and SLVs are important causes of viral gastroenteritis. There are no 

reliable animal models or cell culture systems that support human calicivirus 

replication, therefore expression of virus proteins using recombinant DNA 

technology is currently the only way forward in studying their replication and 

translation. Furthermore, the precise translation initiation start site has not been 

defined for the calicivirus ORFl polyprotein. 

The aims of this project are outlined below: 

• To express proteins corresponding to the N terminal region of the calicivirus 

polyprotein in E.coli to enable production of polyclonal antisera. 

• To investigate the initiation of translation of caliciviruses using the N terminal 

region antisera. 

• To construct an authentic genomic clone of Lordsdale NLV to investigate 

polyprotein processing. 

® To investigate translation of Manchester SLV in a cell culture system 

• To investigate polyprotein processing and trans activity of the 3C-like protease 

in different genera of caliciviruses. 
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Chapter 2 

Materials and Methods 

2.1 Chemicals and Solutions 

2,1.1 Water 

General purpose solutions were prepared using deionised water (dHjO) produced by 

reverse osmosis using the Elga water purification system. Solutions for nucleic acid 

manipulations were prepared using Ultra High Quality water (UHQ HjO), where 

dHjO is further purified by reverse osmosis to a resistance of 18 mega-Ohms and 

autoclaved at 15 psi for 15 minutes. 

2.1.2 Chemicals and Enzymes 

Chemicals were purchased as Merck grade Anala R®, or equivalent unless otherwise 

stated. Bacterial culture medium was purchased from Difco laboratories, Detroit, 

USA. DNA modifying enzymes including restriction endonucleases were purchased 

from Life technologies; Middlesex (Gibco BRL); Boehringer corporation, London; 

Promega, Southampton and New England Biolabs inc, Beverly, USA. 

All chemicals and enzymes were stored and handled as recommended by the 

manufacturer. 

2.1.3 Sterilisation 

Bacterial growth media and solutions were sterilised by autoclaving at 15 psi for 15 

minutes. Antibiotics, vitamins and other heat sensitive solutions were sterilised by 

filtration using a 0.22|j,m Millipore filter. 
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2.1.4 Plastics and Glassware 

Disposable polypropylene 1.5ml tubes and tips were purchased from Sarstedt 

(Leicester, UK) and autoclaved at 18 psi for 30 minutes to reduce the possibility of 

contamination by nucleases. Glassware was sterilised by heating to 160°C for at least 

one hour. Sterile plastics such as universals, bijoux and petri dishes were purchased 

from Bibby Sterilin (Staffordshire, England). 

2.2 Bacterial Growth Media and Solutions 

2.2.1 Luria-Bertani (LB) Medium 

Bacto-tryptone (lOg/1) ) dissolved in dH20, pH adjusted to 7.5 with 5M 

Bacto-yeast extract (5g/l) ) NaOH, autoclaved and stored at 4°C. 

NaCl (lOg/1) ) 

2.2.2 LB Agar 

LB agar plates were used for the growth and maintenance of E. coli strains (table 2.1). 

1.5% (w/v) Bacto-agar (Difco) was added to LB media (2.2.1), autoclaved, cooled to 

50°C and poured into sterile plastic Petri-dishes (90mm diameter). The agar plates 

were allowed to set at room temperature and the agar surface was air-dried in an 

incubator (45-50°C). Unused plates were stored inverted at 4°C for a maximum of 

two weeks and air-dried before use. 

2.2.3 LB Soft Agar Overlays 

3ml 0.65% soft LB agar was used as an overlay medium for the growth and assay of 

bacteriophage M13mpl8/T7. 



2.2.4 LB-Glycerol 

LB-glycerol was used for the long term storage, at -70°C, of bacterial suspensions. 

LB media (2.2.1) was prepared containing 10% (w/v) glycerol and sterilised by 

autoclaving in 10ml aliquots. The medium was stored at room temperature 

indefinitely. 

2.2.5 Antibiotics 

Ampicillin (Sodium salt, Sigma), was dissolved in UHQ HjO to 50mg/ml and 

kanamycin (Sulfate salt, Sigma) was dissolved in UHQ HjO to lOmg/ml, and 

sterilised by filtration through a 0.2-micron filter (Gelman sciences, Northampton), 

aliquoted and stored at -20°C. 

2.2.6 LB agar and Medium with antibiotics 

LB-Amp medium was used to maintain the growth of ampicillin-resistant E.coli. 

Ampicillin (2.2.5) was added either to LB medium (2.2.1) or to molten LB agar 

(2.2.2), at final concentrations of 50|_ig/ml immediately prior to use. All agar plates 

were poured, dried and stored as described previously (2.2.2). 

2.2.7 2YT Medium 

2YT medium was used for the growth of E.coli JM109 infected with M13mpl8/T7 

helper phage. The medium contained : 

Bacto-tryptone (16g/l) ) pH adjusted to 7.5, autoclaved and stored 

Bacto-yeast extract (lOg/1) ) in 50ml aliquots. 

NaCl (5g/I) ) 
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2.2.8 Minimal E agar 

The minimal E salt solution described by Vogel and Bonner (1956) was prepared as a 

50x stock containing MgSO^.VHzO (lOg/1), citric acid (lOOg/1), K2HPO4 (500g/l) and 

NH^NaHPO^ (175g/l) dissolved in dH^O. Aliquots (20ml) were sterilised by 

autoclaving and stored at room temperature. Bacto-agar [1.5% w/v)] and 0.2% (w/v) 

glucose were added to dHjO, autoclaved and allowed to cool to 50°C. Sterile minimal 

E salts were added to the cooled glucose-agar to produce a 1 x final concentration. 

2.3 Bacteria, Bacteriophage, and plasmids 

The strains of E.coli and the plasmid vectors used in this work are listed in tables 2.1 

and 2.2. 

2,3,1 Growth and storage of E.coli 

Most strains, except E.coli JMlOl and JM109, were kept as working stocks on LB 

agar at 4°C. Working stocks of E.coli JMlOl and JM109 were kept on minimal E 

agar plates supplemented with Ipg/ml thiamine hydrochloride. E.coli strains carrying 

plasmid encoded resistance were maintained at 4°C on LB agar plates containing the 

required antibiotic. 

Liquid cultures of E.coli were grown in LB broth (2.2.1) for 16 hours at 37°C at 

180rpm on a shaker. For long term storage, a suspension of each strain was stored at -

70°C in LB medium containing 10% glycerol. 

Various methods required a static overnight starter culture of the appropriate E.coli 

strain. The starter culture was prepared by inoculating 10ml of LB broth with the 

appropriate E.coli strain and incubation at 37°C overnight. 
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2.3.2 Preparation of competent E.coli 

The transformation efficiency of E.coli is dependent on the maintenance of all 

reagents and materials at 0°C. A 10ml static LB broth pre-culture of the recipient 

E.coli strain was grown overnight at 37°C. A 1ml aliquot of the starter culture was 

used to inoculate 25ml of LB broth and incubated on a shaker at ISOrpm at 37°C until 

the A550 value reached 0.4-0.5 (approximately 2 hours). The culture was then placed 

on ice for 20 minutes and all subsequent procedures performed at 4°C. 

Cells were pelleted by centrifugation at 2,000xg for 10 minutes and the supernatant 

discarded. The bacterial pellet was resuspended in lOmls of ice-cold sterile 

O.lMMgClj and centrifuged as above. The supernatant was discarded and the 

bacterial pellet resuspended in 1ml of ice-cold sterile O.IM CaClj. The E.coli were 

kept on ice for a minimum of 1 hour before use as competent cells. 

2.3.3 Transformation of competent cells 

Competent E.coli were distributed into lOOpl aliquots in ice-cold eppendorf tubes for 

each transformation. Ice-cold DNA was added to each tube of competent cells and left 

on ice for 30 minutes with occasional shaking. The E.coli cells were heat shocked at 

42°C for 2 minutes to enable the uptake of the DNA. Cells were allowed to recover on 

ice for a further 30 minutes prior to spreading on LB agar plates, containing the 

appropriate selective antibiotic (2.2.7) and incubated overnight at 37°C. 
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2.4 Isolation and Purification of Nucleic acids 

2.4.1 Materials 

TE buffer (lOmM Tris-HCl pH 7.5, ImM EDTA) was prepared as 50ml or 10ml 

aliquots in UHQ HjO, autoclaved and stored at room temperature indefinitely. 

24.7.2 

The STET (Sucrose, Triton, EDTA, Tris) method (Holmes and Quigley, 1981) is a 

rapid technique used for screening large numbers of E.coli transformants. STET 

buffer (100ml) contains 8% (w/v) sucrose, 5% (w/v) Triton X-100, 50mM EDTA, 

50mM Tris-HCl pH 8.0. 

2.4.2 Ethanol Precipitation of DNA and RNA 

Sodium acetate was added to aqueous DNA or RNA solutions to a final concentration 

of 0.3M by the addition of 0.1 volumes of a 3M stock (adjusted to pH 5.0 with glacial 

acetic acid). Two volumes of absolute ethanol (at -20°C) were added and the DNA or 

RNA precipitated at -20°C for between 20 minutes and 16 hours. The precipitated 

nucleic acid was pelleted by centrifugation for 20 minutes and washed with 80% 

ethanol to remove excess salts. The DNA pellet was vacuum dried for 2-3 minutes 

and resuspended in the required volume of sterile UHQ HjO. 
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Table 2.1 Escherichia coli strains 

Strain Relevant Genotype Reference 

JMlOl supE, thi, A(/flC-/7roAB), [ F', traD36, proA^,^ 

lacY^ lacZAMlS] 

Yanisch-Perron 

efaZ., (1985) 

DH5a (|)80 /acZAM15, recAl, gWAl, gy/'A96, fM-1, 

hsdKll (%", SupEAA, re/Al, deoK, A 

{lacZYA-argV)\]\69 

Hanahan, (1983) 

TOP 10 mcrA A(7M7T-Af(̂ RMS-7McrBC), (|)80 lac AMIS, A 

lacXlA, deoK, recAl flraD139 A(ara leu)7697, 

ga/U, ga/K, X-rpsL, end Al, nupG 

Grant et ah, 

(1990) 

JM109 gWAl, recAl, gyrA96, fAz, /w(3<.17(rk-,mk )̂, rg/Al, 

supE44, A(lac-proAB) 

Yanisch-Perron 

et al., (1985) 
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Table 2.2 Plasmid and Bacteriophage vectors 

Plasmid Relevant features Reference 

M13mpl8/ 

T7 

Helper phage that carries the T7 RNA 

Polymerase gene driven by E.coli lac promoter 

induced by IPTG 

Invitrogen 

pRSET ABC Specialised cloning vectors 

T7 polymerase promoter, Ampicillin resistance 

Six histadine metal binding domain 

Invitrogen 

pSP64 Specialised cloning vector 

SP6 RNA polymerase promoter 

Ampicillin resistance 

Promega 

pSP73 Specialised cloning vector 

T7 and SP6 RNA polymerase promoters 

Ampicillin resistance 

Promega 
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2.4.3 Isolation of Plasmid DNA 

Large scale purification of plasmid DNA was accomplished using a Midiprep kit 

(Qiagen). Bacteria from 25mls of an overnight culture in LB (2.2.1) containing 

ampicillin were pelleted by centrifugation (2,000xg) for 20 minutes. The bacterial 

pellet was resuspended in 4mls of supplied buffer PI which contained supplied RNase 

A. Following lysis and neutralisation (4mls buffer P2, 5 minutes, and 4mls pre-chilled 

buffer P3) cellular debris and chromosomal DNA were removed by centrifugation 

(2,000xg) for 30 minutes at 4°C. The supernatant was centrifuged for a further 15 

minutes to ensure the removal of all particulate matter from the supernatant. 

A QIAGEN-tip 100 (supplied) was equilibrated by addition of 4mls of the supplied 

QBT buffer and emptying by gravity flow. The bacterial supernatant was then applied 

to the QIAGEN-tip and allowed to enter the resin by gravity flow. The resin was 

washed with 2 x 1 Omls buffer QC (supplied), and the DNA eluted with 5mis of buffer 

QF (supplied). The DNA was precipitated with 0.7 volumes of room temperature 

isopropanol and centrifuged (2,000xg) for 30 minutes at 4°C. The supernatant was 

removed and the pellet washed with 2mls of 70% ethanol and centrifuged (2,000xg) 

for 10 minutes. The supernatant was removed and the pellet vacuum-dried for 5 

minutes before resuspending in lOOpl UHQ HgO. DNA concentration was determined 

by agarose gel electrophoresis (2.5.2). 

2.4.3.2 Qiagen Spin Minipreps 

Small scale purification of plasmid DNA was achieved using a spin miniprep kit 

(Qiagen). 4.5mls of bacteria from an overnight culture were pelleted by centrifugation 

(microfuge, 5 minutes) and the cell pellet resuspended in 250p.l supplied cell 

resuspension solution (PI buffer). Following lysis and neutralisation, (250p.l cell lysis 

solution (P2) then 350pl neutralisation solution (N3)) cellular debris and 

chromosomal DNA were removed by centrifugation (10 minutes). The supernatant 
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was applied to the minicolumn and bound by centrifugation (microfuge 1 minute). 

The column was washed by addition of 750pj buffer PE and centrifugation (1 

minute). Remaining wash buffer was removed by a further 1 minute microfuge. The 

purified DNA was eluted in 50pl buffer KB (stand room temperature 1 minute, 

microfuge 1 minute). 

2.4.3.3 Rapid Purification of Plasmid DNA by STET (Holmes and Quigley, 1981) 

An inoculating loop of E.coli from a plate culture of a single transformant was 

resuspended in lOOpl STET buffer (2.4.1.2). 8|il lysozyme solution (lOmg/ml in UHQ 

HjO) was added to each sample and incubated at room temperature for 5 minutes. Cell 

lysis was achieved by boiling the samples for 40 seconds. Cell debris were removed 

by centrifugation for 10 minutes and the supernatant, containing the plasmid DNA, 

recovered and precipitated with an equal volume of isopropanol at -20°C for 1 hour. 

Precipitated DNA was recovered (microfuge, 15 minutes), washed with 80% (v/v) 

ethanol, dried under vacuum for 2-3 minutes and resuspended in 15|il UHQ H2O. 5p.! 

of each sample was sufficent for agarose gel electrophoresis (2.5.2) or for restriction 

endonuclease digestion (2.6.1.1). 

2.5 Analysis of Nucleic acids 

2.5.1 Materials 

2 J. 7.7 

A 50x TAB stock (2M Tris, O.IM EDTA) was prepared in dH20 and the pH adjusted 

to 8.0 with glacial acetic acid. Particulate matter was removed by filtering the solution 

through a glass sinter (No. 4). A Ix working dilution was used as the electrophoresis 

buffer for horizontal submerged agarose gels. 
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2 J J. 2 

Gel loading buffer was used for DNA samples analysed by horizontal submerged 

agarose gel electrophoresis. The buffer contained two dyes, bromophenol blue and 

xylene cyanol, that acted as markers to monitor the rate of migration of the DNA 

through the gel. A 10% stock of the buffer prepared in 20ml 1 x TAB which comprised 

of ficoll molecular weight 400,000 Sigma (5g), Bromophenol blue (50mg) and Xylene 

cyanol (50mg). The complete gel loading buffer was heated to 70°C to ease 

sterilisation by filtration, and was diluted by addition to a DNA sample to give a final 

1X concentration. 

2.5.2 Agarose Gel Electrophoresis of DNA 

Agarose gel electrophoresis was used for the separation, quantitation and 

characterisation of DNA fragments, as well as to enable the purification of specific 

DNA fragments. The concentration of agarose used to prepare gels for the horizontal 

submerged electrophoresis was determined by the size of the DNA to be resolved. 

High strength ultrapure analytical grade agarose (Biorad) was suitable for most 

purposes, but Nusieve agarose (FMC Bioproducts, Flowgen) was used to resolve 

fragments smaller than 200 bases (table 2.3). 
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Table 2.3 Agarose gel concentrations 

Agarose Range of DNA Resolved Agarose 

upper range lower range 

0.7% 10 kb 1 kb 

0.9% 7kb 500 bp 

1.5% 6kb 400bp 

2.0% 4kb 200 bp 

3-4% nusieve 3kb lOObp 

Agarose gels were cast in perspex trays (Bio-Rad) of various sizes. The ends were 

sealed with tape and the tray was placed on a level surface. A comb was used to form 

the sample wells and was placed in the tray base approximately 1cm from the top of 

the gel and 2mm above the tray. Agarose was melted in Ix TAE by heating to 100°C 

in a microwave oven. The sizes of gels used, and the volumes of melted agarose 

required were: 

6.5cmxl0cm - 40ml, 

IScmxlOcm- 100ml, 

15cmx20cm - 150ml. 

The melted agarose/buffer was cooled to ~50°C, poured into the gel tray and allowed 

to set for at least 1 hour before use. Once set, the autoclave tape and comb were 

removed and the gel was submerged in 1 x TAE buffer. Samples containing 1 x gel 

loading buffer were loaded into the wells under the Ix TAB buffer. An aliquot (Ipl) 

of a 1Kb plus DNA ladder (Gibco BRL) was used as a marker for both the size and 

quantity of the analysed DNA. Samples underwent electrophoresis through the gels at 

90-100V. 

Once the bromophenol blue dye front had migrated to 1cm from the end of the gel, the 

gel was removed and stained in l^g/ml ethidium bromide for 30 minutes. The DNA 

was visualised on a UV transilluminator at 302nm (Ultra violet products Inc.). A 

photographic image of the gel was obtained using Polaroid 667 film. 
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2.6 Manipulation of Nucleic Acids 

2.6.1 DNA Cutting and Modification 

2.6.1.1 Restriction Enzyme Digests 

Enzymes and buffers (10% concentrates) were stored at -20°C. Digests contained 1-

2\xg of DNA and 5-10 units of enzyme per pg DNA in a total reaction volume of 

10-50|LI1. Reactions were incubated at 37°C (unless otherwise indicated by the 

manufacturer) for 2 hours. Care was taken to ensure that the final glycerol 

concentration of the reaction did not exceed 5% (v/v), to prevent the reduction of 

specificity of the enzyme (star activity). 

2.6.1.2 Dephosphorylation of DNA 

Linearised vector DNA was dephosphorylated prior to cloning. Calf intestinal alkaline 

phosphatase (CIAP; Promega) was added to the digested DNA (lU CIAP/|ig DNA) 

and incubated at 37°C for 15 minutes, followed by 15 minutes at 55°C and 5 minutes 

at 72°C. The 55°C incubation step caused the ends of the DNA duplex to separate 

slightly allowing the enzyme access to the 5' terminal phosphate groups and the 72°C 

incubation step inactivated the enzyme. Purification with Qiagen PCR preps (2.7.3.1) 

was performed prior to cloning. 

2.6.1.3 Preparation of blunt-ended DNA 

Treatment with T4 DNA polymerase is required when cloning with PCR products 

amplified with thermostable polymerases such as Tag,. This ensures that the 3'A 

overhang left by the terminal transferase activity of the polymerase is removed by the 

3' to 5' exonuclease activity of T4 polymerase and blunt ended cloning can proceed. 

This can also be used to remove 5' overhangs due to restriction digests, for cloning. 

The DNA (l-2|ig) was incubated with Img/ml acetylated BSA, lOmM dNTPs and 5-

lOU T4 DNA polymerase in buffer containing Tris-HCl (pH 8.0), MgCl; (lOmM) and 
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KCl (25mM) for 10-30 minutes at 37°C. The reaction was stopped by the addition of 

Ipl 0.5M EDTA and the DNA fragment purified using the Qiagen PCR purification 

kit. 

The covalent joining of molecules of DNA were performed using T4 DNA ligase. A 

ligation reaction contained lOng vector and a three to five molar excess of insert 

DNA. The other components of the reaction were Ipl acetylated BSA (Img/ml), l|il 

lOx ligase buffer (700mM Tris-HCl pH7.5; 70mM MgCl̂ ; lOmM DTT; ImM ATP) 

and 1 111 T4 DNA ligase. 

PCR amplicons were treated with T4 DNA polymerase and the 5' termini were 

phosphorylated prior to ligation. Incubation was at either 14°C (cohesive ends) or 4°C 

(blunt ends) overnight. 

2.6.1.5 Addition of 5' Phosphate Groups 

The method for the phosphorylation of DNA was similar to the ligation of DNA, 

except T4 polynucleotide kinase (12U) was used. Phosphorylation reactions were 

incubated at 37°C for 2 hours and the T4 kinase was inactivated by incubation at 68°C 

for 15 minutes. The phosphorylated material could then be used in a ligation reaction 

without further treatment. 

2.7 Amplification of DNA by Polymerase Chain Reaction (PCR) 

Thermus aquaticus strain YTl thermostable DNA polymerase {Taq DNA polymerase; 

Promega) is a DNA-dependent DNA polymerase. The optimal temperature required 

for maximum activity of the enzyme is 72°C, however enzyme activity survives for a 

limited period at 94°C. The thermostable properties of Taq polymerase have been 

exploited in the development of an amplification procedure for DNA using the 
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polymerase chain reaction (PGR) (Saiki et al, 1985). Taq polymerase possesses a 

highly processive 5'-3' polymerase activity, but lacks the 3'-5' exonuclease, or proof-

reading activity which improves the fidelity of amplification. 

BIO-x-ACT™ DNA Polymerase is a mix of polymerases that possess 5'-3' DNA 

polymerase activity and 3'- 5' proof-reading activity to prevent misincorporations 

during primer extension, therefore increasing the fidelity of the product. 

BIO-x-ACT was used to amplify DNA for cloning and sequencing purposes and Taq 

was used in amplifications to screen for possible recombinant clones (2.7.4). 

2.7.1 Reaction Conditions 

Samples were amplified in a Perkin Elmer Cetus 9600 thermal cycler or a PTC-255 

Peltier Thermal Cycler (MJ Technologies, USA). Amplification of template DNA was 

achieved in cycles comprising of three steps: 1) template DNA denaturation, 2) primer 

annealing and 3) primer extension/polymerisation. Each step within a cycle was 

carried out at a defined temperature for a specified period of time with a rapid thermal 

ramp between temperatures. Each cycle was repeated 25-35 times. Denaturation of 

template DNA was generally for 20 seconds at 94°C. The annealing temperature was 

selected based on the T,„ of the two primers, usually T,^°C-10°C for 20 seconds [where 

T,„°C=4(G+C)+2(A+T)]. The extension temperature was 72°C for all reactions, for 15 

seconds per 150 bases amplified. After completion of the thermal cycling, all samples 

were held at 10°C until removed from the thermal cycler. 

A typical 50|J,1 PCR sample comprised: 50mM KCl, lOmM Tris-HCl pH 8.8, 

1.5mM MgClj, 0.1% (v/v) Triton X-lOO (all supplied as a 1 Ox buffer), 0.2mM of each 

deoxynucleotide, 250ng each primer, 0.5-5|j,l template DNA and 1.25U BIO-x-ACT 

Polymerase. 
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2.7.2 Primer design 

Oligonucleotides used for the amplification of DNA by PCR were bought desalted 

and resuspended (Cruachem). The sequence selection was determined using the 

following criteria: 1) primers should not contain palindromic sequences, 2) the primer 

pair should not form 3'-5' concatenates, 3) the primers should be between 17 and 40 

bases in length, 4) neither termini of the primers should be complementary and 5) the 

primers of each pair should have similar values. PCR primers containing 

restriction sites were used to introduce enzyme sites into certain amplification 

products to facilitate cloning. 

2.7.3 Puriiication of Amplified Products 

Following amplification and before sequencing or cloning, the DNA fragments were 

purified to remove contaminating primers and nucleotides. Purification was achieved 

using the Qiaquick gel extraction kit (Qiagen) or using the Qiaquick PCR purification 

kit (Qiagen). 

