
CHAPTER ONE 


LITERATURE REVIEW 


1.1. Introduction. 

African horsesickness (AHS) is an infectious, non-contagious disease affecting primarily equines, 

hence its descriptive name. Symptoms of the disease range from mild to severe with pulmonary or 

cardiac systems, or both, being affected. Symptoms include oedema of the lungs, subcutaneous, 

intermuscular and muscular tissues, and haemorrhaging of affected organs (reviewed by Burrage 

and Laegried, 1994; Laegried, 1994). The mildest form of the disease involves a low-grade fever. 

Mortality rates can reach higher than 95%, depending on the form of the disease. This has a 

significant economic impact on the horse industry, particularly the lucrative sport of horse-racing. In 

addition, the financial stakes and horse-trading value in the more traditionally recreational sports of 

show-jumping, dressage, eventing and polo are increasing and these sports also feel the economic 

impact of the disease. Increased knowledge of transmission of the disease has improved control 

methods. AHS is caused by African horsesickness virus (AHSV) and is spread primarily by biting 

midges (Culicoides species). The virus has the ability to replicate in both vertebrate and invertebrate 

hosts. Methods of control of AHS are therefore directed toward the vector (invertebrate) and the 

host (vertebrate) by control of the midges and quarantine of infected animals, as well as toward the 

virus itself by preventative vaccination. 

1.2. Classification. 

The aetiological agent of the disease is African horsesickness virus (AHSV) , which is a member of 

the Orbivirus genus, of the family Reoviridae (Oellerman et al., 1970; Bremer, 1976; Verwoerd et al., 

1979; Holmes, 1991 ; Murphy et al. , 1995). All viruses classified in the family Reoviridae have 

double-stranded RNA genomes of many segments (generally 10-12). These are encapsidated in a 

single virus particle with icosahedral symmetry. Members of the Orbivirus genus specifically have 

characteristic large doughnut-shaped structures on the surface of the virus particles which can be 

seen under the electron microscope, and hence the name given to that genus of Orbivirus. Various 

characteristics distinguish Orbiviruses in the Reoviridae family from other members such as 

Reo viruses. These include their smaller size and their transmission by insect vectors (Borden et al., 

1971 ; Murphy et al. , 1971; Gorman and Taylor, 1985; Murphy et al., 1995). In addition to AHSV, 
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also included in the Orbivirus genus is Bluetongue virus (BTV), which is the prototype of the genus, 

equine encephalosis virus (EEV), epizootic hemorrhagic disease virus (EHOV) of deer and the 

recently identified St. Croix River virus (Attoui et al. , 2001). Nine distinct serotypes of AHSV have 

been identified which show little cross-neutralisation with each other (Mcintosh, 1958; Howell, 1962; 

Calisher and Mertens, 1998). 

1.3. Transmission, Epidemiology and Hosts of AHSV. 

The principal vectors of AHSV are the Culicoides spp. Mosquitoes and ticks may also be involved in 

AHSV transmission (Me"or, 1994). AHS is enzootic to sub-Saharan Africa but outbreaks have 

occurred outside this niche on several occasions. These include outbreaks in North Africa, Southern 

Europe (specifically Spain and Portugal) and the Middle East (Pakistan, Afghanistan) (Mellor, 1993