2.7.3.1 Qiaquick PCR purification kit 

The DNA to be purified was mixed with 5 volumes of buffer PB (supplied) and added 

directly to a Qiaquick spin column. The product was bound to the column by 

centrifugation (1 minute), washed by addition of 750|il buffer PE (supplied) and 

centrifugation for 1 minute. The column was dried by a further 1 minute 

centrifugation and vacuum dessication for 1 minute. The purified product was eluted 

in 301̂ 1 buffer EB (supplied) by centrifugation (stand 1 minute, microfuge 1 minute). 

2. 7.3.2 Qiaquick gel extraction kit 

The DNA was cut from the agarose gel using a clean scalpel blade. Three volumes of 

buffer QG (supplied) was added and incubated at 50°C for 10 minutes until the gel 

slice had completely dissolved. One gel volume of isopropanol was added to the 
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sample and mixed, the sample was then loaded into a Qiaquick spin column and the 

DNA bound by centrifugation for 1 minute. Excess agarose was removed by addition 

of O.Smls buffer QG and centrifugation (1 minute). The column was washed by 

addition of 750pj buffer PE (supplied) and left for 5 minutes before centrifugation (1 

minute). The column was dried by a further 1 minute centrifugation and vacuum 

dessication for 1 minute. The purified product was eluted in 30^1 buffer EB (supplied) 

by centrifugation (stand 1 minute, microfuge 1 minute). 

2,7.4 Rapid PCR Screening of Recombinant E.coli Clones 

Colonies were picked and suspended in 1 Opl UHQ HjO, (an LB agar plate containing 

appropriate antibiotic was also inoculated). 10|LI1 0.25M KOH was added, mixed and 

boiled for 5 minutes to lyse the cells. lOpl 0.5M Tris-HCl pH7.5 was added and the 

volume made up to 300pl with UHQ HjO. lp,l of this template was used in a lOpl 

PCR to screen the plasmid DNA for the presence of the required insert. 

2.8 Automated DNA Sequencing 

Automated DNA sequencing was performed using an Applied Biosystems Model 

373A DNA Sequencing System with the Thermosequenase dye terminator cycle 

sequencing kit (Amersham). This technique relies on four fluorescencent dye-labelled 

dideoxynucleotide terminators and employs a thermostable DNA polymerase 

(Thermosequenase, Amersham) to determine DNA sequences by the chain 

termination method (Sanger et ah, 1977). The Sanger method of DNA sequencing can 

be summarised in three steps: 1) annealing of the primer DNA to the template DNA, 

2) labelling of the DNA during polymerisation, and 3) termination of chain extension. 

Each sequence determination is carried out as a single reaction, containing all four 

deoxynucleoside triphosphates (dNTP). The ddNTP lacks the necessary 3'-0H group 

required for chain elongation, thus the oligonucleotide chain is terminated selectively 

at A, C, G, or T depending on the particular ddNTP incorporated. The resulting 

fragments have a common origin but are terminated at different nucleotides along the 

extension product and therefore can be separated according to size by high resolution 
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denaturing gel electrophoresis. In automated sequencing, a fluorescent dye label 

specific to A, G, C, or T is incorporated into the DNA along with the terminating 

base. A laser scans across a region of the gel during the electrophoresis process, 

detecting the fluorescently labelled DNA passing through this region. 

2.8.1 Materials 

To avoid fluorescent contamination, reagents of the highest quality and UHQ HjO 

were used. All glassware was thoughtfully cleaned by treatment with concentrated 

hydrochloric acid then rinsed with UHQ HjO. 

An acrylamide/methylene-bisacrylamide stock was purchased as a 19:1 stock solution 

(Flowgen), which was stored at room temperature and used neat. A lOx stock of TBE 

was prepared with Tris (108g/l), EDTA.Na^ (8.3g/l) and boric acid (55g/l) in UHQ 

HjO. Particulate matter was removed by filtration through a glass sinter (No. 4) and 

the IQx stock stored at room temperature. 

2.8.2 Sequencing Reactions 

The sequencing reactions were performed using a Model 9600 thermocycler (Perkin 

Elmer Cetus) or a PTC-255 Peltier Thermal Cycler (MJ Technologies). The DNA 

sequencing kit (Amersham) was stored at -70°C until required, then at -20°C between 

uses. 

High quality template DNA is essential for sequencing. Generally, Ipg of double 

stranded cDNA was used per Ikb template length, per sequencing reaction. The 

reaction was mixed in a 0.6ml double-snap-cap microcentrifuge tube with 4|LI1 of the 

supplied premix (Amersham) and 50ng of primer in a total volume of lOj^l. The 

primers were generally 18-25bp oligonucleotides. The tubes were placed in the 

thermal cycler preheated to 96°C to reduce false priming. Denaturation was at 96°C 

for 15 seconds, annealing at T,„-10°C for 10 seconds and extension at 60°C for 4 

minutes, for 60 cycles. The temperature of the thermocycler was altered by a rapid 
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thermal ramp. The reactions were held at 10°C after thermocycling was complete. The 

extension products were purified by, ethanol precipitation, rinsing with 70% ethanol 

and vacuum desiccation. The DNA pellet could be stored at -20°C for up to four 

weeks. 

2.8.3 Gel Preparation 

The acrylamide-urea gel was cast between two glass plates separated by spacers of 

0.4mm constant thickness. To avoid fluorescent contamination the glass plates were 

washed thoroughly with the detergent Alconox (Merck Ltd), rinsed with hot water 

then methanol (Hypersolv) and air dried. The plates and spacers were assembled and 

secured with bulldog clips, then placed horizontally to form a mold for the acrylamide 

geL 

The gel solution contained 6% acrylamide and 8.3M urea (Flowgen), and Ix TBE 

made up to a final volume of 40ml with UHQ HjO. The solution was degassed prior 

to addition of 20pl TEMED (IBI) and 200^1 of 10% APS (IBI) to initiate 

polymerisation. A single flat-edged comb (Applied Biosystems) was inserted into the 

top of the gel. The gel was then allowed to polymerise for 4 hours. 

2.8.4 Gel Electrophoresis 

Once the gel was set, the clips were removed, the comb carefully withdrawn and the 

laser scanning region cleaned by wiping with methanol (Hypersolv) and 3mm 

chromatography paper (Whatman International). The plates were scanned to ensure 

the absence of background fluorescence. The lower buffer reservoir on which the 

bottom edge of the plates rests was placed in the electrophoresis chamber. The plates 

were secured and the upper buffer chamber placed at the top of the plates. A 24 or 36 

well sharks tooth comb (Biorad) was positioned carefully between the plates so that 

the teeth were inserted to a depth of 0.2 mm. The alignment brace was put in place 

and the buffer reservoirs filled with 1 x TBE. 
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The sample pellets were resuspended in 4|LI1 of loading buffer (Amersham). The 

samples were denatured by heating at 95 °C for two minutes and loaded into alternate 

wells which were pre-washed with 1 xTBE. After these samples were electrophoresed 

for 5 minutes, the empty wells were washed with 1 x TBE and then the second set of 

samples loaded. Electrophoresis was carried out for 12 hours at 2500 volts, 40 

mAmps, 30 Watts and at 40°C. The sequence data were automatically collected and 

analysed by computer (Applied Biosystems and DNA Star software). Sequence 

printouts and chromatograms were checked manually and could be easily obtained 

using the attached software. 

2.8.5 Computer analyses 

DNA sequence editing, restriction site analyses, translations, open reading frame 

locations, protein molecular weight predictions and amino acid compositions were 

performed using DNAstar LaserGene software. DNA and protein sequence 

alignments were performed using FAST A (Pearson and Lipman, 1988) and Clustal 

programmes (Higgins et al., 1992). 

2.9 XPRESS System™ Protein expression in E.coli 

The pRSET vectors (Invitrogen) designed for high level protein expression and 

purification of cloned genes in E.coli. DNA sequences cloned into the pRSET vectors 

were under the control of the T7 promoter and positioned in frame with a sequence 

that encoded an N-terminal fusion peptide. This sequence included (in 5' to 3' order 

from N-terminal to C-terminal), an ATG translation initiation codon, a series of six 

histidine residues that functioned as a metal binding domain in the translated protein, 

a transcript stabilising sequence from gene 10 of phage T7 and the enterokinase 

cleavage recognition sequence. 

The metal binding domain of the fusion peptide allowed simple one step purification 

of recombinant proteins by Immobilised Metal Affinity Chromatography. The 

enterokinase cleavage recognition site on the fusion peptide between the metal 
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binding domain and the recombinant protein allowed for subsequent removal of this 

N-terminal fusion peptide from the purified recombinant protein. 

2.9.1 Cloning into the Expression Vector 

All inserted fragments were cloned into pRSET multiple cloning site (MCS) that had 

ten unique restriction enzyme sites positioned down stream of the enterokinase 

cleavage recognition sequence. pRSET A, B and C differed only in the spacing 

between the sequence that coded for the N-terminal peptide and the MCS. this was to 

ensure that the cloned DNA fragments were in frame with the first ATG 

2.9.2 M13mpl8/T7 helper phage 

M13mpl8/T7 helper phage (Invitrogen) was used to produce T7 RNA polymerase, 

which carried out high level expression of recombinant protein from the pRSET 

vector. The vector with the inserted DNA was propagated into an E.coli strain which 

did not contain the T7 polymerase necessary for expression. When expression was 

desired, the E.coli were infected with an Ml3 phage that contained the T7 RNA 

polymerase gene driven by the E.coli lac promoter. Infections were carried out in the 

presence of IPTG which prevented repression of the lac promoter and, therefore 

induced T7 RNA polymerase expression from the M13mpl8/T7 phage. 

2.9.3 Determination of the Titre of M13nipl8/T7 Phage 

Eight minimal E plates (2.2.8) and eight sterile glass bijoux were labelled with 

dilutions 10"' to 10""̂ . Ten-fold serial dilutions (10^ to 10"'") of the M13mpl8/T7 

phage stock were prepared in LB buffer. lOOul of each dilution and lOOul of JM109 

(table 2.1) "plating cells" (overnight LB culture of JM109 at 37°C) were added to the 

corresponding glass bijoux containing 3ml of molten LB soft-agar (2.2.3) at 55°C. 

After brief shaking the contents of each tube were poured quickly onto the 

corresponding Mini-E plate, and the plate was swirled gently to ensure that the soft-

agar was evenly spread. All plates were left at room temperature for five minutes to 
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allow soft agar to solidify before inverting and incubating them at 37°C for 12-16 

hours. 

One of the plates having reasonable number of plaques (20-200), was selected and the 

number of plaque forming units (pfu) per millilitre of stock was calculated according 

to following formula: 

pfu/ml = number of plaques x 1/dilution factor x 1/vol plated (ml) 

2.9.4 Pilot Expression to Determine Kinetics of Induction 

To determine the optimal induction time for expression for a target protein a time 

course was performed as follows: 

A 2ml LB Amp culture (2.2.6) of a single recombinant E.coli colony was grown 

overnight at 37°C with shaking. 0.15ml of this culture was then used to inoculate 

25ml of LB Amp and incubated with shaking at 37°C until the Â qo value reached 0.3. 

1ml aliquot of cells was collected as the time zero sample prior to IPTG induction. 

This sample was centrifuged and the cell pellet was stored at 4°C. The culture was 

grown for an additional hour in the presence of IPTG (final concentration ImM), and 

the Agoo value was determined. The cells were infected with M13mp/T7 phage at a 

ratio of 5pfu/cell (based on the phage titre determined as described in 2.9.3 and 

assuming that an Aggg value of 1.0 is equivalent to approximately 10® cell/ml). 1ml 

samples at one hour intervals for 6 hours were collected and centrifuged. The cell 

pellets of these were stored at 4°C. After collection at all time points, each pellet was 

resuspended in 100-200p,l SDS sample buffer (2.12.1) according to its Â oo value. 

20\xl of each sample was analysed by 10% or 12.5% SDS-polyacrylamide gel 

(2.12.1). 
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2.9.5 Expression of Recombinant Protein 

2ml of LB Amp was inoculated with a single recombinant E.coli colony and the 

culture was grown overnight at 37°C with shaking. 0.3 ml of this overnight culture 

was used to inoculate 50ml LB Amp and incubated until the OD̂ oq reached 0.3. One 

hour after addition of ImM IPTG, and the ODggg of the culture was determined. The 

cells were infected with M13/T7 phage at a ratio of 5pfu/cell. The culture was grown 

at 37°C with shaking for approximately 4 hours. 

2.9.6 ProBond™ Resin 

ProBond™ Resin was obtained from Invitrogen and was used to purify recombinant 

fusion proteins, expressed from pRSET vectors. 

To propagate the pRSET expression plasmids, the ligation mixes of the pRSET 

constructions were transformed into JMlOl (table 2.1). Transformants were selected 

with ampicillin plates and the correct constructions were confirmed by restriction 

enzyme analysis and sequencing. 

2.10 Purification of Recombinant Protein 

2.10.1 Ni-NTA Spin Column Purification 

The kit was obtained from QIAGEN Inc., and is part of the QIA expressionist system. 

They were used for the rapid screening and purification of 6 His-tagged proteins from 

small scale expression cultures. They were used to check if the protein produced was 

still His-tagged. The spin kit is based on newly developed Ni-NTA resin -Ni-NTA 

silica, which is packaged in ready to use spin columns. The high affinity of the NI-

NTA resin for the 6 X His-tagged proteins is due to the specificity of the interaction 

between histidine residues and immobilised Ni ions, and to the strength with which 

these Ni ions are held to the NTA resin. QIAexpress nickel chelating resin is based on 

the nitrilotriacetic acid ligand. This ligand has a quadridentate chelating group that 
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occupies four of the six co-ordination sites of the Ni"^ co-ordination sphere. NTA is 

the only ligand to bind Ni ions at four chelating sites. As a result, the, nickel ions and 

therefore the proteins, are very strongly bound to the resin. This allows for more 

stringent washing conditions. 

Once the growth curve had been completed and the cells pelleted they were 

resuspended in GuHCl buffer (table 2.4) and sonicated on ice for 3x 20-second pulses 

at high intensity, in order to shear the DNA and RNA. On clearing, the cell debris was 

pelleted and the cleared lysate supernatant was transferred to a fresh universal. The 

spin column was pre-equilibrated with 600|LI1 of pH8.0 Buffer C (8M urea, O.IM Na-

phosphate, 0.01m Tris-HCl) and centrifuged for 2 minutes at 2000rpm. 600pl of the 

cleared lysate supernatant was then loaded onto the pre-equilibrated column and spun 

at 2000rpm for 2 minutes. The column was then washed twice with 600pj of pH6.3 

Buffer C, and both elutions were collected. The protein then under went two elution 

washes with 200^1 of pH4.5 Buffer C. At all stages the flow though was kept for 

analysis by SDS-PAGE gel (2.13.1). 
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Table 2.4 Solutions used for Protein purification 

Buffers Contents Total Volume + pH 

Solution A 200 mM NaH2P0^ 

5MNaCl 

UHQ 

1000ml 

Solution B lOOmMNa^HPO^ 

5MNaCl 

UHQ 

1000ml 

Guanidinium HCl Buffer 57.3g GuHCl 

0.58ml solution A 

9.42ml solution B 

70ml UHQ 

100ml 

pH7.8 

Denaturing Binding Buffer 48. Ig Urea 

0.58ml solution A 

9.42ml solution B 

70ml UHQ 

100ml 

pH7.8 

Denaturing Wash Buffer 48. Ig urea 

7.38ml solution A 

2.62ml solution B 

70ml UHQ 

100ml 

pH6.0 

Denaturing Wash Buffer 48.Ig Urea 

9.17ml solution A 

0.83ml solution B 

70ml UHQ 

100ml 

pH5.3 

Denaturing Elution Buffer 48.Ig Urea 

10ml solution A 

70ml UHQ 

100ml 

pH4.0 
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2.10.2 Preparation of Denatured E.coli Lysate 

The cells from a 50ml culture were harvested by centrifugation (2,000xg for 15 

minutes) and resuspended in 10ml of Guanidinium HCl Buffer (pH 7.8). The cell 

suspension was rocked for 5-10 minutes at room temperature to assure thorough cell 

lysis, and the cell lysate was sonicated on ice with three 20-second pulses at a high 

intensity setting to shear the DNA and RNA. The insoluble debris was removed by 

centrifugation at 2,000xg for 15 minutes, and the sheared lysate was transferred to a 

fresh tube and stored on ice or at -20 until use. 

2.10.3 Preparation of ProBond™ Column 

3ml of ProBond™ resin (Invitrogen) was loaded into a glass column (0.6cm in 

diameter and 15cm in length). The column was washed with 10ml of UHQ HjO and 

equilibrated with 10ml of Denaturing Binding Buffer by gravity flow prior to sample 

application. 

2.10.4 Sample Application, Column Washing and Elution under Denaturing 

Conditions 

The pre-equilibrated resin was resuspended with 5-10 ml of denatured E.coli cell 

lysate by gently rocking the column for 10 minutes to allow the poly Histidine 

containing protein to bind fully. The resin was then settled by gravity flow. The 

column was washed with 8ml of Denaturing Binding Buffer, 8ml of Denaturing Wash 

Buffer pH6.0 and Denaturing Wash Buffer pH5.3 prior to protein elution. The protein 

was eluted by applying 6ml of Denaturing Elution Buffer. 500^1 fractions were 

collected and the elution was monitored by SDS-PAGE gel (2.13.1). The fractions 

containing the protein were combined and dialysed against lOmM Tris, pH 8.0, 0.1% 

Triton X-100 overnight at 4°C to remove the urea. The dialysed material was 

concentrated by evaporation in dialysis tube at 4°C for 48 hours and stored at -20°C. 
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2.11 Protein Preparation for Immunisation 

Adjuvants are used to enhance the immune response when the amount of antigen is 

limited. They prolong the half-life of the antigen by protecting it from degradation 

and minimise any direct toxic effects. By allowing a slow, sustained release from the 

site of immunisation they also increase the efficiency of uptake of the antigen by 

macrophages. The first injection was combined with Freund's complete adjuvant, heat 

killed and dried mycobacterium tuberculosis. Subsequent injections were with 

Freund's incomplete adjuvant (paraffin oil and mamiide monooleate). Five 

subcutaneous injections were carried out at ten day intervals. A pre-immune bleed 

was obtained prior to the first injection and tested by immunoblotting (2.12.5-2.12.6). 

The first tail bleed was taken ten days after the last injection, to check the level of 

antibody produced. A second tail bleed was taken prior to cardiac puncture. The blood 

was stored at room temperature for one hour and then placed at 4°C overnight. The 

serum was removed and stored in 50% glycerol at -20°C. 

2.12 Analysis of Proteins 

2.12.1 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE separates linear polypeptide-SDS complexes by electrophoretic molecular 

sieving in polyacrylamide gels. The proteins are denatured by SDS and 

P-mercaptoethanol, which destroy secondary and tertiary structures and inter- and 

intra-chain disulphide bonds respectively. The treated proteins have approximately 

equal charge to mass ratios and are separated solely on the basis of molecular size. 

All glass plates and spacers (1.5mm) used to form the gel mold were cleaned and 

degreased with IMS and chloroform. SDS-PAGE was performed with 10% separating 

and 4% stacking acrylamide gels, unless otherwise stated, and prepared as shown in 

table 2.5. All buffers and solutions were prepared using UHQ H^O (table 2.6). 

Polymerisation of acrylamide and the cross-linker, N,N,-methylenebisacrylamide 

(Electran grade; Merck) to form gels was accelerated by free radicals from N,N,N'-
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N'-tetra-methylenediamine (TEMED) generated by the action of the initiator 

ammonium persulphate (APS). 

Each gel solution was degassed to reduce the oxygen content, as this is an inhibitor of 

the acrylamide polymerisation. The separating gel was cast first allowing room for the 

4% stacking gel to be cast on top. The separating gel was overlaid with isobutanol to 

ensure the gel surface was flat, and air excluded. Once the separating gel had set, the 

isobutanol was removed and the surface of the gel was rinsed several times with UHQ 

HjO. The stacking gel was poured and the well comb carefully inserted. 

Polymerisation was complete after -30 minutes. 

The required volume of electrode buffer (Table 2.5) was freshly prepared. The well-

comb and bottom spacer were removed and the gel was assembled in the 

electrophoresis tank. Protein samples were diluted in SDS sample buffer, denatured 

by boiling for 5 minutes and loaded onto the gel. Electrophoresis was carried out at 

40mA constant current per gel. On completion, the proteins within the gels were 

stained using PAGE blue 83 (Coomassie) stain (2.12.3). 
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Table 2.5 Materials used for SDS-PAGE gels 

Solution Contents 

Acrylamide monomer solution 40% stock solution 

SDS stock solution 10% (w/v) 

5 X Separating Buffer 23 g Tris dissolved in 100ml UHQ HjO 

^ pH 8.9 

5 X Stacking Buffer 6.78g Tris in lOOmi UHQ H^O ̂  pH 6.7 

N,N,N' ,N' - tetramethylethylenedamine TEMED 

Ammonium Persulphate solution 10% (w/v) - freshly prepared 

Electrode Buffer 20mM Tris, 192mM glycine, 0.1% (w/v) 

SDS - freshly prepared 

Sample Bufffer 125mM Tris-HCl pH6.8,4% (w/v) SDS, 

20% (w/v) glycerol, 10% (v/v) 2-

mercaptoethanol, 1 O^g/ml bromophenol 

blue 
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Table 2.6 The components of SDS-PAGE gels 

10 % Gel 12.5 % Gel 

Separatiing 

Gel (10%) 

Stacking Gel 

(4%) 

Separating Gel 

(12.5%) 

Stacking Gel 

(5.3%) 

Acrylamide/Bis 

solution (37:1) 

5ml 1ml 6.65ml lJ3mi 

5 X Separating 

Buffer 

4ml 4ml 

5 X Stacking 

Buffer 

1ml 1ml 

10% SDS 0.2ml 0.1ml 0.2ml 0.1ml 

UHQH^O 8.75ml 6.92ml 7.1ml 6.95ml 

TEMED * 37.5^1 25fil 37Jlpl 25^1 

Ammonium 

Persulphate 

(5mg/ml) * 

2m 1 1ml 2ml 1ml 

add after degassing and immediately before casting gel. 

2.12.2 SDS-PAGE Protein Markers 

Molecular weights and concentrations of proteins were estimated by comparing 

electrophoretic mobility with proteins of known molecular weight (tables 2.7 and 2.8). 

A lyophilised mixture of protein markers (Sigma), ranging from molecular weights 

14,200 - 205,000 kDa in (tables 2.7 and 2.8) were resuspended in 1ml sample buffer, 

boiled for 5 minutes and 15pj loaded into one well. Each band of protein contained 

approximately 1.7|ig. 
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Table 2.7 Low molecular weight protein markers 

Low molecular weight protein markers (Da) 

Albumin, bovine 66 000 

Albumin, egg 45 000 

Glyceraldehyde-3-P-dehydrogenase 36 000 

Carbonic anhydrase, bovine 29 000 

Trypsinogen, bovine pancreas 24 000 

Trypsin inhibitor, soybean 20 000 

a-Lactalbumin, bovine milk 14 200 

High molecular weight protein markers 

High molecular weight protein markers (Da) 

Myosin, rabbit muscle 205 000 

(3-Galactosidase, E.coli 116 000 

Phosphorylase b, rabbit muscle 97 400 

Albumin, bovine 66 000 

Albumin, egg 45 000 

Carbonic anhydrase, bovine 29 000 

2.12.3 Protein Staining 

The glass dish used for the staining procedure was cleaned and degreased with IMS 

and the gel was placed in Coomassie staining solution [0.1% (w/v) PAGE Blue 83, 

20% (v/v) isopropanol, 10% (v/v) acetic acid] for 1 hour. Excess stain was removed 

by repeated washes in a destain solution [20% (v/v) isopropanol, 10% (v/v) acetic 

acid] until the gel background was clear. The gel was placed in gel drying solution 
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[25% (v/v) methanol, 5% (w/v) glycerol] for 1 hour and dried between two sheets of 

gel drying film (Promega gel drying kit). 

2.12.4 Tricine gels 

Polyacrylamide gels were constructed according to the method of Schagger and Von 

Jagow (1987), and used the discontinuous buffer system and tricine as the trailing ion. 

This system enhanced the resolution of low molecular-weight proteins 

(2kDato 17kDa) when compared to SDS-PAGE gel electrophoresis (2.12.1). The gel 

casting plates were cleaned with methanol, separated by 1mm thick spacers (BDH) 

and sealed with 1% molten agarose. Both the separating gel and the spacer gel 

solutions were prepared as described in table 2.10 and degassed to remove any 

dissolved oxygen. The appropriate quantities of both TEMED and ammonium 

persulphate were then added and the solutions gently mixed. The separating gel mix 

was poured into the casting mould to a height of 10cm and then gently overlaid with 

spacer gel mix to a further 3 cm. The spacer gel was finally overlaid with isobutanol 

and allowed to set for 1 hour at room temperature. After gel polymerisation, the 

isobutanol was removed and the surface washed with UHQ HjO. The stacking gel mix 

containing both TEMED and ammonium persulphate was cast on top of the spacer 

gel. The desired comb was inserted and the gel left to set for 30 minutes. 

Samples containing 1-lO^g of protein were made up to 20|LI1 in total with sample 

buffer, heated at 40°C for 30 minutes and loaded into a single well. Single gels were 

placed into a Gibco-BRL VI5.17 vertical electrophoresis tank with the appropriate 

anode and cathode buffers, as described in table 2.7, the gel was run at 30v for 1 hour 

until the samples were stacked, the voltage was then increased to 90v and run for 16 

hours, after which time the gel was removed from the tank and placed in fixing 

solution (table 2.9) for 30 minutes. After fixing, the gel was stained for 1-2 hours and 

then destained, the gel was then dried (2.12.3). 
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2.12.5 Electrophoretic transfer of proteins 

Protein samples were electrophoresed through a SDS polyacrylamide gel as described 

(2.12.1). The proteins were transferred onto Hybond-C nitrocellulose membrane 

(Amersham International) in the presence of the SDS-PAGE running buffer diluted 

4:1 with methanol using a Trans-Blot semi-dry blotting apparatus (Biorad) as 

described by the manufacturer. A sheet of nitrocellulose and eight pieces of 3mm 

chromatography paper (Whatman International) were cut to give a 0.5cm margin 

around the gel. The gel and membrane were sandwiched between eight sheets of 

buffer-soaked 3mm paper and any trapped air bubbles removed by rolling a glass 

Pasteur pipette over the surface. The "sandwich" was assembled on the horizontal 

anode electrode plate, with the membrane on the anode side relative to the gel. The 

cathode was placed over the top of the sandwich and electrophoresis performed for 60 

minutes at 0.8 mA per cm^ of gel. 

The efficiency of transfer was checked by staining the gel (2.13.3) or by staining a 

strip of the membrane in methanol (50%) and glacial acetic acid (10%) containing 

0.5% (w/v) amido black, Amido black staining was performed for 10 minutes at room 

temperature after which time the membrane strip was soaked with methanol (50%) 

and glacial acetic acid (10%) until the background staining was reduced to an 

acceptable level. 
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Table 2.9 Materials used for Tricine gels 

Solutions Contents 

Acrylamide monomer solution 48% (w/v) acrylamide and 1.5% (w/v) 

N,N' metylenebisacrylamide 

Gel Buffer 3M Tris-HCl, pH 8.5 containing 0.3% 

(w/v) SDS. 

SDS Stock Solution 20% (w/v) 

Ammonium persulphate solution 10% (w/v) freshly prepared 

N,N,N',N'-tetramethylethylenediamine TEMED 

Anode buffer 0.2M Tris-HCl, pH 8.9 

Cathode buffer O.IM Tricine, 0.1% SDS, 0.1% Tris-HCl 

pH8.2 

Sample Buffer 4% (w/v) SDS, 12% (v/v) glycerol, 2% (v/v) 

2-mercaptoethanol, 0.02% (w/v) Brilliant 

)lue G, 0.05M Tris-HCl, pH6.8 

Fixing Solution 25% (v/v) isopropanol, 7% (v/v) glacial 

acetic acid 

Staining solution 10% (v/v) glacial acetic acid, 50mg 

Brilliant blue G 

Destaining solution 0% (v/v) glacial acetic acid 
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Table 2.10 The component solutions of low-molecular weight gels 

Separating gel Spacer gel Stacking gel 

Acrylamide/Bis 

solution (48:1.5) 2.0ml 1.0ml 

Gel buffer &7nU 3.33ml 3.1ml 

Glycerol 2.1ml 

Water 4.5ml 4.63ml 8.4ml 

TEMED* &7Ml lO îl 

Ammonium 

persulphate* 

67^1 33^1 100^1 

*add after degassing and immediately before casting gel 

2.12.6 Immunological Detection of Proteins 

The immunological detection process was performed using a rotary shaker at room 

temperature. The Hybond-C membrane was incubated overnight (16 hours) in a 

"blocking" solution (5% (w/v) Marvel, 20mM Tris-HCl pH 7.5, 0.5M NaCl and 

0.05% (w/v) sodium azide). The milk protein in the Marvel bound to, or "blocked", 

the free protein binding sites of the membrane, preventing non-specific binding of 

antibodies. 

Excess Marvel was removed with 2x5 minute washes in TTBS (Tris-HCl pH 7.5, 

0.5M NaCl, 0.05% (w/v) Tween-20). The transferred proteins were detected by 

incubating the membrane overnight in a primary antibody solution containing 10% 
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normal goat serum in TTBS plus primary antibody (mouse or rabbit serum diluted 1 

in 100 or 1 in 1000). Residual unbound antibody was removed with 3x5 minute 

washes in TTBS and 1 x5 minutes in TBS (20mM Tris pH7.5, 0.5M NaCl). 

The primary antibody was detected by incubating the membrane in a secondary 

antibody-alkaline phosphatase conjugate at a dilution recommended by the 

manufacturer (1 in 1,000 for goat anti-rabbit and goat anti-mouse, Bio-Rad) in 1% 

gelatine and TTBS for 1 hour at room temperature. Residual unbound antibody was 

removed by 3x 5 minute washes in TTBS, followed by 2x 5 minute washes in TBS. 

The final washes with TBS removed all traces of Tween-20 that could interfere with 

the enzyme activity of the alkaline phosphatase. 

The transferred proteins were indirectly detected by the action of the alkaline 

phosphatase-conjugate on the substrates NBT and BCIP. After the final TBS washes 

the membrane was incubated in 20ml carbonate buffer (O.IM NaHCOj, ImM MgClj, 

pH 8.9) containing 200|il NBT [30mg/ml in 70% (v/v) DMF] and 200pl BCIP 

(15mg/ml in dimethyl formamide) at room temperature in the dark until the colour 

was sufficiently developed. The enzyme reaction was stopped by washing the 

membrane in copious amounts of dHjO. The membrane was air-dried and stored at 

room temperature protected from light. 

2.13 In vitro Transcription and Translation 

2.13.1 In vitro Synthesis of RNA 

In vitro synthesis of RNA was performed using the Ambion mMESSAGE 

mMACHINE™ kit. Linearised plasmid DNA that containing an RNA polymerase 

promoter site can be used as a template. Plasmid DNA must be linearised with a 

restriction enzyme downstream of the region to be transcribed and restriction digest 

must result in a 5' overhang. 
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2.13.1.1 Transcription Reaction 

The transcription reaction was set up as follows: 2\i\ 10 X reaction buffer, lOpi 2 X 

NTP/Cap, l |ig linear template DNA, 2\x\ enzyme mix and nuclease free HjO up to 

20pl The reaction was then gently but thoroughly mixed and incubated for 1 hour at 

37°C. After the 1 hour incubation, ljj,l Dnase was added to degrade any leftover 

template DNA and incubated for 15 minutes at 37°C. 

2.13.1.2 Purification of RNA 

Following the transcription reaction and prior to use in an in vitro translation system, 

the RNA was purified to remove any contaminating reagents. Purification was 

achieved using the Rneasy Mini Kit (Qiagen). The RNA sample was adjusted to a 

volume of lOOpl with RNase-free HjO and added to 350|il buffer RLT (supplied) and 

mixed thoroughly. 250pl of 100% ethanol was added and the sample applied to an 

Rneasy mini spin column sitting in a collection tube and centrifuged for 15 seconds at 

10,000rpm. The column was transferred into a new 2ml collection tube and 500pj 

buffer RPE (supplied) added and centrifuged for 15 seconds at 10,000rpm. 500)il of 

buffer RPE was pipetted onto the Rneasy column and centrifuged for 2 minutes at 

max speed to dry the Rneasy membrane. The column was then transferred into a new 

1.5ml collection tube and 30-50|j.1 of Rnase-free HjO was pipetted directly onto the 

Rneasy membrane. The purifed product was eluted by centrifugation for 1 minute at 

10,000rpm. 

2.13.1.3 Quantification of RNA by UV light absorbance 

The concentration and purity of RNA was determined by measuring the absorbance at 

260nm and 280nm. Absorbance of 1 unit at 260nm corresponds to 40pg of RNA per 

ml (A260 =1= 40|_ig/ml). The total yield was calculated using the following formula: 

Total yield (fj.g) = 40 x Ajgo x dilution factor x vol.sample(ml) 
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The ratio between the readings taken at 260nm and 280nm ( A j s q / A j s o ) provides an 

estimate of the purity of RNA. 

2.13.2 Rabbit Reticulocyte Lysate Translation System 

In vitro translation using an in vitro generated RNA template (2.13.1) was performed 

using nuclease treated rabbit reticulocyte lysate (Promega). The reaction was set up 

as follows: 35pl rabbit reticulocyte lysate, l|il amino acid mixture minus methioine, 

2\i\ Methioine, Ipl Rnasin ribonuclease inhibitor, 0.5-l|ig RNA and UHQ HjO up 

to 50pl The translation reaction was incubated for 2 hours and l-2pj was analysed on 

a 10% SDS-PAGE gel (2.12.1). The gel was stained with coomassie blue (2.12.3) and 

destained as usual, then placed in a solution containing 32g sodium salicylate, 100ml 

methanol and 100ml HjO for 30 minutes to enhance the signal obtained by 

autoradiography. The gel was vacuum dried onto a sheet of Whatmann paper and 

exposed at -70°C for 16 hours before developing. 

2.13.3 Coupled Transcription and Translation 

In vitro coupled transcription and translation was performed using the Promega 

TNT® T7 Quick system. The reaction was set up as follows: 100-500ng Plasmid 

DNA (Qiagen miniprep or maxiprep), 20^1 TNT® T7 Quick master mix, Ipl 

methionine and UHQ HjO to 25pl The reaction was incubated at 30°C for 2 hours. 1-

2\x\ of the reaction products were analysed by SDS-PAGE (2.12.1). The gel was 

stained with Coomassie (2.12.3) and destained as usual, then placed for 30 minutes in 

a solution containing 32g sodium salicylate, 100ml methanol and 100ml dHjO, which 

enhances the signal obtained on autoradiography. The gel was vacuum dried onto a 

sheet of 3 mm chromatography paper (Whatman International) and the reaction 

products were detected by autoradiography at -70°C (2.15). 
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2.14 Radio-Immune Precipitation Assay (RIPA) 

Translation products from the TNT system (5p,l) were incubated with 5|j,l undiluted 

mouse or rabbit antisera in SOOfxl RIP A buffer (lOmM Tris-HCl, pH7.5, ImM EDTA, 

O.lSmM NaCl, 0.1% Empigen BB (N-dodecyl-N, N-dimethylglycine), O.lmM 

phenylmethylsulphonylfluoride). After incubation at 37°C for 1 hour, beaded agarose 

coated with goat anti-mouse IgG (Sigma) or goat anti-rabbit (Sigma) was added to 

absorb the immune complexes for one hour at room temperature. The beads were 

washed three times in RIP A buffer and once in PBS before derivatisation in sample 

dissociating buffer and separation by SDS-PAGE gel (2.12.1). Gels were stained and 

prepared for autoradiography by treatment with IM sodium salicylate/50% methanol 

for 30 minutes at room temperature. Gels were then dried under vacuum and exposed 

to Kodak XAR-5 film at -70°C for 16 hours (2.15). 

2.15 Autoradiography 

Dried SDS-PAGE gels were marked with fluorescent paint to orientate the film during 

autoradiography. The filters were placed with a sheet of film (Kodak X-Omat 

scientific imaging film, Sigma) in an autoradiography cassette (Kodak) containing an 

intensifying screen. After 2-24 hours at -70°C the film was developed using a Kodak 

automated developer. 

2.16 Vaecinia/T7 Expression System 

The vaccinia/T7 expression system relies on the synthesis of the bacteriophage T7 

RNApolymerase in the cytoplasm of mammalian cells and the vaccinia virus provides 

all the capping functions for the RNA that is produces in the cytoplasm. The gene of 

interest is inserted into a plasmid so that it is under control of the T7 RNA polymerase 

promoter. During transaction, the recombinant plasmid is introduced into the 

cytoplasm of cells already infected with MVA/T7 (an attenuated replication deficient 

modified vaccinia virus Ankara encoding bacteriphage T7 RNA polymerase). During 
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incubation, the gene of interest is transcribed with high efficiency by the T7 RNA 

polymerase. 

2.16.1 293A Cells 

293A cells are human embryo kidney cells that have been transformed with sheared 

human Ad5 DNA. DMEM with glutamax I ™ media (GibcoBRL) was used for the 

growth of 293A cells and was stored indefmately at 4°C. The medium was 

supplemented with 10% (v/v) FCS (ICN Flow ) and 2pg/ml ciprofloxacin (Bayer). 

The medium was warmed to room temperature prior to use. 

2.16.2 cDNA Transfections 

The transfections were performed using T7 cDNA clones and MVA/T7 with the 

Superfecf'''^ Kit (Qiagen). Superfect™ reagent consists of activated-dendrimer 

molecules with a defined spherical architecture and have branches that radiate from a 

central core and terminate at charged amino groups which can then interact with 

negatively charged phosphate groups of nucleic acids. Superfect reagent assembles 

DNA into compact structures optimising entry of DNA into cells. 

A 12 well tray was seeded with 293A cells to 80% confluence. The 293A cell line is 

a continuous line of human embryonal kidney cells transformed by sheared 

adenovirus 5 (Ad5) DNA. The cells were infected with 400[il MVA/T7 for 1 % hours 

at 37°C and then washed with Yzml DMEM. Ipl plasmid DNA produced by midiprep 

(Qiagen) was added to a microfuge tube containing 120pj OPTIMEM (GibcoBRL) 

and 5p.l Superfect reagent. After incubation for 10 minutes, 700p,l DMEM was added 

and the transfection mix was added onto the monolayer of 80% confluent vaccinia 

MVA/T7 infected 293A cells. After incubation for 3 hours at 37°C, the transfection 

mix was removed and the cells overlayed with 2ml fresh DMEM and incubated 

overnight at 37°C. Following overnight incubation the cells were washed twice with 

2ml PBS and cell monolayer was fixed to the bottom of the 12 well tray by the 

addition of ice cold methanol. The cells were rinsed with PBS and antisera to the 
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proteins produced from the regions of the virus were placed onto the cells and 

incubated overnight at 4°C. The cells were washed 3 times with 2ml PBS and counter 

stained with Evans Blue with goat anti-mouse FITC labelled antibody (1:100) and 

incubated for 2 hours at 37°C. The cells were then washed 3 times with 2ml PBS and 

fluorescent cells were visualised BY fluorescence microscopy. 
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Chapter 3 

Expression of N-terminal Proteins 

3.1 Introduction 

Little is known about the translation of caliciviral genomes, however comparison 

can be made with the picornaviruses which are also positive sense single-strand 

RNA viruses. Caliciviruses encode non structural proteins that have motifs typical of 

those found in picornaviral non structural proteins and are both processed by a 

similar proteolytic cascade mechanism (Palmenberg, 1990). 

The conventional eukaryotic method of translation initiation involves a 5' m^G cap 

structure, which is the initial site of interaction between the mRNA and cellular 

translation machinery. Initiation begins with the assembly of a 40S ribosome 

subunit, initiator tRNA and initiation factors to form a 43S complex (Merrick, 

1992). The 43 S complex is bound to the capped mRNA by a cap binding complex 

eIF4F (Pestova et ah, 1998) and consequently scans the 5' untranslated region (5' 

UTR) until the appropriate AUG codon is reached (Kozak, 1991). 

Translational control of picomaviral RNA is mediated by the 5' non coding region. 

The genomic RNA of poliovirus and other picornaviruses is not linked at its 5' end 

by a typical cap structure found in eukaryotic mRNAs, but is covalently linked at the 

5' end to a small peptide (VPg) which is rich in basic, hydrophilic amino acids 

(Pestova et ah, 1991). The function of VPg is not clear, but it is thought that it may 

serve a role in the initiation of positive and negative strand RNA synthesis. 

Initiation of poliovirus translation occurs by ribosomal binding to the 5'non 

translated region independently of the 5' terminus by an internal ribosome entry site 

(IRES) (Belsham et al, 1996). The 5' non translated region (5' NTR) has extensive 

secondary structure, and can range from ~650nt to ~l,300nt. The IRES which is a 

long 400nt segment of genomic RNA positioned 200nt downstream from the 5' end. 
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controls translation by enabling ribosomes to bind directly to the internal site 

without scanning from the 5' terminus (Agol, 1991). The 5' NTRs of picornviruses 

have up to 13 AUG triplets, preceding the codon at which translation starts, none of 

which appear to be translated. 

A genome linked protein (VPg) has been identified for VESV, SMSV, RHDV 

(Myers et al, 1991) and FCV (Herbert et al, 1997) at the 5' end of genomic and 

subgenomic RNA and by analogy, it is possible that NLVs and SLVs also have a 

VPg. The precise mechanism of translation initiation in caliciviruses is unknown, 

and initially it was thought that VPg may play a similar role to the cellular mRNA 

cap structure in binding the initiation factor eIF4F. Herbert et al. (1997) have since 

shown that the addition of a cap analogue 7-methylGTP to in vitro translations had 

no effect on the translation of FCV RNA, suggesting that the FCV RNA is translated 

independent of eIF4F and that cap binding proteins may not be required for the 

translation of FCV RNA. Sosnovtsev and Green (1995) have demonstrated that VPg 

is not required for infectivity of a synthetic transcript of FCV, and that the RNA did 

need to be capped for infectivity. The observations of Herbert et al., (1997) and 

Sosnovtsev and Green (1995) suggest that VPg may substitute for a conventional 

cap structure in a way that does not involve the conventional cap binding complex. 

Recently, the first 11 Ont of the 5' end of Norwalk NLV (NV) has been shown to 

contain secondary elements that bind specifically to different HeLa and CaCo-2 

cellular proteins (Gutierrez-Escolano et ah, 2000). These proteins include La, 

hnRNPL, PTE and PCBP-2, that are known to be involved in poliovirus IRES-

associated translation and hepatitis C virus translation. This observation suggests 

that caliciviruses and picornaviruses may use similar replication and translation 

mechanisms. In the absence of the cap structure in calicivirus RNA, this may 

suggest that the ribosome requires additional elements to initiate translation. The 

observed ribonucleotide protein complex formed with a double stem-loop structure 

located at 1-11 Ont (Gutierrez-Escalano et al., 2000) may allow entry to the 

ribosomes, as observed during picornavirus translation. 
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The aim of this study was to express fragments corresponding to the N-terminus 

region of Lordsdale NLV, Manchester SLV and FCV, in E.coli, enabhng polyclonal 

antisera to be raised against these regions allowing further investigation of the 

initiation of translation in caliciviruses, as it is not known where the precise 

translational start site is located. The N terminal region antisera can be used to 

detect whether the primary translation product is produced during natural infection 

or produced in in vitro transcription/translation assays. 

3.2 Construction of pRSET expression clones 

Expression of the N-terminal peptides of Lordsdale NLV, Manchester SLV and 

FCV(F9 strain) polyproteins were carried out using the XPRESS™ (Invitrogen) 

protein expression system (2.9). DNA sequences which were cloned into the pRSET 

vectors were placed under the control of the T7 promoter and positioned in-frame 

with a sequence encoding an N-terminal fusion peptide which includes six histidine 

residues functioning as a nickel binding domain. This allowed the purification of 

the recombinant proteins. 

3.2.1 Primer design. 

Primers were designed to produce PCR products containing the N-terminal region of 

Lordsdale NLV, Manchester SVL and FCV. The primers included a BamHI site at 

the 5' terminus and a stop codon and Hindlll site at the 3' terminus, which would 

allow the insertion of the PCR product in frame with the translation initiation codon 

of pRSETA. Initially, fragments were produced corresponding to the entire N 

terminal region, but did not express in this system; presumably they were toxic in 

E.coli cells. Therefore, primers were designed to produce PCR fragments analogous 

to the 5' (region A) and 3' (region B) of the N terminal regions of Lordsdale NLV, 

Manchester SLV and FCV, which would correspond to the N- and C- terminus of 

the N terminal region (Figure 3.1). The primers, product sizes, and the predicted 

protein sizes are shown in table 3.1. 
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N-terminal Region of Polyprotein 

N-terminus 
Cleavage site 

from NTPase 

Region A Region B 

Figure 3.1 N-terminal region fragments 

3.2.2 Production of PGR products for cloning into pRSETA 

The PGR fragments were amplified from Lordsdale NLV, Manchester SLV and 

FGV full length clones using Bio-X-act DNA polymerase (2.8), to minimise random 

mutations. Denaturation was carried out at 94°G for 20 seconds, annealing at 46°G 

for 20 seconds for all six products. Extension was carried out at 72°G for 30 

seconds for all products, except for Manchester SLV 3' N terminus which had an 

extension time of 1 minute, and 25 cycles were carried out in each case. The 

presence of a single PGR product was checked by agarose gel electrophoresis 

(2.5.2), and the PGR products purified using the QIAGEN PGR preps kit (2.7.3.1) to 

remove any remaining primers and nucleotides before restriction digestion. 
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Table 3.1 Primers used to produce PCR fragments for cloning into 

pRSETA. The BamHI and Hindlll restriction sites are shown in 

bold and the stop codon is underlined. 

Region of 

genome 

Primer 

name 

Primer sequence 

5' 3' 

Product size Predict 

protein 

size 

Lordsdale 

NLV 

N terminus 

Region A 

LVNF GCATACGGATCCATOAAOATGOCGTCTAACGA 

320 bp 11.8 kDa 

Lordsdale 

NLV 

N terminus 

Region A 

LVR GCGTAAGCAAGCTTCTATGTTGGCTTCATCCGGTT 

11.8 kDa 

Lordsdale 

NLV 

N terminus 

Region B 

LVF2 

LVNR 

GCATCGGATCCGCGGATCTATCTCATCTCCCCAGAC 

GCTATGCAAGCTTCTACTGCAGCTCGTAATCACC 

450 bp 16.6 kDa 

Mancliester 

SLV 

N terminus 

Region A 

MVIF GATGATGGATCCATGGCTTCCAAGCCATTC 

251 bp 9.2 kDa 

Mancliester 

SLV 

N terminus 

Region A 

MVIR GATGATAAGCTTTTATTCTTGAACACTGTCAGG 

251 bp 9.2 kDa 

Manchester 

SLV 

N terminus 

Region B 

MV2F GATGATGGATCCGOTACATTGTTCCGGGAG 

GATGATAAGCTTTTATTGGGCGGTGAACGT 

719 bp 26.6 IcDa 

Manchester 

SLV 

N terminus 

Region B 

MV2R 

GATGATGGATCCGOTACATTGTTCCGGGAG 

GATGATAAGCTTTTATTGGGCGGTGAACGT 

719 bp 26.6 IcDa 

FCV 

N terminus 

Region A 

f C V ^ GCATAGCGGATCCATGTCTCAAACTCTGAGCTT 

300 bp 11.1 kDa FCV 

N terminus 

Region A 

FCVIR GCTATGAAGCTTdAGGCATAACTCGTCGGAG 

300 bp 11.1 kDa 

FCV 

FCV2F GCATAGCGGATCCTCTAAACTTCTTGACTTTCTC 

446 bp 16.5 kDa 

N terminus 

Region B 

F C ^ R GCATAGCAAGCTTCTAGAACAGCCGCCTT 

446 bp 16.5 kDa 
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3.2.3 Cloning of PCR fragments into pRSETA 

The PCR products were digested with BamHI and Hindlll at 37°C for 4 hours, then 

purified using the QIAGEN PCR preps kit (2.7.3.1) and ligated into BamHUHindlll 

digested pRSETA. The ligation products were transformed into competent E.coli 

JMlOl (2.3.2), which carries the F pilus essential for infection by M13/T7 phage. 

This phage contains the T7 RNA polymerase gene necessary for expression of the 

fragment inserted in the pRSET vector. Purification of plasmid DNA by STET 

(2.4.3.3) followed by restriction digest (2.6.1.1) with BamHI and Hindlll was 

utilised to confirm the presence of the inserted fragment. 

3.3 Expression of N terminal fragments 

3.3.1 Expression of recombinant protein 

An overnight culture of a single recombinant colony from a clone verified to contain 

the desired insert was used to inoculate 25ml of LB containing ampicillin. The 

culture was grown at 37°C, with vigorous shaking, until the O.Dgoo was 0.3. IPTG 

was added to a final concentration of ImM and the culture was left shaking for 1 

hour. The addition of IPTG induces transcription by binding to the lac repressor. 

The O.Dgoo of the culture was then taken, and cells were infected with M13/T7 phage 

at a ratio of 5pfu/cell and left shaking at 37°C for a further 4 hours. 1ml of this 

culture was centrifuged and the resulting pellet resuspended in 200pl of SDS-sample 

buffer and 20^1 analysed on a 12.5% SDS-PAGE gel (Figure 3.2). A 1ml sample 

was taken from a 25ml culture every hour for 6 hours for all expressed proteins. The 

1ml sample was centrifuged and the resulting pellet was resuspended in 30-200|LI1 of 

sample buffer depending on the recorded O.Dgog. Samples (20^1) of each were run 

on a 12.5% SDS-PAGE gel (Figure 3.3). Four hours was optimal for all expressed 

proteins. Large quantities of protein were expressed from pRSETA containing the 

fragments corresponding to Lordsdale NLV N-terminus region B and to Manchester 

SLV N terminus region A. The pRSETA constructs containing the Lordsdale NLV 

N terminus region A and the FCV N terminus region A expressed small amounts of 
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protein. The constructs containing the Manchester SLV N terminus region B and the 

FCV N terminus region B did not produce measurable quantities of protein in this 

system. 
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Figure 3.2 Expressed protein of Lordsdale NLV N terminus region B. 

Lane 1. Positive control-expressed protein of Lordsdale 
NLV N-terminus region A. 

Lane 2. Negative control-pRSETA only 
Lane 3. Lordsdale NLV N-terminus region B, clone 1. 
Lane 4. Lordsdale NLV N-terminus region B, clone 2. 

Low molecular weight protein markers (lane 5) and expressed 
protein of 12kDa are indicated (lane 3). 
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Figure 3.3 12.5% SDS-PAGE gel showing the time course of 
expression for Lordsdale NLV N terminus region A. 

Lanes 1.-6. show time course in hours after addition of phage. 

The high and low molecular weight markers (lanes Ml and 
M2), and the 21kD protein of Lordsdale NLV N terminus 
region A are indicated. A positive control (+) of expressed 
protein of Lordsdale NLV N terminus region B and a negative 
control (-) of pRSETA only are shown. 
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3.4 Purification of recombinant proteins 

3.4.1 Large scale expression of recombinant protein 

An overnight culture of the required recombinant clone was used to inoculate 

lOOmls of LB/ampicillin broth. When the O.Dgoo reached 0.3, IPTG was added and 

after one hour the cells were infected with 5pfu/ml M13/T7 phage. The cells were 

grown for 4 hours at 37°C, after which a 1ml sample was taken and analysed by 

SDS-PAGE to ensure the required protein had been expressed. The remaining cells 

were pelleted at 3000rpm for Vz hour. 

3.4.2 Purification of expressed proteins by metal affinity chromatography 

The expressed proteins were purified from the E.coli cells by metal affinity 

chromatography using the six-histidine tag introduced by the N-terminal fusion 

peptide from the pRSETA vector (2.9.1). 

E. coli cells were lysed to release the expressed protein by resuspending the bacterial 

pellet with guanidium lysis buffer followed by sonication of the resuspended cells. 

The sonicated cell lysate was added to a column containing pre-equilibrated Probond 

resin (Invitrogen) to which the recombinant protein bound during gravity flow of the 

lysate through the column. The column was washed three times with buffers 

decreasing in pH to remove non-specifically bound E.coli proteins and the bound 

protein was eluted from the column using a low pH buffer (2.10.1). The eluant was 

collected in 500pl fractions, of which 20pl were analysed by SDS-PAGE. The 

SDS-PAGE gel of LV NLV was typical for these constructs (Figure 3.4). All four 

proteins that were purified were used for production of antisera. 
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Figure 3.4 12.5% SDS-PAGE gel showing the 12 fractions collected from the 
purified Lordsdale NLV N terminus region B before dialysis. 

Lane 1. Crude extract, Lane 2. Eluant extracted after addition of 
binding buffer, pH 7.8, Lane 3. Eluant extracted after addition of 
wash buffer, pH6.8, Lanes 4.-5. Eluant extracted after addition of 
wash buffer, pH 5.3, Lanes 6. - 17. 20pl of the 12, 500pl fractions 
eluted from the resin. 

The high molecular weight (Lane Ml) and low molecular weight 
(Lane M2) markers and the 12kD purified expression product are 
indicated. 
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3.4,3 Removal of urea and concentration by dialysis 

The process of purifying the recombinant protein from E. coli extracts used buffers 

that contained urea, therefore it was essential to remove the urea from the eluted 

protein and to concentrate the protein into a small volume before using as an 

immunogen. The eluted fractions were combined and dialysed against PBS in 

visking tubing. The PBS was replaced three times to remove all the urea. The 

sample volume was reduced in the dialysis tubing by evaporation at 4°C until 

approximately 1ml remained. The remaining PBS containing the protein was 

removed from the tubing, of which lOpl was analysed by SDS-PAGE to determine 

the concentration of protein and the amount necessary to give a 50pg injection when 

immunising (Figure 3.5). 

After dialysis two protein bands can be seen for Lordsdale NLV N terminus region 

A and FCV N terminus region A (Figure 3.5). This could perhaps be due to slow 

cleavage of the N terminal protein by autocatalysis or cleavage by E.coli proteases. 

It has been shown that the N terminal region of FMDV is a protease (L protease) and 

has the ability to autocatalytically cleave itself at the L/Pl junction (Strebel K and 

Beck E, 1986). This cleavage can be further investigated by N terminal sequencing 

of the fragments. 
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Figure 3.5 SDS-PAGE gel (12.5%) showing the purified proteins used 
for immunisation. 

Lane 1. Lordsdale NLV N terminus region B, Lane 2. Lordsdale NLV 
N terminus region A, Lane 3. Manchester SLV N terminus region A, 
Lane 4. FCV N terminus region A, 
Ml. and M3. High marker, M2. and M4. Low marker. 

The high and low molecular weight protein marker sizes are indicated. 
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Table 3.2 Concentration of N terminal proteins and volumes to be used for 

immunisation. 

Protein Concentration Volume per immunisation 

Lordsdale NLV 

N-terminus Region A 

3ng/10|il 160^1 

Lordsdale NLV 

N-terminus Region B 

6|Lig/10)il 80^1 

Manchester SLV 

N-terminus Region A 

6)j.g/10|al 80^1 

FCV N-terminus 

Region A 

6|ig/10)Lil 80^1 

3.5 Production of Antisera to the purified proteins 

The purified expressed N terminal peptides were used to raise polyclonal antisera in 

mice. Two mice were immunised for each of the N-terminal proteins and a blood 

sample was taken from all of the mice before immunisation was commenced to 

obtain pre-immune sera and these were blotted against the proteins to ensure no pre-

immune reaction. The immunisation schedule consisted of one intramuscular 

immunisation containing the required volume (table 3.2) of the purified protein and 

made up to 500^1 with PBS, in Freund's complete adjuvant, to give a final 

concentration of 50)LXg of protein. Three further immunisations were carried out 

using 50|Lig of protein in Freund's incomplete adjuvant. Subsequently a tail bleed 

was obtained from each mouse. The test bleed antisera were analysed by 

immunoblotting against the relevant purified protein. Immunoreactivities observed 

were different for each protein, therefore all mice were given two further 

immunisations using 50^g of protein in Freund's incomplete adjuvant and bled two 

weeks after the final booster injection. The hyper-immume sera from the mice were 
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analysed by immunoblotting against the relevant purified protein (Figure 3.6). 

Specificity by immunoblotting differed, some of the antisera cross-reacted with 

E.coli proteins which co-purifies with the expressed protein. The pre-immune 

antisera did not react with any of the proteins present from E.coli expression (Figure 
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Figure 3.6 Pre and hyperimmune immunoblots with mouse IgG antisera 
(1/100) to the Lordsdale NLV, Manchester SLV and FCV N-
terminal regions. 
The antisera were blotted against the respective immunising agent and 
run on a 12.5% SDS-PAGE gel. The position of the expected 
responses are indicated by arrows. 
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3.6 Radio-Immune Precipitation Assay (RIPA) with N-terminal 

antisera 

The polyclonal antisera produced to the N-terminal regions of Manchester, 

Lordsdale NLV and FCV genomes were used to detect whether the N terminal 

protein can be detected from in vitro transcription and translation products of full 

length Manchester SLV, Lordsdale NLV and FCV cDNA clones using a Radio-

Immune Precipitation Assay (RIPA). 

The Manchester SLV, Lordsdale NLV and FCV full length cDNA clones were 

transcribed and translated in a TNT reaction for 2 hours at 30°C for 2 hours, before 

use in a radio-immune precipitation assay. 5pl of each pre-immune and hyper-

immune mouse antiserum was mixed with 8]ul of the appropriate TNT reaction in 

SOOpl IxRIPA buffer (2.14) and incubated for 1 hour at 37°C to allow immune 

complexes to form. Agarose beads coated with anti-mouse IgG were added and 

incubated for a further hour at room temperature to absorb immune complexes. The 

agarose beads were washed three times with IxRIPA buffer to remove unbound 

proteins, before analysis by SDS-PAGE and autoradiography. Results show that the 

antisera to Lordsdale NLV N terminal region B reacted with the 37kDa protein 

confirming that this was the N terminal protein of Lordsdale NLV (Figure 3.7). 

N terminal proteins for Manchester SLV and FCV were not detected. The N 

terminus region of Manchester SLV was estimated to be approximately 36kDa and 

no protein of this size is observed in an in vitro TNT reaction. The FCV N terminal 

antiserum was raised to the F9 strain of FCV, but these RIP As were performed using 

the Urbana strain, so possibly the N terminal antisera would not detect the N 

terminus from a different strain, although the amino acid sequences of the two strain 

are similar. The FCV-F9 strain will have to be used to determine whether the N 

terminus is expressed in an in vitro TNT reaction. 
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Figure 3.7 Autoradiograph showing the proteins immunoprecipitated from a 
2 hour TNT reaction of the full length clones of Lordsdale NLV, 
Manchester SLV and FCV. 

The initial 2 hour TNT reactions of Lordsdale NLV, Manchester SLV 
and FCV are shown for comparision and are followed by proteins 
immunoprecipated by pre and post immune antisera directed at the N 
terminal regions. The position of the 37kDa protein detected by the 
Lordsdale NLV N terminal region B antisera (lane 3) is indicated. 

Lane 1. Lordsdale NLV 
Lane 2. Lordsdale NLV N terminal region B pre immune 
Lane 3. Lordsdale NLV N terminal region B post immune 
Lane 4. Lordsdale NLV N terminal region A pre immune 
Lane 5. Lordsdale NLV N terminal region A post immune 
Lane 6. Manchester SLV 
Lane 7. Manchester SLV N terminal region A pre immune 
Lane 8. Manchester SLV N terminal region A post immune 
Lane 9. FCV 
Lane 10. FCV N terminal region A pre immune 
Lane 11. FCV N terminal region A post immune 
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3.7 Discussion 

The antisera to the FCV, Lordsdale NLV and Manchester SLV N terminus region 

will permit the detection of the N terminus and precursors from in vitro transcription 

and translation products using a radio-immune precipitation assay, as well as to 

detect if the N terminus protein is made during natural infection, because it is not 

known where translation initiation begins. 

Infection of rabbit hepatocytes with purified RHDV has led to the detection of 

RHDV specific polypeptides within the infected cells (Konig et al, 1998). Analysis 

of these polyproteins led to the detection of 16kDa protein (pi 6) which reacted with 

antisera directed against amino acids 9-112. This protein therefore represented the N 

terminal cleavage product of the polyprotein. In addition, relative positions in 

caliciviral polyproteins have been mapped using anti-sera to defined regions of the 

genome. This has been observed for Southampton SLV (Liu et a/., 1996; 1999), 

Camberwell NLV (Seah et al., 1999), Manchester SLV (Robinson, PhD Thesis, 

1999) and RHDV (Wirblich et al., 1996; Alonso et al, 1996; Konig et al., 1998)). 

In the absence of a cell culture system, transfection of eukaryotic cells with genomic 

RNA or cDNA is a way forward in understanding the replication of caliciviruses. 

The availability of an infectious FCV clone will serve as a model system, and 

therefore allow studies involving viral replication. Large quantities of FCV particles 

have been successfully propagated by the transfection of feline kidney cells with 

genomic RNA derived from a cloned full length copy of FCV (Sosnovtev and 

Green, 1995). Furthermore, Feline calicivirus grows efficiently in cultured feline 

kidney cells, and therefore can be used as a model system to study the replication of 

caliciviruses. The FCV N terminus anti-sera can therefore be used to detect whether 

N terminal protein is made in vivo, as has been reported for RHDV (Konig et al., 

1998). 

In this study, the production of the N terminus region specific antisera allowed the 

detection of the N terminus of Lordsdale NLV from an in vitro transcription and 
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translation assay using RIP As. The Lordsdale NLV N terminus antisera detected the 

37kDa protein which is the estimated size of the N terminal region of Lordsdale 

NLV if the N terminus is cleaved from the NTPase at the proposed LQGP site at 

amino acid 331. 

The precise translation initiation start site has not been defined for the caliciviruses, 

and the production of N terminus region anti-sera represents an important step in 

determining the translation start site in caliciviruses. These N terminal region 

polyclonal anti-sera could be used to detect the N terminal protein, which could then 

be isolated and run on a SDS-PAGE gel. The protein band could be purified from 

the gel and analysis by Edman degradation of the N termini from the purified band 

would identify the N-terminal sequence of the protein and hence the probable start 

site of translation initiation. This would also show if the N terminus is further 

cleaved in vivo as is the case for RHDV (Konig et ah, 1998). 
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Chapter 4 

Construction of Genomic Clone of Lordsdale NLV 

4.1 Introduction 

Norwalk-like viruses (NLVs) have been estabUshed as an important cause of 

diarrhoea! disease in adults. There is significant genome diversity within the 

NLVs and these viruses fall into 2 distinct genogroups. 

At present, there are eight complete NLV sequences available, Norwalk virus 

(Jiang, 1993; Hardy, 1996), Southampton virus (Lambden et al, 1993; 1995), 

Chiba virus (Someya et al., 2000) and Hesse Virus (Pletneva et al., 2001) from 

genetic group I and Lordsdale virus (Dingle et al., 1995), Camberwell virus (Seah 

et al., 1999), Hawaii virus (Pletneva et al., 2001) and Hu/NLV/GII/MD 145-

12/1987/US(Green et al., 2002) from group II NLVs. NLVs have three distinct 

ORFs encoding the non structural proteins, capsid and basic protein of unknown 

function. The genome of group I NLVs is slightly larger (7.7kb) than the group II 

viruses (7.5kb). Lordsdale virus genome (group II) is 7555 nucleotides long, with 

ORF 1 proposed to begin at nucleotide 5 and encodes a translation product of 1699 

amino acids. Sequence analyses of the ORFl polyprotein of these viruses have 

revealed structural motifs typical of the picornaviral 2C-NTPase, 3C-like protease 

and the 3D RNA-dependant polymerase (Lambden et al., 1993; Jiang et al, 1993; 

Dingle et al., 1995). This suggests that in caliciviruses, post transcriptional 

proteolytic processing occurs in a similar way to that in picornaviruses. 

The progress of molecular biology of human enteric caliciviruses has been 

restricted by the lack of a cell culture system for propagation, and the availability 

of a correct full length genomic clone is essential to allow studies of viral 

replication and translation. The use of recombinant cDNA in in vitro systems or 

transfections of eukaryotic cells is presently the only way forward in understanding 

the replication of caliciviruses. This approach has been the most productive where 
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full length clones have been produced for viruses that can be grown in cell culture 

or where there is an animal model for recovering infectious viruses. Only 

caliciviruses in the Vesivirus genus can be grown routinely in cell culture. Viruses 

related to vesicular exanthema of swine virus have a broad host range and their 

genomic RNA is infectious (Schaffer, 1979) and a non-enteric mink calicivirus 

(MCV) which was found to be most closely related genetically to Vesivirus is 

cultivable (Guo et al, 2001). Feline calicivirus (FCV), also a Vesivirus, are 

ubiquitous and have a narrow host range and an ideal model system for studying 

calicivirus replication. Infectious FCV can be recovered from non permissive cells 

transfected with genomic cDNA (Sosnovtsev et al., 1997) suggesting that in vitro 

systems can fulfil the requirements of viral replication. 

Coupled in vitro transcription/translation experiments have been performed on 

Southampton virus (SV), which is a group I NLV. In vitro TNT reactions of SV 

cDNA produced three major translation products of 113, 48 and 41kDa (Liu et al., 

1996). The combined molecular mass of these three translation products was 

estimated to be 202kDa, which is close to the suggested size of a polyprotein 

initiated at the first AUG codon at nucleotide 5. Immune analysis of the SV 

cleavage products revealed that the 48kDa protein was derived from the N terminus 

of the polyprotein, the 41kDa protein represented the 2C NTPase and the 1 IBkDa 

protein was the C terminal half of the polyprotein (3ABCD) (Liu et al., 1996). 

The complete sequence of Lordsdale NLV has been used to construct a full-length 

cDNA clone (Dingle, 1995; Williams, PhD Thesis, 1998) and the subgenomic 

region was shown to be free of mutations. 

The aim of this study was to construct an authentic full length clone of genogroup 

II Lordsdale NLV and correct any mutations introduced during the assembly of the 

clone. The genomic clone can then be used in in vitro transcription/translation 

studies to investigate the proteolytic processing of the viral non structural 

polyprotein. As the intiation start site in unknown in caliciviruses, the N terminus 

antisera to the Lordsdale NLV N-terminal region can be used to map the primary 
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translation product and precursors, as well as using other specific anti-sera to map 

the in vitro transcription/translation proteins Furthermore the Lordsdale NLV clone 

could be used for transfection studies in the hope to produce infectious LV virions. 

Anti-sera to the N terminal region and to other ORFl proteins could be used to 

determine if ORFl proteins are made following transfection of tissue culture cells. 

4.2 Construction of Lordsdale NLV full length clone 

The original full length clone of Lordsdale NLV (LVFLC) was constructed by Dr 

K Dingle (Dingle, 1995) and by Dr J Williams (PhD Thesis, March 1998), but was 

not subjected to a full sequence analysis for the presence of mutations which may 

affect the corrrect processing of the polyprotein. 

The full length clone was constructed from four overlapping cDNA fragments 

using three unique restriction sites within the Lordsdale NLV sequence, SphI (nt 

1592), Sail (nt 3384) and BssHII (nt 5317), and were cloned into pGEM3Z vetor. 

A BamHI site and a T7 promotor sequence were placed immediately in front of the 

first LV nucleotide, so that full length transcripts contained only authentic LV 

sequence and a BamHI site was situated at the 3' end. Consequently the entire 

Lordsdale NLV cDNA could be released from pGEM3Z by a BamHI digestion. 

4.3 Sequence analysis of Lordsdale NLV full length clone 

The Lordsdale NLV (LV) full length clone was sequenced using primers specific 

for LV ORFl. Automated DNA sequencing was performed using the 

Thermosequenase dye terminator cycle sequencing kit (Amersham) (2.8). This 

sequencing technique depends upon four fluorescent dye-labelled 

dideoxynucleotide terminators and utilises a thermostable DNA polymerase to 

determine DNA sequences by the chain termination method. High quality template 

DNA at Ipg per Ikb template length per sequencing reaction was used together 

with 50ng of primer in a total volume of lOpl. Denaturation was carried out at 96° 

95 



C for 15 seconds, annealing at 46°C for 10 seconds and extension was at 60°C for 

4 minutes, for 60 cycles. The extension products were purified by ethanol 

precipitation, rinsing with ethanol (70%) and vacuum drying. The resulting pellet 

was resuspended in 4[il of loading buffer (Amersham) and the sample denatured by 

heating at 95°C for two minutes, before loading onto an acrylamide-urea gel 

(2.8.3). Electrophoresis was carried out for 12 hours at 2500 volts, 40 mAmps, 30 

Watts and 40°C. The sequence data were then collected automatically and 

analysed by computer (Applied Biosystems and DNA Star Software). The 

computer analysis and sequence chromatograms were checked manually. The 

sequence data obtained for LVFLC ORF 1 were aligned with that of the known 

sequence of LV using the DNAstar LaserGene software. Analysis of these data 

revealed that there were two nucleotide substitutions resulting in amino acid 

changes and more significantly, a 15 base pair deletion was detected in ORPl of 

LVFLC (table 4.1). 

Table 4.1 Mutations in ORFl of Lordsdale NLV full length cDNA 

clone 

Mutation Nucleotide Amino add Mutation 

Sustitution Coordinate Substitution Coordinate 

1 C => A 1424 Leu = Met 474 

2 15 nt deletion 2181 to 2195 

3 G=>T 2924 Gly = ) Cys 974 
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4.4 Construction of an authentic full length clone of Lordsdale 

N L V 

A corrected full length clone was assembled in stages using the original cDNA of 

Lordsdale NLV (LV) which was cloned into pGEM3Z vector. To use unique 

restriction sites within the LV sequence for the correction of the mutations, it was 

necessary to subclone the LV sequence into a vector that did not contain these 

unique restriction sites. Therefore, LV cDNA was digested out of pGEM3Z using 

BamHI and ligated into a BamHI digested pSP73 vector which had been adapted so 

the Sail and Sphl sites were removed from the multiple cloning site (pSP73gg^,^.). 

Modified vector pSP73ga,/gp,,_ was constructed by digesting pSP73 vector with Xbal 

and Xhol which removed a fragment containing the Sail and Sphl sites. The 

cohesive ends of the digested vector were filled in by addition of T4 DNA 

polymerase, and the vector ends were subsequently ligated together. The 

pSP73sai/sp|,. vector was treated with Sail and Sphl to ensure that these restriction 

sites had been removed. All vectors that were used and clones that were 

constructed are described in table 4.2. 
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Figure 4.1 Strategy for the construction of LVFLC in pSP73 saX/sph-
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4.4,1 Correction of 15bp deletion (LVFLC2) 

The 15 base pair deletion (nt2181-2195) was corrected by mutagenic PCR (Figure 

4.1) to generate clone LVFLC2. Primary products were amplified from LVFLC 

usmg pnmcr panrs AB3 GUWGCTTTCAACX^LAGTCT 33 N&d6 

(5' TGAGCTGTCTTCCAACTTTCATTGTGTCCATCAGCCAT 3 ) and :S(]H9 

(5' (:(:yi(:(:TrT"ix:Kix]LAj[iAL(j]:ALT:AL3') v/idi 

Iv[ut5 (5' ATGGGGTGATGGACACAATGAAAGTTGGAAGACAGCTCA 31 

to produce 835bp and ISOObp products respectively. Mut5 and Mut6 primers were 

complementary mutagenic primers containing the additional 15 nucleotides 

(underlined) required to repair the deletion. The PCR products were purified and 

then used as templates to produce a 2050bp product (nt 1464 to nt 3514) with 

nested primers SGH39 (5' GACCTGTTGTTGTGATGATA 3 ) and SGH25 (5' 

CATATGACAGTGTTTCCACC 3'). The resulting product was digested with the 

unique sites Sail (ntl592) and Sphl (nt3384), purified, and cloned into Sall/SphI 

digested and dephosphorylated pSP73 to give construct p73/LV-2. The Sall/Sall 

fragment containing the corrected deletion was sequenced to ensure that all 

corrections had been made and that no further random PCR mutations had been 

incorporated. The Sall/SphI section was released from p73/LV-2 to give a 1792bp 

product and cloned into Sall/SphI digested and dephosphorylated LVFLC in 

pSP73^^.to generate LVFLC2. 
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Figure 4.2 Mutagenesis using overlap extension PCR for correction 

of 15 base pair deletion in LVFLC. 
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Table 4.2 Cloning vectors and Plasmids used in the Construction of 

Authentic Full Length Clone of Lordsdale NLV. 

Vector/Plasmid Description 

pSP73s3i/spi,. pSP37 vector digested with Xbal and 

Xhol within MCS to remove Sail and 

l.T/MLC: iii]]GE]V[32: Lordsdale NLV genome contained within 

pGEM3Z vector 

LT/FLCuipSP73Lu#. Lordsdale NLV genome contained within 

pSP73gg|/gp|̂ _ 

p73/LV-2 Sail (ntl592) to SphI (nt3384) fragment 

of LV containing corrected 15bp deletion, 

cloned into pSP73 

LVFLC2 Lordsdale NLV genome with 15bp 

deletion corrected within pSP73g ;̂ph. 

p73ax,Ri. /LV-2 p73/LV-2 plasmid digested with EcoRV 

and Sail within MCS to remove EcoRI 

site 

p73/LV-3 Sail (ntl592) to SphI (nt3384) fragment 

of Lordsdale NLV containing corrected 

15bp deletion and 2924nt mutation, 

cloned into p73EgQR,_ /LV-2 

LVFLC3 Lordsdale NLV genome with 15bp 

deletion and 2924nt mutation corrected, 

contained within pSP73g^gph 

p73/LVhpa-sal Hpal to Sail (ntl592) of LV cloned into 

pSP73 

LVFLC4 Lordsdale NLV genome with 15bp 

deletion, 1424nt and 2924nt mutation 

corrected, contained within pSP73^gpb 
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4.4.2 Correction of 2924nt mutation (LVFLC3) 

The construct p73/LV-2 which contains the pSP73 vector and LV sequence from nt 

1592 to nt 3384 with the corrected 15 base pair deletion (nt2181-2195), was used 

for the correction of the mutation at 2924nt by mutagenic PCR. To utilise unique 

sites within this LV sequence to allow correction of the mutation, it was necessary 

to delete an EcoRI site from the pSP73 vector. The construct p73/LV-2 was 

digested with EcoRV dind Sad to delete an EcoRI site within the pSP73 vector and 

the cohesive ends of the digested construct were filled in by addition of T4 DNA 

polymersase. The ends were subsequently ligated together to generate construct 

p73ecor i - /LV -2 and then digested with EcoRI to ensure that this restriction site was 

absent. Primary products were amplified from p 7 3 e c o r i / L V - 2 using primer pairs 

v\]3i:2(5' 3 ) vfhlilVIutS (5' 

(}Trc}/Lc:T/\.(3vi(: 3 ) aiid viisis (5'TXj<:{:(}cyiT:L4L(:viTrciAjGrrir3') \vitb A/hit? 

3 ) to prcwluce "ZSjUbp aaid 296l)p 

amplicons respectively. Mut7 and Mut8 primers were complementary mutagenic 

primers containing the corrected mutation (underlined). The PCR products were 

purified and then used as templates to produce a 917bp amplicon (nt 2277 to nt 

3188) with nested primers SspBI-F (5' AGATAGTGTACAGTGGTT 3') and 

lEcoI-R (5' 3'). IPrimers (SsplBI-i; and E(:oRI-R 

contained SspBI (nt2277) and EcoRI (nt3188) restriction sites (in bold) 

respectively. The resulting amplicon was digested with the unique restriction sites 

SspBI and EcoRI , purified and cloned into SspBI/EcoRI digested and 

dephosphorylated to give construct p73/LV-3. The SspBI/EcoRI 

fragment (ntl592-3383) containing the corrected mutation was sequenced verified 

to ensure that no further random PCR mutations had been incorporated. The 

Sall/SphI (ntl 592-3384) section of construct p73/LV-3 was released to give a 

1792bp product and cloned into Sall/SphI digested and dephosphorylated LVFLC 

in pSP73^gph.to generate LVFLC3. 
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4,4.3 Correction of 1424nt mutation (LVFLC4) 

The final mutation to be corrected was the mutation at 1424nt. To utilise unique 

restriction sites within the LV sequence, sub cloning this region of he genome was 

necessary. LVFLC3 was digested with Hpal{nX\3^) within pSP73 vector and with 

Sail(rit\591) within the LV sequence to release a 1694bp fragment and cloned into 

Hpal/Sall digested and dephosphorylated pSP73 vector (p73/LVhpa-sal). 

Mutagenic PGR was used to correct the 1424nt mutation using the p73/LVhpa-sal 

construct. Primary products were amplified using primer pairs ABl l (5' 

33 wkh (5' 

3 ) and p73-R (5' 

3 ) IVkdS (5' 

CKZTCjC/UCCrTTCtZCnnjKjrCKZ/̂ rCClACj 3 ) to iMxhwe 144bp and 239bp 

amplicons respectively. Mut3 and Mut4 were complementary mutagenic primers 

containing the corrected mutation (underlined). The PGR products were purified 

and then used as templates to produce a 250bp amplicon (ntl343 to ntl592) with 

neaed pnmas P&nd-F 3 ) and SaLR (5' 

3 ). Primers HincLJF arui SzU-It coiitaiaecl j&Gfzdyzr 

(ntl343) and Sail (ntl592) restriction sites respectively (in bold). The PGR 

product was then digested with Hindlll and Sail which were contained within the 

nested primers and cloned into Hindlll/Sall digested and dephosphorylated 

p73/LVhpa-sal. The Hindlll/Sall fragment containing the corrected mutation at 

nucleotide 1424 was sequenced verified and ensured that no further random 

mutations had been incorporated. The LV Hpal/Sall fragment was released from 

p73/LVhpa-sal to give a 249bp product and cloned into Hpal/Sall digested and 

dephosphorylated LVFLG3 to generate LVFLG4, which contained all corrected 

mutations. 

4.5 In vitro transcription and translation of LVFLC 2, 3 and 4. 

Once LVFLG 2, 3 and 4 had been constructed they were used in in vitro coupled 

transcription and translation experiments to study the translation of the viral 
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genomic RNA and compared to the translation of the original Lordsdale clone 

(LVFLC). The LVFLC and LVFLC2,3 and 4 were transcribed and translated 

using the Promega TNT® T7 Quick coupled transcription and translation system 

(2.13), to analyse the proteolytic processing of the LV ORFl non-structural 

proteins. This system uses a cell free rabbit reticulocyte lysate, optimised for 

expression of plasmid DNA carrying either the SP6 or T7 promotor to produce 

RNA. 

Plasmids carrying LVFLC and LVFLC2-4 were prepared by midiprep (2.4.3.1) and 

lOOng of purified plasmid was used as a template for each 25^1 

transcription/translation reaction. The reactions were incubated at 30°C for 2 hours 

before analysis by SDS-PAGE (2.12.1) and autoradiography (2.15). 

The results show that clones LVFLC 1,2, 3 and 4 all have major proteolytic 

products of 113Da, 40kDa and 37kDa (Figure 4.3). The proteolytic processing of 

LVFLC 2, 3 and 4 did not give any additional products compared to that of the 

original LVFLC, suggesting that the mutations did not have an effect on the 

proteolytic processing of ORFl in vitro. However, the mutations especially the 

deletion would have rendered the clone non-infecitous Analysis by radioimmune 

precipitation would help to identify the protein products and aid the construction of 

the cleavage pattern of the Lordsdale NLV genome. 
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Lane 1 2 3 4 

113kDa 

40kDa 
37kDa 

Figure 4.3 Autoradiograph from a 10% SDS-PAGE gel showing the in 
vitro transcription and translation of the full length clones of 
Lordsdale NLV after 2 hours at 30°C. 

Lane 1. pT7LVFLC, Lane 2. pT7LVFLC2, Lane 3. pT7LVFLC3, 
Lane 4. pT7LVFLC4. 

The main cleavage products of 113kDa, 40kDa and 37kDa are 
indicated. 
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4.6 Radio-Immune Precipitation Assay of Lordsdale NLV 

polyprotein cleavage products 

Three major cleavage products of llSkDa, 40kDa and 37kDa were observed 

following in vitro transcription and translation of the Lordsdale NLV full length 

clone (pT7LVFLC4). This pattern was similar to Southampton NLV. Polyclonal 

antisera produced to defined regions of Lordsdale NLV genome expressed in E. coli 

could be used to analyse the in vitro transcription and translation products in a 

Radio Immune Precipitation Assay (RIPA). As the TNT T7 Quick kit is a 

eukaryotic cell free system and E. coli antibodies to contaminating proteins should 

not react in this system. 

The Lordsdale NLV full length clone pT7LVFLC4 was transcribed and translated 

in a TNT reaction at 30°C for 2 hours, before use in a radioimmune precipitation 

assay. 5p,l of each pre-immune and post-immune mouse or rabbit antiserum was 

mixed with 8|il of the pT7LVFLC4 TNT reaction in 800|LI1 IxRIPA buffer (2.14) 

and incubated for I hour at 37°C to allow immune complexes to form. Agarose 

beads coated with anti-mouse or anti-rabbit IgG were added and incubated for a 

further hour at room temperature to absorb the immune complexes. The agarose 

beads were washed three times with IxRIPA buffer to remove any unbound 

proteins, before analysis by SDS-PAGE and autoradiography . The 3AB and 3B 

region antisera reacted with the 113kDa band and the N terminal region antisera 

detected a 37kDa protein, confirming that the 113kDa band is the 3ABCD region 

and the 37kDa band is the N terminal protein (Figure 4.4). 

109 



2 3 4 5 6 7 8 9 

Figure 4.4 Autoradiograph (10% SDS-PAGE) showing the proteins 
immunoprecipitated from a 2 hour TNT reaction of the full 
length clone of Lordsdale NLV. 

The initial 2 hour TNT reaction of Lordsdale NLV is shown for 
comparison and is followed by proteins immunoprecipitated by 
pre- and post immune antisera directed at the SAB, SB, SB peptide 
and N terminal regions. The positions of the proteins detected are 
indicated. 

Lane 1. Lordsdale NLV 
Lane 2. SAB pre-immune 
Lane 3. SAB post-immune 
Lane 4. SB pre-immune 
Lane 5. SB post-immune 
Lane 6. SB peptide pre-immune 
Lane 7. SB peptide post-immune 
Lane 8. N-terminus pre-immune 
Lane 9. N-terminus post-immune 
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4.7 Transfection of 293A cells with LVFLC4 

Once the corrected full length clone of LV had been constructed and in vitro 

experiments revealed that the 3C-like protease was active, the LVFLC4 clone 

could then be used in transfection experiments in an attempt to produce infectious 

LV virions. Infectious FCV particles have been successfully produced by the 

transfection of feline kidney cells with genomic RNA (Sosnovtsev and Green, 

1995) and it was hoped that a similar system could be developed for the production 

of NLV virions. 

The transfection of LVFLC4 into 293A cells was performed using the MVA/T7 

expression system (Wyatt et al., 1995) and Superfect™ reagent (2.16). In this 

system cells are infected initially with a recombinant vaccinia virus encoding T7 

RNA polymerase and then subsequently transfected with plasmid DNA carrying 

the cloned genomic cDNA under the control of a T7 promoter. As vaccinia virus 

replicates cytoplasmically and produces its own capping enzymes, it eliminates the 

requirements for nuclear processing and transportation of RNA (Moss, 1996). The 

transfection mix was added gently onto the monolayer of vaccinia MVA/T7 

infected 293A cells (2.15.2) and incubated for 3 hours at 37°C. After incubation 

the transfection mix was removed and the cells overlayed with fresh DMEM and 

incubated overnight at 37°C. The cells were then washed twice with 2ml PBS and 

the cell monolayer was fixed by the addition of ice cold methanol. The cells were 

rinsed with PBS and antisera produced to the protein regions shown in table 4.2 

were placed onto the cells and incubated at 4°C overnight. The 293A cells were 

counter-stained with Evans blue and the binding of the primary antibody was 

detected with goat anti-mouse or rabbit FITC labelled antibody (1:50). The cells 

were washed with PBS to remove any unbound antibodies and examined by 

fluoresence microscopy. 

Microscopy revealed areas of fluorescence for LVFLC4 treated with the N 

terminus and VPg anti-sera, but not with the capsid anti-sera (Table 4.3; Figure 

4.5). The positive control of transfecting pT7GFP resulted in fluorescent cells 
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indicating that the transaction system was working. In addition, as a further 

positive control, plasmid carrying only the LV capsid region was transfected and 

reacted with the capsid anti-sera to ensure that the capsid region was being 

translated and that the anti-sera would detect this protein. The negative controls of 

using pre-immune sera for each of the anti- sera used indicated that the region 

specific anti sera did not cross react with the 293A cells. The results obtained 

suggest that ORFl is being translated at least as far as the VPg region, and as the 

capsid region is not translated it was assumed that the RNA polymerase is not 

active and therefore no subgenomic RNA is made. The lack of fluorescence could 

be due to the fact that the 293A cell line may not be suitable for the replication of 

NLVs. NLVs may require specialised host cell factors, to support their replication, 

that the 293A cells do not contain. 
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Table 4.3 Anti-sera used to detect translation of LV genome in LVFLC4 

Transfections 

pGFP (control) N/A Yes 

LVFLC4 Vpg 

(mouse, pre-immune) 

No 

LVFLC4 Vpg 

(mouse, post-immune) 

Yes 

LVFLC4 N terminus 

(mouse, pre-immune) 

No 

LVFLC4 N terminus 

(mouse, post-immune) 

Yes 

LVFLC4 Capsid 

(rabbit, pre-immune) 

No 

LVFLC4 Capsid 

(rabbit, post-immune) 

No 

LVFLC4 Capsid 

(mouse, monoclonal) 

No 

LVFLC4 linear Capsid 

(mouse, monoclonal) 

No 

LV Capsid Capsid 

(rabbit, pre-immune) 

No 

LV Capsid Capsid 

(rabbit, post-immune) 

Yes 

LV Capsid Capsid 

(mouse, monoclonal) 

Yes 
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Figure 4.5 Fluoresecent Micrograph of 293A cells transfected with 

LVFLC4, linearised LVFLC4 and LV capsid. 
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LVFLC4 + N-term pre LVFLC4 + N-term post 

LVFLC4 + Vpg pre LVFLC4 + Vpg post 

LVFLC4 + Capsid pre LVFLC4 + Capsid post 



LV Capsid + Capsid pre LV Capsid + Capsid post 

m 

LVFLC4 + Capsid mAb 
LV Capsid + Capsid mAb 

LVFLC4 linear + Capsid mAb 



4.7 Discussion 

The creation of a correct full length clone for Lordsdale NLV is fundamental for 

the investigation of viral replication and translation. Sequencing of the original 

Lordsdale NLV ORFl identified 2 mutations and a 15 base pair deletion (Table 

4.1). The 2 mutations resulted in amino acid changes, and the 15 base pair deletion 

resulted in the loss of 5 amino acids. Sequence analysis showed that the 15 base 

pair deletion and the 2 mutations were successfully repaired, without the 

incorporation of additional mutations. 

Once the full length clone of Lordsdale NLV had been fully corrected, the cDNA 

clone was transcribed and translated in vitro, in comparison with the original 

Lordsdale NLV FLC. This would determine if the presence of these mutations 

would affect the processing of the polyprotein. It has been demonstrated in 

Manchester SLV, that correction of mutations affected polyprotein processing 

resulting in additional cleavage products (Robinson, PhD Thesis, 1999). 

Furthermore, single mutations within the 3C protease of Hepatitis A virus resulted 

in the loss of trans activity (Harmon et al, 1992). The presence of mutations 

anywhere within ORFl could consequently influence the processing of the 

polyprotein. In vitro coupled transcription/translation experiments with LVFLC 2-

4 did not result in a change of proteolytic processing pattern compared with the 

processing products of LVFLC (Figure 4.3). This suggested that the mutations did 

not influence the processing by the 3C protease, at least in vitro. 

The in vitro transcription and translation products were mapped using antisera 

directed to Lordsdale ORFl proteins. The 3AB specific sera detected the 113kDa 

suggesting this band is a 3AB precursor protein, similar to that observed for 

Southampton NLV (Liu et al., 1996). 

The inability to propagate NLVs in cell culture has hampered research and studies 

on the virus are limited to stool samples, which contain only low numbers of virus 

particles, therefore it is difficult to obtain sufficient quantities of RNA. 
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Transfections of animal cells in cell culture with full length RNA or cDNA can 

ultimately produce infectious particles (Sosnovtsev et al, 1995) suggesting that in 

vitro systems can fulfil all requirements of viral replication. It is hoped that a 

similar system could be used for production of NLV virions, therefore the 

corrected Lordsdale NLV full length cDNA clone was used in transfection studies, 

in an attempt to produce infectious virions. In this study translation was observed 

to occur at least as far as the Vpg protein, but the capsid region was not detected, 

suggesting that the subgenomic RNA is not made in this transfection sytem. The 

293A cell line may not be suitable for the replication of the NLVs. It is likely the 

NLVs require specialised host cell factors to support their replication and 

availability of these factors is critical in determining intracellular tropisms. The 

293A cells may not have the appropriate cellular machinery to support replication 

of the NLVs. It has been demonstrated that the 5' end of Norwalk NLV RNA 

forms stable complexes with HeLa and CaCo-2 cellular proteins such as La and 

PTB that are known to be involved in poliovirus translation (Gutierrez-Escalano et 

al, 2000). These protein-RNA interactions are likely to play a role in Norwalk 

NLV translation and/or replication. Perhaps it would be possible to demonstrate 

translation in HeLa cells, as they contain translation factors that bind to NV RNA. 

It is hoped in the future that a cell culture system able to support the growth of the 

NLVs to generate infectious particles could be produced. 
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Chapter 5 

Translation in Manchester SLV 

5.1 Introduction 

The aim of this study was to investigate the translation of a human enteric 

Sapporo-like virus (SLV) using a transfection assay similar to that used for 

Lordsdale NLV (Chapter 4). The only SLV that can be grown in cells culture is a 

porcine enteric calicivirus (PEC) (Parwani et al, 1991). Sequence analysis of PEC 

full length genome revealed that it is most closely related to the human Sapporo-

like viruses. The porcine enteric calicivirus can only be grown in culture with the 

addition of intestinal secretions from uninfected gnotobiotic pigs, which is 

expensive and in limited supply. Normal human small intestine tissue is not 

readily available for propagation of human enteric caliciviruses, so causes a great 

challenge in the establishment of a cell culture system to support the growth of 

these viruses. 

In this study, Manchester SLV was used in transfection assays to study its 

translation and to detect if a subgenomic RNA is synthesised. Manchester SLV 

ORFl encodes a large polyprotein of 2280 amino acids which encodes both the 

non-structural and structural proteins. There is a small 3' ORF which is present in 

all caliciviruses, but also an additional predicted ORF, distinct to this virus, 

overlapping the 5' region of the capsid. There is a lack of availability of antisera to 

the subgenomic region of Manchester SLV as human SLV capsid genes are not 

expressed efficiently in the baculovirus expression system to make VLPs and 

therefore no means of generating antisera against the capsid region. For this reason 

GFP was used as a reporter in the transfection assay. The capsid region of 

Manchester SLV was replaced with GFP to observe if subgenomic RNA had been 

produced. As The SLVs encode the capsid protein in the same frame as the non 

structural proteins and continuous with the RNA polymerase gene, it was also 
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necessary to incorporate a stop codon at the end of the RNA polymerase gene to 

prevent read through to the capsid region. If capsid was produced, we would know 

that it was derived from the subgenomic message and not read through from the 

non structural proteins. 

5.2 Construction of Manchester SLV/GFP clone 

Manchester SLV/GFP clone (HuCV/GFP) (a construct that would replace the 

capsid of Manchester SLV with GFP) was available in this laboratory but was 

known to contain 6 point mutations within ORFl. 

The cloning strategy of the HuCV/GFP clone is summarised in Figure 5.1 and a 

diagram showing the principles of PCR mutagenisis can be seen in Figure 4.2. 

Primers EGFPF and EGFPR (all primers are shown in Table 5.1) were used to 

amplify a 778bp primary product, from vector pEGFP-CI, which contained the 

GFP gene. Primer EGFPR included a Bamlil site (underlined) and primer EGFPF 

contained the last 18 bases of Manchester SVL ORFl and the first 12 bases of GFP 

(shown in bold). A second primary PCR product (985bp) was amplified from 

Manchester SLV FLC (pT7HuCV) using primers Call03 and HUCVR (table 5.1). 

Table 5.1 Primers used in the construction of the GFP clone HuCV/GFP 

Name Direction 5' 3 ' 

EGFPF Forward GGAACCCACAAAATAGTGTTTGAGATGGTGAG 

CAAGGGCGAG 

EGFPR Reverse 

Call 03 Forward ACTACGCTCATAGCCAC 

HUCVR Reverse CAGCTCCTCGCCCTTGCTCACCATCTCAAAC 

ACTATTTTGTG 

HUCVCAPl Forward TCCCTGGCAATATTG 
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Figure 5.1 Strategy for the construction of HuCV/GFP clone. 
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Manchester SLV clone (HuCV): 

HUCV 
Call 03 CAPl SspBI BamHI 

ORFl CAPSID 

O R f 2 

4412 t n j C V R 6727 

EGFPF 

EGFPR 

612 
GFP 

1391/ 

SspBl / BamHI 

PGR Mutagenesis 

SspBl BamHI 

HuCV GFP 

4412 1391 

SspBI / BamHI 

Manchester SLV/GFP clone (HuCV/GFP) : 

ORFl 

SspBI BamHI 

GFP 

0RF2 
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Primer HUCVR contained the start of the GFP sequence (shown in bold) and the 

last 18 bases of Manchester SLV ORFl. Primers HUCVR and EGFPF are 

complementary overlapping primers. Once purified the primary products were 

used as the template to produce a 1400bp amplicon with primers HUCVCAPl and 

EGFPR. The amplicon was digested with Sspl (nt4412) and BamHI (nt6727), 

purified and cloned directly into &p/(nt4412) and BamHl{nt 6727) digested and 

dephosphorylated pT7HuCV, producing HuCV/GFP. 

During the course of this work a sequence verified full length clone of Manchester 

SLV was constructed (pT7HuCV6) (Robinson, PhD Thesis, 1999). This full 

length clone and the HuCV/GFP construct were used to assemble pT7HuCV/GFP-

2 which would not contain the 6 point mutations within ORFl. 

A Ikb region of the HuCV/GFP construct which contained the GFP section of the 

clone was removed by digestion at Hpal restriction sites located at the end of 

0RF1( 5061bp) and within the pSP73 vector (138bp) of which the HuCV/GFP 

construct is in. The Ikb fragment was purified from an agarose gel (2.7.3.2) and 

cloned into Hpal digested and dephosphorylated pT7HuCV6 producing 

HuCV/GFP-2. The cloning junctions were sequenced verified. 

5.3 Construction of Manchester SLV/GFP-2 clone 

(HuCV/GFP-2A) 

Manchester SLV/GFP clone (HuCV/GFP-2) can be used in transfection 

experiments to study the translation of ORFl, as the observation of green 

fluorescence would indicate that translation of ORFl had occured. In order to have 

a control in these transfection studies, the HuCV/GFP-2 construct was mutated at 

the 3'end of the RNA polymerase gene, prior to GFP (which has replaced the 

capsid region), to incorporate a stop codon. The incorporation of a stop codon at 

the end of the RNA polymerase region and adjacent to the GFP initiator codon 
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would stop read through from the polymerase gene, and therefore should be no 

expression of GFP, unless subgenomic message was produced. 

The 3 end of the RNA polymerase gene was mutated to a stop codon using 2 

different strategies: 

A) The GAG codon at the 3 'terminus of the RNA polymerase prior to the ATG 

of the GFP gene was mutated to TAG. 

B) At the 5 'terminus of Manchester SL V genome there is a short sequence of 

nucleotides that are repeated at the 3'end of the RNA polymerase gene at 

the position which marks the putative start of the viral subgenomic message, 

except in the 5'terminal region of the subgenomic RNA the terminator 

codon adjacent to the putative capsid initiator codon is deleted to allow read 

through from the RNA polymerase gene. Therefore a new subgenomic 

leader sequence was generated by restoring the deleted terminator codon by 

the addition of GTT codon. 

5'tennmus GTG ATG GGT TAG AIG GTT TCC. 

3'end of RNA pol GTG TTT G AG ATG 

V 
add extra GTT 

5.3.1 Construction of HuCV/GFP-2A 

The point mutation G to T resulting in a GAG to TAG stop codon change at the 

3'terminus of the RNA polymerase gene was produced with mutagenic primers, 

using overlap extension PGR. Primary PGR products were amplified from 

HuCV/GFP-2 using primer pairs MV/BsiWI-F with MV/GFP-IR and GFP/BamHI 

with MV/GFP-IF (all primers are shown in Table 5.2) to produce 509bp and 800bp 
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fragments respectively. MV/GFP-IF and MV/GFP-IR were complementary 

mutagenic primers containing the required G to T mutation (the mutated bases are 

underlined). The complete region was produced by further rounds of PGR using 

the two primary products as the template and primers MV/BsiWI-F and 

GFP/BamHI-R (Table 5.2). These two primers incorporated the BsiWI md BamHI 

sites (in bold) that are found within HuCV/GFP-2 construct. This second round of 

PGR produced a 1309bp fragment which was digested with BsiWI and BamHI and 

ligated into BsiWI/BamHI digested HuCV/GFP-2 to produce HuCV/GFP-2A. The 

product was sequenced was sequenced to ensure the absence of random mutations 

introduced by PGR. There were no base changes, additions or deletions in the 

clone except for the required G to T point mutation. 

Table 5.2 Primers used in the construction of HuCV/GFP-2A 

Name Direction 

MV/BsiWI-F 

GFP/BamHI-R 

MV/GFP-IF 

MV/GFP-IR 

Forward 

Reverse 

Forward 

Reverse 

TGAGACGTACGGTGATG 

GTCGTCGGATCCCGGG 

GTGTmAGATGGTGAGC 

GCTGACCATCTAAAACAG 
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Manchester SLV/GFP clone (HuCV/GFP-2): 

MV/BsiWi-F 

MV/GFP-IF BamHI 0RF2 

ORFl GFP 

< 
MV/GFP-IR 4 -

GFP/BamHI-R 

H11CV/GFP-2A clone: 

.TTT GAG ATG. 

.TTT TAG ATG. 

PGR mutagenesis 

Figure 5.2 Strategy for the construction of IIuCV/GFP-2A clone 

126 



5.3.2 Construction of HuCV/GFP-IB 

A TAG stop codon was incorporated by the addition of bases GTT in order to 

make the 3 'terminus the RNA polymerase region similar to the 5 'terminus of the 

genome as the NLVs. The additional bases were produced with mutagenic 

primers, using overlap extension PGR. Primary PGR products were amplified 

from HuGV6/GFP using primer pairs MV/BsiWI-F with MV/GFP-2R and 

GFP/BamHI-R with MV/GFP-2F (all primers are shown in Table 5.3) to produce 

509bp and 779bp fragments respectively. MV/GFP-2F and MV/GFP-2R were 

complementary mutagenic primers containing the extra GTT bases (underlined). 

The complete region was produced by further rounds of PGR using the two 

primary products as the template and primers MV/BsiWI-F and GFP/BamHI-R 

(Table 5.4). These two primers incorporated the BsiWI (nt 4461) and BamHI sites 

(shown in bold) that are found within HuGV/GFP-2 construct. This second round 

of PGR produced a 1291 bp fragment which was digested with BsiWl and BamHI 

and ligated into BsiWI/BamHI digested HuGV/GFP-2 to produce HuGV/GFP-2B. 

The product was sequenced was sequenced to ensure the absence of random 

mutations introduced by PGR. There were no base changes, additions or deletions 

in the clone except for the required extra GTT bases. 

Table 5.3 Primers used in the construction of HuCV/GFP-2B 

Name Direction 

MV/BsiWI-F 

GFP/BamHI-R 

MV/GFP-2F 

MV/GFP-2R 

Forward 

Reverse 

Forward 

Reverse 

TrcL4jCĵ x:x;Tr/i(:(;(jinGLA;r(j 

GTCGTCGGATCCCGGG 

GTGTTTGGTTAGATGGTGAGG 

GCTCACCATCTAACCAAACAC 
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Manchester SLV/GFP clone (HuCV/GFP-2): 

G T G A T T G G T T A G A T G GCT 

MV/GFP-2F 0RF2 

ORFl GFP 

< 

MV/Bs W -F 
MV/GFP-2R "4-

GFP/BamHI-R 

.GTG TTT GAG ATG. 

PCR mutagenesis 

HuCV/GFP-2B clone: .GTG TTT GGT TAG ATG. 

Figure 5.3 Strategy for the construction of HuCV/GFP-2B clone 
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5.4 Transfection of 293A cells with Manchester SLV/GFP clones 

The Manchester SLV/GFP clones were constructed to study the translation of 

ORFl following transfection, as the observation of green fluorescence would 

indicate that translation had occurred in this transfection system. The HuCV/GFP-

2, HuCV/GFP-2A and HuCV/GFP-2B clones were used in this study to investigate 

the translation of Manchester SLV ORFl. The GFP plamsid (pT7GFP) was used as 

a control to ensure the transfection system was working. 

The transfections of the Manchester SLV/GFP clones into 293A cells were 

performed using the vaccinia/T7 expression system and Superfecf^'^ reagent (2.16). 

In this system cells are initially infected with recombinant vaccina virus encoding 

T7 RNA polymerase and then subsequently transfected with plasmid DNA 

carrying the cloned genomic cDNA under the control of a T7 promotor. The 

transfection mix was added gently onto a monolayer of 293A cells (2.15.2) as 

indicated in Table 5.4 and incubated for 3 hours at 37°C. After incubation the 

transfection mix was removed and the cells overlayed with fresh DMEM and 

incubated overnight at 37°C. The DMEM was then removed and the cells 

examined by fluorescence microscopy. 

Table 5.4 Manchester SLV/GFP clones used for transfection and controls. 

GFP HuCV/GFP-2 HuCV/GFp-2A 1 IuCV/GFP-2B 

-MVA/+DNA 

+MVA/-DNA 

+MVA/+DNA 

-MVA/+DNA 

+MVA/-DNA 

+MVA/+DNA 

-MVA/+DNA 

+MVA/-DNA 

+MVA/+DNA 

-MVA/+DNA 

+MVA/-DNA 

+MVA/+DNA 

Microscopy revealed areas of fluorescence for the cells transfected with pT7GFP, 

and HuCV/GFP-2 (Figure 5.4). The positive control of pT7GFP gave more intense 

fluorescence than the other two clones, as the GFP plasmid has an IRES which will 

result in a higher rate of translation. The negative controls of no MVA/T7 vaccina 
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or no DNA added to the transfection mix were completely clear of fluorescent 

cells. No areas of fluorescence were observed for 293A cells transacted with the 

HuCV/GFP-2A or HuCV6/GFP-2B clones (Figure 5.4). These results suggest that 

the non structural proteins of Manchester SLV are being translated and the capsid 

is expressed as a result of read-through from the RNA polymerase region. There 

should be no expression of the capsid protein in the HuCV/GFP-2A or 

HuCV/GFP-2B clones because of the introduced as there is a stop codon at the 

3'end of the RNA polymerase prior to the capsid region, unless replication and 

production of subgenomic RNA had occurred. It is possible that as the capsid 

(subgenomic) leader sequence has been mutated, alteration of the RNA secondary 

structure may result in a failure of the RNA polymerase to recognise the 5' region 

of the subgenomic message. 
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Figure 5.4 Fluorescence microscopy of 293A cells transfected with 

Manchester SLV/GFP constructs. 
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5.5 Discussion 

Only caliciviruses in the Vesivirus genus can be grown in cell culture, therefore the 

greatest challenge is to establish a cell culture system to support the replication of 

human enteric caliciviruses since tests with a wide range of animals has failed to 

identify a suitable model for investigating human caliciviral infection (Kapikan, 

1994). A porcine enteric calicivirus that is closely related to the SLVs can be 

grown in cell culture but only with the addition of intestinal content from 

uninfected pigs (Parwani et al, 1991). 

In this study the translation of Manchester SLV ORFl was investigated by 

transfecting 293A cells with cDNA clones of Manchester SLV where the capsid 

region was replaced by a green fluorescent protein (GFP) encoding sequence. 

Results from this study show that the non-structural protein is translated in this 

system and that translation proceeds through the RNA polymerase region, which 

means that an additional proteolytic cleavage is required to release the mature 

RNA polymerase from the capsid protein. The transaction of the Manchester 

SLV/GFP fusion cDNA clones with a stop codon incorporated at the 3' end of the 

RNA polymerase prior to the capsid start codon did not result in the capsid region 

being translated as no green fluorescence was observed. This suggests that RNA 

polymerase is not active in this system, which would result in the negative strand 

RNA not being synthesised. Therefore there would be no template for the 

subgenomic RNA and consequently no capsid production. The subgenomic RNA 

provides an additional message for the high level production of the capsid protein 

and has been identified in the animal caliciviruses (Meyers et al., 1991). 

Manchester SLV, like the animal caliciviruses, possess repeated sequences of 

nucleotides located at their genomic 5' termini and at the 3' end of the RNA 

polymerase gene. It is hypothesised that these signals have a regulatory function 

and is likely they define the boundary of the subgenomic RNAs produced. 

These Manchester SLV/GFP constructs will be useful as controls for further 

analysis of the mechanism of replication in SLVs. Transfection of cells in culture 



with full length cDNAs from NLVs and SLVs represents an important step towards 

the understanding of their replication. Studies of the replication and pathogenesis 

of Hepatitis C virus have also been hampered by the lack of a reliable, efficient cell 

culture system. A full length consensus genome cloned from viral RNA has been 

use to construct subgenomic selectable replicons (Lohmann et al, 1999). When 

transfected into human hepatoma cell lines, the RNAs were found to replicate to 

high levels, permitting metabolic radiolabelling of viral RNA and proteins. 

Possibly similar studies to these could be made with the human enteric 

caliciviruses to allow analysis for their replication and pathogenesis. Further 

processing products compared to those obtained from an in vitro transcription and 

translation system (Robinson, PhD Thesis, 1999) may be present for Manchester 

SLV as observed for RHDV (Konig et ah, 1998) and the availability of region 

specific antisera to Manchester SLV will enable detection of viral proteins 

produced in vivo. 
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Chapter 6 

Polyprotein Processing in Caliciviruses 

6.1 Introduction 

A major impediment in the molecular characterisation of caliciviruses belonging 

to the Norwalk-like viruses (NLVs) and Sapporo-like viruses (SLVs), has been the 

inability to identify a cell culture system that will support virus replication. 

Therefore the use of recombinant cDNA in in vitro systems or the transfection of 

eukaryotic cells with genomic RNA is currently the only way forward to 

understanding the replication and translation of NLVs and SLVs. In the previous 

two chapters the translation of NLVs and SLVs has been investigated by 

transfection assays. The aim of this study was to investigate polyprotein 

processing in in vitro systems. 

The nonstructural proteins of caliciviruses are produced by the proteolysis of a 

large precursor polyprotein encoded by a single long ORF at the 5' region of the 

genome. The structural capsid protein is translated from a separate subgenomic 

RNA that is homologous with the 3' terminal region of the genome (Clarke and 

Lambden, 1997). The genomic arrangement of caliciviral non structural proteins 

is similar to that of the picornaviruses (Palmenberg, 1990) where proteolytic 

processing of the polyprotein is used to regulate the rate of production of protein 

precursors with modified enzyme activities controlling the rates of replication and 

translation. Proteolytic processing in Southampton NLV has been investigated 

using rabbit reticulocyte lysate in an in vitro coupled transcription and translation 

system with a full length cDNA clone of the virus (Liu et al., 1996). These 

studies have shown that the viral polyprotein is translated from one of three in 

tandem AUG codons at the 5' terminus of the genome and proteolytic processing 

occurs co-translationally to give three major products (p48, p41 and pi 13) 

representing the N terminal, 2C and 3ABCD proteins. These three primary 
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translation products are also produced by the full length Lordsdale NLV, although 

the N terminal protein is smaller (37kDa). On the other hand, Manchester SLV 

shows a distinctly different cleavage pattern when a full length clone is translated 

in rabbit reticulocyte lysate (Robinson, PhD Thesis, 1999). The capsid encoding 

region of the genome is continuous with the nonstructural region and therefore an 

additional cleavage is required to release the RNA polymerase from the capsid 

protein. Similar results have been obtained from in vitro translation studies of 

RHDV which have a similar genomic structure as Manchester SLV, with the 

capsid fused to the RNA polymerase (Wirblich, 1997). 

Computer analysis of ORFl of caliciviruses has identified amino acid motifs 

typical of picornaviral 2C NTPase, 3C protease and 3D RNA-dependent-RNA-

polymerase. The 3C-like protease is predicted to belong to a group of trypsin-like 

serine proteases which are encoded by members of the picornavirus family 

(Dougherty and Semler, 1993) where the active site serine is occupied by a 

cysteine residue. Amino acid motif GDCG is conserved in the 3C-like protease 

region of the caliciviruses, with the cysteine residue being important for the 

catalytic activity of these proteases (Gorbalenya et al., 1989). In vitro 

transcription and translation studies in combination with immunoassays and 

mutation studies have been used to determine some of the cysteine protease 

functions in RHDV (Boniotti et al., 1994), Manchester SLV (Robinson, PhD 

Thesis, 1999), Southampton NLV (Liu, 1996), FCV (Sosnovtseva et al., 1999), 

Camberwell NLV (Seah et al, 1999) and Chiba NLV (Someya et al., 2000). 

These studies demonstrated that the cysteine protease closely resembled the 3C 

protease of the picornaviruses with respect to the amino acids involved in the 

catalytic activity. The cysteine residue was mutated within the conserved 3C-like 

protease GDCG motif in these caliciviruses and was shown to abolish proteolytic 

cleavage. The lack of polyprotein processing of these viruses suggest that they 

only encode a single protease. Polyprotein processing by the 3C-like protease has 

been demonstrated to be rapid probably due to the protease acting in cis. 

However, the 3C-like protease of RHDV has been shown to cleave in trans at the 

RNA polymerase/capsid boundary (Boniotti et al., 1994) and the 3C-like protease 
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trans activity was demonstrated to occur between the nonstructural proteins of 

Southampton NLV (Liu, 1997). However the 3C-like protease of Manchester was 

shown not to cleave in trans in a rabbit reticulocyte lysate system (Robinson, PhD 

Thesis, 1999). 

The aim of this study was to investigate further polyprotein processing in human 

enteric caliciviruses (Manchester SLV, Southampton NLV and Lordsdale NLV) as 

well as in a bovine enteric calicivirus (Jena virus) which has been shown to be 

similar to human NLVs and closely related to the genogroup I NLVs (Liu, et al, 

1999). In addition, polyprotein processing of FCV-Urbana was also investigated 

in this study as it is a member of the Vesivirus genus. 

6.2 Optimisation of Transcritpion/Translation Activity of the 

Full length FCV-Urbana (pQ14) cDNA clone 

The aim of this part of the study was to investigate the in vitro transcription and 

translation of FCV-Urbana to study the processing of the ORFl proteins and 

compare polyprotein processing of FCV with the NLVs and SLVs. 

A full length clone of the Urbana strain of FCV (pQ14) which was cloned in the 

pSPORTl vector and was obtained as a gift from Dr.K.Green (Sosnovtsev and 

Green, 1995). Preliminary studies showed that the use of pQ14 in an in vitro 

transcription/translation system resulted in no detectable products. The addition 

of an extra guano sine nucleotide upstream of the 5' end of the genome sequence 

has been demonstrated to improve the efficiency of in vitro 

transcription/translation reactions. Therefore in an attempt to improve efficiency 

in an in vitro system the pQ14 clone was modified to generate two clones that had 

extra guanosine residues at the 5' end of the sequence. 
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6.2.1 Adaptation of pSP64 multiple cloning site 

To utilise unique restriction sites within the FCV sequence and to allow 

modification of the FCV-Urbana clone(pQ14), the FCV sequence was exised from 

pSPORT and cloned into pSP64 vector which had been adapted so that the 

multiple cloning site contained only those restriction sites necessary for cloning 

the FCV genome (Figure 6.1). 

Table 6.1 Synthetic oligonucleotide poly linker for the reconstruction of 

pSP64 

Name Direction 5' 3' 

p641inker-F Forward EcoRI BsiWI Sad PstI Sail Apal p641inker-F Forward 

'AATTC 'CGTACC 'GAGCTC' 'CTGCAG' 'GTCGAO'GGGCCC 

Snal Xbal 

'TACGTA' 'TCTAGAl A 

p641inker-R Reverse 

'AGCTT'TCTAGA TACGTA GGGCCC GTCGAC CTGCAG 

GAGCTC CGTACG G 
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Figure 6.1 Strategy for the Reconstruction of pSP64 multiple cloning site 
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6.2.2 Amplification of the T7 5' region of FC V-Urbana clone 

As the pSP64hnk vector does not contain a T7 promotor, modified 5 'terminus of 

FCV urbana clone would require a T7 promotor prior to the start of the FCV 

genome, as well as the extra guanosine residues. Three separate FCV urabana 

clones were made: 1) modified 5' end, 2) modified 5' end with one extra 

guanosine residue and 3) modified 5' end with two extra guanosine residues. A 

493 base pair PGR product was produced using the primers URB-T7 with Sal-R, 

URB-T7-G with Sal-R and URB-T7-GG with Sal-R (Table 2) to result in the three 

respective modified 5' ends. The Sal-R primer incorporated the Sail site (nt 460) 

found in the FCV genome. Thermostable DNA polymerase Bio-X-Act was used 

to minimise random mutations. The new fragment included a Sad site for cloning 

purposes, which is not found in the FCV sequence, a T7 promoter, the extra 

guanosine residues and the first 460 base pairs of the FCV genome. 

Table 6.2 Primers used in the production of the modified 5' termini of 

FCV Urbana clone 

Name Direction 

URB-T7 Forward Sad T7 promoter 

FCAfS end 

GTAAAAGAAATTTGAGAC 

lLnRB-T77-(j Forward Sad T7 promoter 

GACGACGAGCTdYAATACGACTCACTCACTATAG 

FCV 5 'end 

Forward Sad T7 promoter 

GACGACGAGCTCTAATACGACTCACTCACTAT 

FC /̂5 end 

XGG 'GTAAAAGAAATTTGAGAC' 

Sal-R Reverse Sail 

TGTAGAGGGAGGTCGACTAGAGCGT 
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The three PGR products were digested with Sad and Sail and ligated into 

Sacl/Sall digested and dephosphorylated pSP641ink to produce p64T7, p64T7-G 

and p64T7-GG clones (Figure 6.2). The product was sequenced to ensure the 

absence of random mutations introduced by PGR. There were no base changes, 

additions or deletions in the clones except for the addition of the Sad site, the T7 

promoter and the extra guanidine nucleotides. 

6.2.3 Assembly of the full length clones of the modified FCV-Urbana 

The three full length clones of the modified FGV urbana were assembled using the 

three p64T7 clones and pQ14, the origial full length FGV urbana clone. The 

pQ14 clone was digested with Sail (nt 460) and Z&a/(within pSPORT vector) and 

the 7260bp product containing nt 460-7686 of the FGV genome was purified 

(Figure 6.2). The 7260 bp product was then ligated respectively into Sall/Xbal 

digested p64T7, p64T7-G and p64T7-GG to produce the full length clones 

pTTFCVurb, pT7FCVurb-G and pT7FCVurb-GG (Figure 6.2). 
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Figure 6.2 Strategy for the Construction of Full Length FCV urbana 

cDNA clones carrying additional 5' terminal G residues in 

pSP641ink (pT7FCVurb) 
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6.2.4 In Vitro Transcription and Translation of pTVFCVurb clones 

Once the pTVFCVurb clones had been constructed they were used in in vitro 

transcription and translation experiments to investigate the translation of the viral 

genomic RNA. The translation efficiencies of the pTVFCVurb, pT7FCVurb-G and 

pT7FCVurb-GG cDNA clones were compared to identify whether the addition of 

the extra guanosine (G) nucleotide improved the in vitro coupled transcription and 

translation pattern. 

The pT7FCVurb, pT7FCVurb-G and pT7FCVurb-GG cDNA clones were 

transcribed and translated using the Promega TNT® T7 Quick coupled 

transcription/translation system (2.13) to analyse the proteolytic processing of the 

FCV ORPl nonstructural proteins. Plasmids carrying pT7FCVurb, pT7FCVurb-

G and pT7FCVurb-GG were prepared by midiprep (2.4.3.1) and lOOng of purified 

plasmid was used as a template for each 25p.l transcription/translation reaction. 

The reactions were incubated at 30°C for 2 hours before analysis by SDS-PAGE 

(2.12.1) and autoradiography (2.15). 

The results show that the pT7FCVurb clone which contains no additional 

guanosine residue at the 5' end did not result in detectable products in the in vitro 

transcription/translation system. Whereas the two clones which contain extra 

guanosine residues (pT7FCVurb-G and pT7FCVurb-GG) resulted in efficient 

translation giving products of 78kDa, 40kDa, 37kDa, 32kDa and 30kDa (figure 

6.3). The addition of the extra G residues resulted in an increase in translation 

efficiency in vitro possibly by facilitating ribosome binding and formation of the 

initiation complex. This modified clone was used in in vitro transcription and 

translation studies in comparision with Manchester SLV, Southampton NLV , 

Lordsdale NLV and Jena virus. 
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Lane 1 2 3 

78kDa 

40kDa 
37kDa 

32kDa 
30kDa 

Figure 6.3 Autoradiograph of a 10% SDS-PAGE gel showing the in vitro 
transcription and translation products of the full length FCV 
urbana clones. 

Lane 1. pT7FCVurb, Lane 2. PT7FCVurb-G, 
Lane 3. pT7FCVurb-GG 

The main processing products of 78kDa, 40kDa, 37kDa, 32kDa and 
30kDa are indicated. 
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6.3 Comparative Studies of In Vitro Transcription/Translation 

in Caliciviruses 

The transcription and translation of the viral genomes of Manchester SLV, 

Southampton NLV, Lordsdale NLV, Jena NLV and FCVurbana cDNA clones 

were compared using a coupled transcription/translation system (2.13). This 

system uses a cell free rabbit reticulocyte lysate and purified plasmid DNA 

carrying a T7 promoter to produce RNA, therefore making direct manipulation of 

RNA unnecessary . All five plasmids were purified using Qiagen midipreps 

(2.4.3.1) and lOOng of purified plasmid was used as a template for each 25pi 

transcription and translation reaction. The reactions were incubated at 30°C for 2 

hours before analysis by SDS-PAGE and autoradiography (2.15) 

Figure 6.4 shows the main proteolytic products obtained from full length clones of 

Manchester SLV, Southampton NLV, Lordsdale NLV and Jena virus (NLV-like) 

and FCV: 

a) Manchester SLV (Lane 1, Figure 6.4) when translated in vitro produces 

products of lOOkDa, 85kDa, 70kDa, 60kDa, 40kDa, 32kDa and 24kDa 

(Robinson, PhD Thesis, 1999). The main proteolytic cleavage products have 

been identified using a panel of antisera raised against recombinant peptides 

and identified a llOkDa 3ABCD precursor, 60kDa capsid protein, 40kDa 3A 

protein and 32kDa protease (Robinson, PhD Thesis, 1999). 

b) Southampton NLV (Lane 2, Figure 6.4) has three main cleavage products of a 

113kDa 3ABCD region, 48kDa N terminal protein and a 41kDa NTPase (Liu, 

1996). 

c) Lordsdale NLV (Lane 3, Figure 6.4) also produces these three main cleavage 

products, although the N terminal protein is smaller at 37kDa. Two additional 

bands at 58kDa and 59kDa are also observed, of which one could represent the 

3D RNA polymerase on the basis of predicted cleavage sites in Lorsdsdale 

NLV. 

d) Jena Virus (Lane4, Figure 6.4) - several products were detected with major 

bands of approximately llOkDa, 84kDa and 40kDa observed. The llOkDa 
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product could represent the 3ABCD protein and the 40kDa band could be the 

2C region, by analogy with Southampton NLV and Lordsdale NLV. 

Comparing these products with those of Southampton NLV and Lordsdale 

NLV, it can be seen that there is no band corresponding to the N terminal 

protein, which for Jena virus should be approximately 36kDa. 

e) FCV (LaneS, Figure 6.4) - the main cleavage products were 78kDa, 40kDa, 

37kDa, 32kDa and 30kDa. It has been reported that a virus specific protein of 

78kDa was observed in FCV infected cells and in bacterial or reticulocyte 

lysates expressing recombinant proteins from cDNA clones of FCV ORFl 

(Sosnovtsev et al., 1998). It was proposed that the 78kDa protein represented 

a proteolytically active proteinase-polymerase precursor (Sosnovtseva et al, 

1999). Sosnovtseva et al. (1999) have determined that the 3C protease of FCV 

cleaves at E'345_'j'i346 Q termini of the protease region and would result in 

products of approximately 29kDa and 46kDa from this 78kDa precursor. The 

30kDa band obtained from the in vitro transcription and translation assay in 

this study could therefore represent the 3C protease region of 29kDa and the 

78kDa protein the 3CD region. An additional cleavage site at e'419_q142O 

also identified (Sosnovtseva et al., 1999) after the proposed cleavage site of 

the C termini of the protease. Cleavage of the 78kDa protein-polymerase 

precursor at this EG site resulted in approximately a 40kDa protein 

(Sosnovtseva et al., 1999). A 40kDa protein was detected in the in vitro 

transcription and translation assay and therefore may represent a protein 

derived from a cleavage at this EG site. It has been demonstrated that virus 

specific proteins of about 30kDa and 40kDa could be detected in the soluble 

fractions of bacterial cells transformed with a plasmid containing nt2843-5303 

(protease-polymerase region) of FCV urbana genome (Sosnovtseva et al., 

1999). 
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Lane 1 2 3 4 
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IK 

llOkDa 

84kDa 

.40kDa 

Figure 6.4 Autoradiograph (10% SDS-PAGE gel) showing in vitro 
transcription and translation products of Manchester SLV full 
length clone (Lane 1), Southampton NLV (Lane 2), Lordsdale full 
length clone (Lane 3), Jena virus full length clone(Lane 4) and 
FCVurbana full length clone(Lane 5). 
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6.3.1 Time Course of In Vitro Transcription and Translation Reactions 

In vitro translation of the Manchester SLV, Southampton NLV, Lordsdale NLV, 

Jena NLV and FCVurbana cDNA clones were observed over a 24 hour period to 

determine whether any further products were produced more slowly. Samples 

were removed at 30 minutes, 2 hours and 24 hours and analysed by SDS-PAGE 

and autoradiography (2.15) (Figure 6.5). The major proteolytic products of 

Manchester were visible by 2 hours and no further cleavage products were visible 

by the 24 hour period, except the llOkDa band could be seen to diminish as 

further processing occurred. Similar results were obtained for Southampton NLV 

and Jena virus where the main processing products were produced by 24 hours 

except for the 113kDa and llOkDa band, respectively, which had slightly 

diminished suggesting further cleavage. The major processing products of 

Lordsdale NLV and FCV were obtained by 2 hours, with no further cleavage after 

that time. 

6.3.2 Addition of HeLa SIO Extract to In Vitro transcription/Translation 

Reactions 

Studies of translation of poliovirus in rabbit reticulocyte lysate have shown that 

the addition of HeLa cell extracts can enhance and correct aberant translation 

(Meerovitvh et al., 1993). A HeLa cell protein of 52kDa (La) was identified to 

bind to the poliovirus 5' UTR RNA and may function in poliovirus RNA internal 

initiation. La is abundant in HeLa cell extracts but not in rabbit reticulocyte 

lysates. A recent report has described the identification of cellular proteins in 

HeLa cell lysates that bind to approximately 100 nucleotides at the 5' end of 

Norwalk NLV genome (Gutierrez-Escalano et al., 2000), suggesting that Norwalk 

NLV may share similarity with the picornaviruses in its interaction with 

ribosomes and cellular proteins for the initaition of trnaslation. It was therefore 

decided to add HeLa SIO extract to the in vitro coupled transcription and 

translation reactions to determine whether translation was enhanced or changed. 
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Manchester SLV, Southampton NLV, Lordsdale NLV, Jena NLV and FCVurbana 

cDNA clones were transcribed and translated in vitro in the absence and presence 

of HeLa SIO extract (Gift from Dr.K Mellits, University of Nottingham). l|j.l and 

2|j,l HeLa SIO extract were added to a 10|il transcription and translation reaction. 

Reactions were incubated at 30°C for two hours and then analysed by SDS-PAGE 

and autoradiography (2.15). Results showed that addition of increasing amounts 

of HeLa S10 extract had no effect on translation, but rather had a slight inhibitory 

effect (Figure 6.6) possibly due to disruption of a highly optimised commercial 

system. 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Figure 6.5 Autoradiograpgh from a 10% SDS-PAGE gel showing the 
processing products from in vitro transcription and translation of 
Manchester SLV (Lanes 1-3), Southampton NLV (Lanes 4-6), 
Lordsdale NLV (Lanes 7-9), Jena virus (Lanes 10-12) and 
FCVurbana (Lanes 13-15) over a 24 hour time period (0.5 hour, 2 
hour and 24 hour time points). 
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2 3 4 5 6 7 8 9 10 11 12 13 14 15 

I 

Figure 6.6 Autoradiograph (10% SDS-PAGE gel) showing in vitro 
transcription and translation reactions with HeLa SIO extract 
added. 

Lane 1. Manchester SLV 
Lane 2. Manchester SLV +1^1 HeLa SIO extract 
Lane 3. Manchester SLV + 2fj,l HeLa SIO extract 
Lane 4. Southampton NLV 
Lane 5. Southampton NLV + 1 ju,] HeLa SIO extract 
Lane 6. Southampton NLV + 1 |al HeLa SIO extract 
Lane 7. Lordsdale NLV 
Lane 8. Lordsdale NLV + l p l HeLa SIO extract 
Lane 9. Lordsdale NLV + 2|j,l HeLa SIO extract 
Lane 10. Jena virus 
Lane 11. Jena virus + lpl HeLa S10 extract 
Lane 12. Jena virus + 2p,l HeLa SIO extract 
Lane 13. FCVurbana 
Lane 14. FCVurbana + l p j HeLa SIO extract 
Lane 15 FCVurbana + 2pJ HeLa SIO extract 
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6.3.3 Addition of Canine Microsomal Membranes to In Vitro Transcription 

and Translation Reactions 

Microsomal membranes are used to study co-translational and post-translational 

processing of proteins. Processing events such as membrane insertion, 

translocation and glycosylation can be examined by the transcription and 

translation of DNA in vitro in the presence of microsomal membranes. It has been 

demonstrated that co-translational addition of microsomal membranes to 

transcription/translation reactions markedly enhanced the cis cleavage of the 2B/3 

site in Dengue virus type 2 (Clum et al, 1997). The cleavage products, NS2B and 

NS3(Pro), both inserted into the endoplasmic reticulum membranes and this was 

thought to influence the activity of the protease complex by allowing the 

interaction of the hydrophobic domains of NS2B with the NS3(pro) through a 

conformational change. 

Canine microsomal membranes were added to the in vitro transcription and 

translation reactions to investigate whether the cleavage products were membrane 

associated. Manchester SLV, Southampton NLV, Lordsdale NLV, Jena NLV and 

FCVurbana cDNA clones were transcribed and translated in vitro in the absence 

and presence of canine microsomal membranes for 2 hours at 30°C. The reactions 

with microsomal membranes added were centrifuged for 15 minutes at 15,000rpm 

and the cell lysate was aspirated and kept for analysis by SDS-PAGE. The 

resultant cell pellet was washed twice with PBS with an intermediary centrifuge of 

5 minutes. The washed cell pellet was then resuspended in SDS-PAGE sample 

buffer. Reactions without microsomal membranes, cell lysate and the cell pellet 

were analysed by SDS-PAGE and autoradiography (2.15) (Figure 6.7). 

Results show that the proteins derived from the in vitro transcription and 

translation reactions are mostly located in the cell lysate and not membrane 

associated. Although it can be seen for Manchester SLV, the 113kda 3ABCD 

region, 40kDa 3A protein, 32kDa protease and 24kDa protein are associated with 
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the microsomal membranes. No additional cleavages were observed even though 

the protease was membrane associated. 

6.3.4 In Vitro Translation using RNA and Rabbit Reticulocyte lysate 

Structural features of RNA have been observed to play an important role in 

translation of proteins of positive strand RNA viruses. The IRES at the 5' end of 

picornaviruses interacts with cellular proteins to initiate translation of proteins. 

Recently, cellular proteins in HeLa and CaCo-2 cell lysates have been identified to 

bind to the first 1 lOnts of the 5' end of Norwalk virus RNA, and these proteins are 

known to be involved in poliovirus IRES associated translation and hepatitis C 

translation (Gutierrez-Escolano et al, 2000). In a coupled transcription and 

translation system, the transcription and translation stages occur simultaneously 

and may not allow time for the RNA to fold into its correct secondary structure. 

Conserved inverted repeats have been identified at the 5' end of calicivirus RNA 

transcripts that are predicted to form hairpin structures that may play a role in the 

initiation of translation (Pletnena et al., 2001). If the caliciviruses use an IRES-

like structure for translation initiation, then this system would not allow the RNA 

secondary structures to form. It was therefore decided to add pre-synthesised 

RNA made from cDNA full length clones to rabbit reticulocyte lysate to allow any 

secondary functions to form and observe if there is a change in the translation 

pattern. 

RNA was made by linearising the full length clones of Manchester SLV, 

Southampton NLV, Lordsdale NLV, Jena NLV and FCV (2.13.1). Manchester 

SLV PLC and FCV PLC plasmid DNA were linearised using Xbal, Lordsdale 

NLV PLC with Smal, Jena NLV PLC with BamHI and Southampton NLV PLC 

with Agel. The resulting linearised plasmid DNA was then purified and used in 

the transcription reaction (2.13.1.1). Purified RNA (l|J-g) was used as a template 

for each 25pl translation reaction using Rabbit Reticulocyte Lysate (Promega). 

The reactions were incubated for 90 minutes at 30°C before analysis by SDS-

PAGE and autoradiography (2.15). It can be observed that the translation pattern 
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is similar for both the RNA plus rabbit reticulocyte lysate and the coupled TNT 

system (Figure 6.8) suggesting RNA secondary structures do not influence 

translation initiation in vitro. 
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Figure 6.7 Autoradiograph (10% SDS-PAGE gel) showing in vitro 
transcription and translation reactions with canine microsomal 
membranes added. 

Lane 1. Manchester SLV 
Lane 2. Manchester SLV + microsomal membranes (cell lysate) 
Lane 3. Manchester SLV + microsomal membranes (cell pellet) 
Lane 4. Southampton SLV 
Lane 5. Southampton SLV + microsomal membranes (cell lysate) 
Lane 6. Southampton SLV + microsomal membranes (cell pellet) 
Lane 7. Lordsdale NLV 
Lane 8. Lordsdale NLV + microsomal membranes (cell lysate) 
Lane 9. Lordsdale NLV + microsomal membranes (cell pellet) 
Lane 10. Jena virus 
Lane 11. Jena virus + microsomal membranes (cell lysate) 
Lane 12. Jena virus + microsomal membranes (cell pellet) 
Lane 13. FCV + microsomal membranes (cell lysate) 
Lane 14. FCV + microsomal membranes (cell pellet) 
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Figure 6.8 Autoradiograph (10% SDS-PAGE) showing in vitro coupled TNT 
reactions in comparison with rabbit reticulolysate (RRL) in vitro 
translation reactions. 

Lane 1. Manchester SLV TNT 
Lane 2. Manchester SLV + RRL 
Lane 3. Southampton NLV TNT 
Lane 4. Southampton NLV + RRL 
Lane 5. LordsdaleNLV TNT 
Lane 6. Lordsdale NLV + RRL 
Lane 7. Jena Virus TNT 
Lane 8. Jena Virus + RRL 
Lane 9. FCVTNT 
Lane 10. FCV + RRL 
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6.4 Cleavage in Trans of Calicivirus Polyproteins 

Full length clones of Manchester SLV, Southampton NLV and Jena NLV which 

had a mutated protease function, pT7HuCVp^ (Robinson, PhD Thesis, 1999), 

pT7SVp,Q_ (Liu, 1996) and pT7JVp,Q_ (this laboratory), were utilised to investigate 

trans activity of calicivirus proteases. The pT7HuCVp,„, pT7SVp,„. and pT7JVp^_ 

clones contain a mutation in the conserved GDCG motif of the 3C-like protease 

where the active site cysteine residue was altered to glycine, resulting in the 

abolition of proteolytic activity (Robinson, PhD Thesis, 1999; Liu, 1996). 

Protease mutants were used as the substrate to assay trans activity. pT7HuCVp„, 

pT7SVp,.Q and pT7JVp^ were transcribed and translated in vitro in the presence of 

^̂ S methionine and full length clones of Manchester SLV (pT7HuCV6), 

Southampton NLV (pT7SV), Lordsdale NLV (pT7LVFLC4), Jena virus (pT7JV) 

and FCV (pT7FCVurb) were transcribed and translated both in the presence of ^̂ S 

methionine and unlabelled methionine. All reactions were incubated for 2 hours 

at 37°C. After the 2 hour incubation, reactions were terminated by addition of 

unlabelled methionine (ImM), cycloheximide(0.6mg/ml) and RNase (Ipg). The 

reactions containing the labelled protease mutants of Manchester SLV, 

Southampton NLV and Jena NLV were then separately mixed with equal 

quantities of each of the unlabelled full length wild type reactions so that each was 

combined with Manchester SLV, Southampton NLV, Lordsdale NLV, Jena virus 

and FCV. The combined reactions were incubated at 30°C for a further hour. 

Analysis by SDS-PAGE and autoradiography revealed that Southampton NLV 

protease mutant and Jena virus protease mutant could be cleaved by the protease 

produced from in vitro transcription and translation of Southampton NLV, 

Lordsdale NLV and Jena virus but not by Manchester SLV or FCV (Figure 6.9, 

6.11). Manchester SLV protease mutant was not cleaved by any of the full length 

wild type clones (Figure 6.10). The observation that Lordsdale NLV and Jena 

virus will cleave the Southampton NLV mutant polyprotein in trans and that 

Lorsdale NLV and Southampton NLV proteases will cleave Jena virus mutant 

polyprotein in trans even though they belong to a different genogroup of NLVs to 
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Southampton suggest that NLV proteases are active across genetic groups, but do 

not cleave the polyprotein of viruses belonging to a different genus. Furthermore, 

processing of these polyproteins in vitro by trans cleavage indicates that the 

cleavage sites are accessible after translation of the entire protein. Manchester 

SLV is not processed in trans which suggests that the 3C-like protease of 

Manchester SLV is fundamentally different to that of the NLVs. 

It can be observed that the 3C protease from Southampton NLV, Lordsdale NLV 

and Jena virus polyproteins only partially cleave the Jena virus protease mutant 

polyprotein (Figure 6.11). It was therefore decided to incubate the combined 

reactions of the wild type and protease mutant polyproteins for two and three 

hours to observe if full trans cleavage could be achieved. Results show that the 

two and three hour incubation did not result in further cleavage of the 185kDa 

Jena virus protease mutant polyprotein (Figure 6.12). 

6.4.1 Trans Cleavage using Purified Southampton NLV 3C Protease 

Purified Southampton NLV 3C protease obtained from Prof. P Shoolingin-Jordan 

(Biochemisty Dept. University of Southampton) was utilised to investigate further 

the trans activity of 3C proteases and to compare purified 3C protease to protease 

produced from an in vitro transcription/translation system. 

Manchester SLV full length clone (pT7HuCV6), Southampton NLV full length 

clone (pT7SV), and Jena virus (pTVJV), and the protease mutant clones 

pT7HuCVp„_, pT7SVp„. and pT7JVp^ were transcribed and translated in vitro in 

the presence of ^^S-methionine for two hours at 30°C. After the two hour 

incubation the labeled reactions were terminated by addition of unlabelled 

methioine (ImM), cycloheximide (0.6mg/ml) and RNase (IfJ-g). The lOpl 

reactions containing the labeled protease mutants of Manchester SLV and 

Southampton NLV were mixed with Ipl of the purified Southampton NLV 3C 

protease. These reactions were then incubated for an additional one hour and 

analysed by SDS-PAGE and autoradiography (2.15) (Figure 6.13). 
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Results show that the purified Southampton NLV 3C protease is not capable of 

cleaving the Manchester SLV protease mutant polyprotein, but will cleave the 

Southampton NLV and Jena virus protease mutant polyprotein in trans. It can be 

seen that further processing of the 113kDa protein occurs with the addition of the 

active SV 3C compared to cis cleavage of the wild type Southampton polyprotein, 

suggesting that cleavage in trans by the purified active 3C is more efficient. 

Similar results were obtained when active purified SV 3C was added to the Jena 

virus protease mutant polyprotein Furthermore, trans cleavage by the purified 

active 3C is more efficient than trans cleavage by the protease produced in an in 

vitro transcription/translation system (Figure 6.9, 6.11). The active purified SV 

3C protease is possibly more concentrated than the protease produced in vitro and 

would result in more efficient cleavage. Furthermore, the purified 3C protease is 

not attached to 3D RNA polymerase and perhaps is folded in such a way that the 

active site is more accessible to interact with cleavage sites within the polypeptide. 

The purified 3C may adopt a 'mature' structure that differs from its tertiary 

structure while part of a precursor and such a difference may cause a change in the 

interactions of the protease with the substrate. Further processing of the 113kDa 

protein resulted in products of 92, 76 and 57kDa. Liu et al.(1999) has shown that 

the 113kDa protein is the 3ABCD region of the Southampton NLV and that 3 

cleavage sites within this region result in a 22kDa (3A), 16kDa (Vpg), 19kDa (3C) 

and 57kDa protein (3D). The 92, 76, and 57kDa proteins could therefore 

represent 3BCD, 3CD and 3D regions. 
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Figure 6.9 Autoradiograph (10% SDS-PAGE) showing trans activity of 
Manchester SLV FLC, Southampton NLV FLC, Lordsdale NLV 
FLC, Jena virus FLC and FCV FLC against Southampton NLV 
protease mutant. 

Lane 1. pT7SV pro-
Lane 2. pT7HuCV6 
Lane 3. pT7SV 
Lane 4. pT7LV 
Lane 5. pT7JV 
Lane 6. pT7FCV 
Lane 7. pT7SV pro- + pT7HuCV6 
Lane 8. pT7SV pro- + pT7SV 
Lane 9. pT7SV pro- + pT7LV 
Lane 10. pT7SV pro- + pT7JV 
Lane 11. pT7SV pro- + pT7FCV 

The sizes of the unprocessed full length clones and Southampton NLV major 
processing products of 41kDa, 48kDa and 113kDa are indicated. 
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Figure 6.10 Autoradiograph (10% SDS-PAGE) showing the lack of trans 
activity of Manchester SLV, Southampton NLV, Lordsdale NLV, 
Jena virus NLV and FCV against Manchester SLV protease 
mutant. 

Lane 1. 
Lane 2. 
Lane 3. 
Lane 4. 
Lane 5. 
Lane 6. 
Lane 7. 
Lane 8. 
Lane 9. 
Lane 10. 
Lane 11. 

pT7HuCV pro-
pT7HuCV6 
pTVSV 
pT7LV 
pT7JV 
pT7FCV 
pT7HuCV pro- + pT7HuCV6 
pT7HuCV pro- + pT7SV 
pT7HuCY pro- + pT7LV 
pT7HuCV pro- + pT7JV 
pT7HuCV pro- + pT7FCV 

The size of the unprocessed Manchester full length clone is indicated. 
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Figure 6.11 Autoradiograph (10% SDS-PAGE) showing the trans activity of 
Manchester SLV FLC, Southampton NLV FLC, Lordsdale NLV 
FLC, Jena virus FLC and FCV FLV against Jena virus protease 
mutant. 

Lane 1. pT7JVpro-
Lane 2. pT7HuCV6 
Lane 3. pT7SV 
Lane 4. pT7LV 
Lane 5. pT7JV 
Lane 6. pTTFCV 
Lane 7. pT7JVpro- + pT7HuCV6 
Lane 8. pT7JVpro- + pT7SV 
Lane 9. pT7JVpro. + pT7LV 
Lane 10. pT7JVp^ + pT7JV 
Lane 11. pTVJVpm. + pT7FCV 

The sizes of the unprocessed full length clones and Jena Virus processing products of 
llOkDa, 84kDa, 40kDa, 26kDaand22 kDa are indicated. 
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Figure 6.12 Autoradiograph (10% SDS-PAGE) showing time course of the 
Jena virus protease mutant trans cleavage reactions over three 
hours. 

Lane 1. PT7JV 
Lane 2. pT7JVpro" 
Lane 3. pT7JVpro' + pT7HuCV6 - 2 hours 
Lane 4. pT7JVpro" + pT7HuCV6 - 3 hours 
Lane 5. pT7JVpm- + pT7SV - 2 hours 
Lane 6. pTVJVpro" + pT7SV - 3 hours 
Lane 7. pT7JVpro" + pT7LV - 2 hours 
Lane 8. pT7JVpro" + pT7LV - 3 hours 
Lane 9. pT7JVpro" + pT7JV - 2 hours 
Lane 10. pT7JVpro" + pT7JV - 3 hours 
Lane 11. pT7JVpro" + pT7FCV - 2 hours 
Lane 12. pT7JVpro" + pT7FCV - 3 hours 
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Figure 6.13 Autoradiograph (10%) SDS-PAGE showing the lack of trans 
activity of active purified SV 3C protease against Manchester SLV 
protease mutant (Lane 3) and the trans activity of active purified 
SV 3C protease against Southampton NLV protease mutant (Lane 
6) and Jena virus protease mutant (Lane 9). 

Lane 1. Manchester SLV 
Lane 2. Manchester SLV 3C protease mutant 
Lane 3. Manchester SLV 3C protease mutant + purified SV 3C protease 
Lane 4. Southampton NLV 
Lane 5. Southampton NLV 3C protease mutant 
Lane 6. Southampton NLV 3C protease mutant + purified SV 3C protease 
Lane 7. Jena virus 
Lane 8. Jena virus 3C protease mutant 
Lane 9. Jena virus 3C protease mutant + purified SV 3C protease 

The sizes of the Southampton NLV and Jena virus processing products are shown. 
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6.5 Discussion 

The full length clones of Manchester SLV, Southampton NLV, Lordsdale NLV, 

Jena virus NLV and FCV urbana were utilised to investigate polyprotein 

processing of the caliciviruses. Translation of the FCV urbana clone in vitro was 

inefficient and products were undetectable in a standard reaction. However 

addition of an extra guanosine residue at the 5' terminus resulted in the efficiency 

of in vitro transcription and translation was greatly improved. A time course of in 

vitro transcription/translation reactions over 24 hours showed that the major 

cleavage products of Manchester SLV, Southampton NLV and Jena virus were 

obtained by 2 hours and no additional cleavage products were visible by the 24 

hour time point. Although the llOkDa protein from Manchester SLV and Jena 

virus and the 113kDa protein from Southampton NLV could be seen to diminish 

as further cleavage of this product occurred(compared to proteins that had already 

been fully synthesized by 2 hours). Lordsdale NLV and FCV processing products 

were obtained by 2 hours and none of the proteins were further processed. 

The addition of HeLa SIO extract to the in vitro transcription and translation 

reactions had an inhibitory effect on the translation of the viral polypeptides and 

the efficiency decreased. This was possibly due to the fact that the coupled 

transcription/translation system is a highly optimised commercial system and the 

addition of the HeLa extact may have disrupted this. It was thought that the 

addition of the extract would increase the translation efficiency as HeLa SIO 

contains increased levels of translation factors. Rabbit reticulocyte lysate and 

cytoplasmic extracts of HeLa cells have been to shown to contain the cellular 

components necessary to translate picornavirus mRNAs in vitro. La protein found 

in HeLa cell extracts can stimulate and correct abberant translation of poliovirus 

RNA in rabbit reticulocyte lysates, presumably through interaction with the 

mRNA 5' UTR (Meerovitch et al., 1993). The La interaction may also be a 

prerequisite for binding of other initiation factors. Recently studies have shown 

that HeLa proteins La, PCBP-2 and PTB interact with the 5' end of Norwalk NLV 

RNA (Gutierrez-Escalano et al., 2000). It has been proposed that the interaction 
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with La and PTB could play a similar role to that in the picornaviruses by 

promoting the correct folding of the RNA and selecting the correct site for 

ribosomal entry. 

In a separate study, microsomal membranes were added to the in vitro 

transcription and translation reactions to observe if the processing products were 

membrane bound. Microsomal membranes are small closed up vesicles formed by 

the endoplasmic reticulum upon cell disruption and are rich in ribosomes. After 

polypeptide synthesis in the endoplasmic reticulum (ER), coated vesicles 

containing the proteins bud off from the ER and move to the Golgi apparatus 

where further post translational processing occurs. The addition of microsomal 

membranes to the in vitro transcription and translation assay showed that the 

proteins produced by Southampton NLV, Lordsdale NLV, Jena virus and FCV 

were not associated with the membranes. On the other hand, the llOkDa 3ABCD, 

40kDa 3A, 32kDa protease and 24kDa in vitro transcription/translation cleavage 

products from Manchester SLV were membranes associated. The association with 

the microsomal membranes did not increase translation efficiency nor result in 

additional cleavages. Coupled in vitro transcription/translation reactions with the 

co-translational addition of microsomal membranes has been demonstrated to 

enhance the cis cleavage of NS2B/NS3(pro) site in Dengue tyro 2 virus. 

NS2B/NS3 precursor inserted into the ER membranes and this caused activation 

of the NS3 protease (Clum et ah, 1997). Hydrophobic regions are involved in 

anchoring these proteins into the membranes. Manchester SLV may have more 

hydrophobic regions compared to that of the other caliciviruses which would 

allow insertion of some of its proteins into the membranes. 

The cell free coupled transcription and translation system is useful in analysing 

proteolytic processing, but the precise translation initiation site has not been 

determined. It is thought that caliciviruses do not use an IRES for translation 

because RNA from a full length clone of FCV was not infectious unless it was 

synthesised in the presence of cap analogue (Sosnovtsev et al., 1997) and it has 

been proposed that caliciviruses may use a cap independent translation mechanism 
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involving the genome linked Vpg protein (Herbert et al, 1997). However, 

conserved inverted repeats have been identified at the 5' end of caliciviral RNA 

transcripts that are predicted to form hairpin loop structures that may play a role in 

initiation of translation (Pletneva et al, 2001). In addition, cellular proteins in 

HeLa and CaCo-2 cell lysates that are known to be involved in poliovirus IRES 

associated translation have been identified to bind to the first llOnts of the 5' end 

of Norwalk virus RNA (Gutierrez-Escolano et ah, 2000). In this present study 

RNA made from cDNA clones was added to rabbit reticulocyte lysate to allow 

any secondary structures to form prior to translation and results suggest that 

translation initiation begins at or near the first in frame AUG codon. 

Polyprotein processing of picornaviruses has been shown to be predominantly due 

to virally encoded proteases designated 2A and 3C. The 3C protease is a serine-

like protease with an active site cysteine within a conserved GDCG motif (Ryan 

and Flint, 1997). The protease of Southampton NLV, Manchester SLV, RHDV 

and FCV were shown to resemble closely the picornavirus 3C protease with 

respect to the active site by site-directed mutagenesis resulting in the loss of 

proteolytic cleavage. This observation of a single unprocessed product indicates 

that the polyprotein of caliciviruses are processed by a single protease with an 

active site cysteine. The 3 C-like protease activity is due to the protease acting in 

cis, although the 3C-like protease of RHDV and Southampton NLV have been 

demonstrated to act in trans (Boniotti et al., 1994; Liu et al., 1997). In this study, 

the 3C protease from Southampton NLV, Lordsdale NLV and Jena virus, but not 

Manchester SLV and FCV, were able to cleave Southampton NLV and Jena virus 

protease mutant polyproteins in trans. This observation illustrates that NLVs are 

capable of cleaving within the genus and across their genetic groups. 

Furthermore, Southampton NLV and Jena virus 3C protease mutant polyproteins 

were cleaved in trans by purified Southampton NLV 3C protease. This 

experiment revealed that cleavage in trans by the purified 3C protease is more 

efficient than that of by a 3C protease produced from an in vitro 

transcription/translation assay. In addition, further processing of the 3ABCD 

protein occurred when active 3C protease was added to the Southampton NLV 
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protease mutant compared to cis cleavage of the wild type Southampton NLV 

polyprotein. The purified 3C perhaps is folded in such a way that is adopts a 

'mature' structure differing from its conformation whilst a precursor, therefore 

causing a change in the interactions with cleavage sites within the polypeptide. 

Manchester SLV protease mutant polyprotein was not cleaved in trans by the 3C 

protease of any extract containing an active 3C protease suggesting that 

processing of Manchester SLV is fundamentally different to that of the NLVs. It 

is surprising that Manchester SLV protease mutant is not cleaved in trans by the 

Manchester 3C protease. Possibly the cleavage sites of Manchester SLV 

polyprotein are not accessible after translation of the entire protein. Processing in 

trans has been shown to be more stringent than cis cleavage, where it is governed 

not only by the structure of the polyprotein substrate but also by specific 

recognition between the protease and substrate at and around the cleavage sites 

(Bartenschlager, 1995). Furthermore, the processing of Manchester SLV may 

occur sequentially and the cleavage at one site may be a prerequisite for 

processing at another site. For example, possibly the 3C protease has to be 

released from the polyprotein prior to subsequent steps in polyprotein processing. 

In poliovirus it has been illustrated that the separation of the capsid and 

nonstructural proteins is a prerequisite for further processing of the PI capsid 

protein (Hellen et al, 1992). Probably processing of Manchester SLV occurs in 

cis. It has been observed that the Nla protease, which is a counterpart of the 

picornaviral 3C protease, from pepper vein banding poty virus did not cleave in 

trans between the Nla-Nlb-CP proteins (Joseph, 2000). This suggested that 

cleavage between Nla and Nib would be a cis cleavage reaction under in vivo 

conditions. 
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Chapter 7 

Final Discussion 

The establishment of a cell culture system for the propagation of the human enteric 

caliciviruses is a major objective for the study of caliciviral molecular biology and 

replication. It is not possible to passage diferentiated enterocytes of the small 

intestine in vitro and normal human small intestine is not readily available for the 

establishment of primary cell cultures. It is likely that the human caliciviruses 

require a cell line at the appropriate stage of differentiation and displaying the 

necessary cell surface receptors as well as specialised host cell factors to support 

their replication. The availability of these factors is critical in determining cell 

tropisms. Construction of infectious full length clones for other single stranded 

positive sense RNA viruses has been an important step in the development of 

reverse genetics systems for these viruses, and the direct manipulation of RNA in 

order to construct viral genomic cDNA clones is a fundamental element in the 

molecular characterisation of the human enteric caliciviruses. 

Little is known about translation initiation and polyprotein processing. Analogies 

have been drawn with picornaviruses, but significant differences occur at the 5' 

genomic terminus. It has not been determined whether caliciviruses use a similar 

mechanism to the picornaviruses for translation initiation or use the conventional 

ribosome scanning method at a 5' cap structure. In contrast to nuclear encoded 

eukaryotic mRNAs, the picornaviral RNA lacks a 5' terminal cap structure. The 

cap structure is the initiation site of interaction between mRNAs and the cellular 

translation machinery. It is recognised by translation factor 4E (eIF4E) a 

component of the cap binding complex eIF4F, which also includes eIF4A (RNA 

helicase) and eIF4G, a modular scaffold protein that binds several factors and 

bridges the mRNA and ribosome (Belsham and Sonenberg, 2000). The eIF4F 

complex is required for binding of the small ribosomal subunit to the mRNA 5' 

UTR and the ribosome can then scan the 5' UTR until the appropriate AUG 

iniation codon (Kozak, 1991). The long 5' UTR (600-13OOnt) of picornaviral 

RNA has multiple unrecognised AUG codons and contains extensive secondary 
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structure. A region (~450nt) within the 5' UTR of picornaviral RNA directs cap 

independent internal initation of translation called an internal ribosome entry site 

(IRES) (Belsham et ah, 1996). The mechanism of internal initiation on 

picornaviral RNA requires the canonical initation factors that are required for 

translation of all mRNAs (e.g. eIF4A, eIF4B, eIF2, etc). In addition cellular 

proteins have been shown to affect IRES activity. La and polypyrimidine tract 

binding protein (PTE) and PCBP2 are cellular proteins found to interact with IRES 

elements and stimulate translation. La was shown to select the correct translation 

initiation site and enhance poliovirus translation (Meerovitch et al, 1993). La is 

predominantly localised within the nucleus and functions in maturation of RNA 

polymerase III transcripts. La also binds to Hepatitis C virus RNA near the 

initiation codon and stimulate translation (Ali et al., 1997) and La may also assist 

in generation and maintenance of the ribosome attachment site4 structure. PTE 

acts as a regulator of splice site selection and exhibits a stimulatory effect on the 

activity of entero/rhino virus IRES elements (Hunt et al., 1999) and promotes the 

correct folding of the IRES to present critical primary nucleotide sequences in the 

correct order to allow ribosome entry. PCBP2 (poly-rC-binding protein 2) binds to 

poliovirus IRES and depletion of PCBP2 from HeLa cell lysates inhibits activity of 

poliovirus IRES elements (Hunt et al., 1999). 

A recent report has described the identification of cellular proteins (La, hiiRNP, 

PTB and PCBP2) from HeLa and CaCo-2 cell lysates that bind to the first 1 lOnt of 

Norwalk virus RNA (Gutierrez-Escalano et al., 2000) suggesting that Norwalk 

virus may share similarity with the picornaviruses in its interactions with 

ribosomes and cellular proteins. The absence of the cap structure in Norwalk virus 

RNA could suggest that the ribosome requires additional elements to initiate 

translation. The ribonucleotide complex formation with nt 1-110 may allow entry 

of ribosome, as occurs in picornavirus translation, as well as the correct folding of 

the RNA. However a major difference between the picornaviruses and 

caliciviruses is the presence of a calicivirus subgenomic RNA (Lambden and 

Clarke, 1995) that is also produced during infection. Conserved inverted repeat 

sequences found at in the 5' ends of both calicivirus RNA transcripts that are 

involved in formation of highly conserved hairpin structure in the RNA may play a 

regulatory role in the initiation of translation. The first initiation codon on the 
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genomic and subgenomic RNA is located immediately upstream of the inverted 

repeat and predicated hairpin structure and is a question to whether calicivirus 

translation initiates at the first in frame AUG of each RNA message. If so it is 

unlikely that caliciviruses utilise a picornavirus-like IRES. 

The animal caliciviruses have a genome linked protein (VPg) at the 5' end of RNA 

and by analogy it is possible that the human caliciviruses also have a VPg. 

Removal of FCV VPg by proteolytic treatment was shown to reduce the translation 

of RNA dramatically (Herbert et al, 1997) and suggests that VPg is involved in 

translation. Observations that VPg is required for infectivity of a synthetic 

transcript derived from a full length FCV cDNA clone, but that the RNA had to be 

capped for infectivity, suggests that the VPg is a cap analogue (Sosnovtev and 

Green, 1995). Furthermore, addition of a cap analogue to in vitro translations had 

no effect on the translation of FCV RNA (Herbert et al, 1997) suggesting that the 

FCV RNA is translated independent of cap binding complexes and that these cap 

binding proteins may not be required for the translation of FCV RNA. These 

observations suggest VPg may substitute for the conventional cap structure in a 

way that does not involve conventional cap binding proteins such as eIF4E, eIF4A 

and eIF4G. Infection of rabbit hepatocytes with purified RHDV has led to the 

detection of RHDV specific proteins within the infected cells (Konig et al., 1998). 

Analysis of the proteins led to the detection of a 16kDa protein (pi 6) which reacted 

with anti-sera directed against the N terminal amino acids. This protein therefore 

represented the N terminal cleavage product of the RHDV polyprotein suggesting 

translation initiation close to the 5' terminus. The production of N-terminus region 

anti-sera represents an important step in determining the point of initiation of 

translation in caliciviruses. 

The availability of an authentic full length genomic clone of Lordsdale NLV will 

allow investigation of its replication and translation. The corrected full length 

clone of Lordsdale NLV was used in in vitro transcription and translation studies in 

comparison with the full length clones containing mutations. The proteolytic 

processing pattern did not change with the correction of the mutations suggesting 

that the mutations did not influence the processing by the 3C protease. 
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In the absence of a cell culture system, transfection of eukaryotic cells with 

genomic cDNA is currently the only way forward in the understanding of the 

replication of the human enteric caliciviruses. Non permissive cells can be used 

and therefore get round the problem of receptors. It was hoped that the corrected 

full length clone of Lordsdale NLV could be successfully used in transfection 

studies. With Feline Calicivirus (FCV), CRFK cells can be transfected with full 

length genomic RNA using a liposome mediated transfection system (Sosnovtev 

and Green, 1995), where capped RNA was used and transfected into CRFK cells 

using liptofectamine. CRFK cells have the necessary host cell factors to support 

viral replication. As FCV is a cultivable virus and it has a genome organisation 

very similar to the NLVs, it should be useful as a model system. In this study a 

transfection system that contains a T7 RNA polymerase was used for the 

transfection of the Lordsdale NLV full length clone. In this system cells are 

initially infected with a recombinant vaccinia virus encoding T7 RNA polymerase 

and subsequently transfected with plasmid DNA carrying the cloned genomic 

cDNA under the control of the T7 promoter (Wyatt et ah, 1995). On entry to the 

cell, plasmid DNA becomes a substrate for the T7 polymerase and remains in the 

cytoplasm where all functions of RNA synthesis, capping and translation occur. 

Translation of the Lordsdale NLV genomic RNA was detected using antisera to the 

N terminus, VPg and capsid regions. Only the N terminus and VPg antisera 

detected viral proteins suggesting that translation of ORFl had occurred at least as 

far as the VPg coding region. The capsid was not detected suggesting that the 

subgenomic RNA is not made in this transfection system. 

Furthermore, Manchester SLV full length clones fused to GFP were used to 

transfect 293A cells also using the T7/vaccinia expression system. The non-

structural and capsid proteins were translated in this sytsem, shown by the green 

fluorescence of the GFP protein. The capsid was made as in Sapporo-like viruses 

it is continuous with the non structural proteins, but transfection of Manchester 

SLV/GFP clones with a stop codon at the end of the RNA polymerase region 

resulted in no capsid expression. This suggests that the capsid is not made by the 

subgenomic RNA in this expression system, but is synthesised as part of the 

polyprotein. The subgenomic RNA provides an additional message for high level 

production of capsid protein and has been identified in animal caliciviruses 
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(Meyers et al, 1991). The production of this subgenomic RNA is thought to 

provide a regulatory role for transcription and packaging of RNA into virions. The 

human enteric caliciviruses , like the animal caliciviruses possess repeated 

sequences 24-26 nucleotides located at their 5' end and starting upstream from the 

initiator codon of 0RF2. It is presumed that these signals have a regulatory 

function in viral replication and define the boundaries of the subgenomic RNA 

produced by the human enteric caliciviruses. The mechanism for the generation of 

subgenomic RNA is not yet known for the caliciviruses, but several mechanisms 

have been proposed for other positive strand RNA viruses that produce 

subgenomic messages. These mechanisms include premature termination of 

transcription on the genomic RNA to produce a subgenomic negative strand 

template or internal initiation of transcription from a promotor region on the 

negative strand template (Miller et al., 2000). 

The inability to manipulate RNA directly from cultivable viruses such as the 

picornaviruses has led to the development of reverse genetic techniques. Coupled 

in vitro transcription/translation techniques using cDNA clones allow virus gene 

expression and polyprotein processing to be studied. The availability of an 

authentic full length clones such as Southampton NLV and Manchester SLV have 

enabled in vitro studies of transcription, translation and polyprotein processing of 

the viral genome. In vitro transcription and translation of the Manchester SLV 

cDNA clone showed that polyprotein processing initially occurred co-

translationally, but with further post translational processing (Robinson, PhD 

Thesis, 1999). This contrasted with Southampton NLV that was shown to process 

rapidly and co-translationally (Liu et al, 1996). Site directed mutagenesis of the 

GDCG motif contained within the 3C-like protease of Southampton NLV (Liu et 

al, 1996), Manchester SLV (Robinson, PhD Thesis, 1999), RHDV (Boniotti et al., 

1996), FCV (Sosnovtseva et al., 1999) and Camberwell NLV (Seah et al, 1999) 

have resulted in the loss of proteolytic activity, leading to the conclusion that these 

viruses possess a single protease. The 3C-like protease of Southampton SLV (Liu 

et al., 1997) and RHDV (Boniotti et al., 1994) have been demonstrated to cleave in 

trans, whereas Manchester SLV does not possess this activity in vitro (Robinson, 

PhD Thesis, 1999). Picornavirus cysteine proteases are able to cleave in cis 

(intramolecularly) and in trans (intermolecularly) enabling different cleavages to 
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occur (Ryan and Flint, 1997). As the 3C-like protease of Manchester SLV 

contains an active site characteristic of a cysteine protease it would be expected to 

cleave in trans. In this study, the 3C protease from Southampton NLV, Lordsdale 

NLV and Jena NLV but not Manchester SLV and FCV demonstrated to cleave 

Southampton NLV protease mutant polyprotein and Jena virus protease mutant 

polyprotein in trans. This suggests that the NLVs are capable of cleaving within 

and across their genetic groups. In addition Southampton NLV protease mutant 

polyprotein and Jena virus protease mutant polyprotein were cleaved more 

efficiently in trans by a purified active 3C protease from Southampton virus. 

Manchester SLV protease mutant polyprotein was not cleaved in trans by the 3C 

protease of any extract containing an active 3C protease, which suggests that the 

processing of Manchester SLV is fundamentally different to that of the NLVs. 

Proteolytic cleavage sites that have been identified in Southampton NLV (Liu et 

al., 1996; 1999) are conserved in other NLVs. Preferred cleavage dipeptides in 

Southampton NLV contain a glutamic acid or glutamine residue at position PI and 

either a glycine or alanine at position PI ' . Glutamic acid at position PI is also 

preferred in RHDV caliciviruses, whereas picornavirus 3C protease generally 

prefer a glutamine residue at position PI (Ryan and Flint, 1997). In Southampton 

NLV it is possible that a glutamic acid or glutamine at position PI may be part of a 

mechanism to control the rate of production of precursors. A controlled rate of 

cleavage is important in releasing precursors with modified activities and for 

producing the mature processed proteins with core functions. 

It is surprising that Manchester SLV protease mutant polyprotein is not cleaved in 

trans by the Manchester SLV 3C protease. Perhaps the cleavage sites of 

Manchester SLV protease mutant are not accessible after translation of the entire 

protein. Processing in trans has been shown to be more stringent than cis cleavage, 

where it is governed not only by the structure of the polyprotein substrate but also 

by specific recognition between the protease and substrate at and around the 

cleavage sites (Bartenschlager, 1995). It will be of interest to investigate whether 

the addition of 3C protease to Manchester SLV protease mutant polyprotein whilst 

it is being synthesised may play a role in trans cleavage. 

182 



Future work 

In the absence of a cell culture system to support the growth of the human enteric 

caliciviruses, the availability of a full length genomic clone is essential for 

studying the replication and translation of their viral genomes. Full length 

genomic clones could be used to establish an efficient cell culture system that is 

based on the transaction of subgenomic replicons made from cloned viral 

consensus genomic sequences. This system has been used in Hepatitis C virus 

(Lohmann et al, 1999) and RNA molecules were found to be self replicate to high 

levels permitting the metabollic radiolabelling of viral RNA and proteins. 

Mechanisms for the initiation of RNA replication of the calicivirus genome has not 

been determined. By analolgy with other positive strand RNA viruses, the 

calicivirus polymerase should interact with the 3' end to initiate negative strand 

synthesis. It will be of interest to determine how the polymerase interacts with the 

3' end structures. 

Only caliciviruses in the Vesivirus genus can be grown routinely in cell culture. 

Infections caused by FCV are ubiquitous and the virus has a narrow host range and 

is an ideal model system for studying calicivirus replication. Infectious FCV can 

be recovered from non permissive cells transfected with genomic cDNA 

(Sosnovtsev, 1997). The potential of this genetic system could be used to construct 

chimeric viruses where the FCV capsid region could be replaced by capsid regions 

of the human enteric caliciviruses to study production of subgenomic messages. 
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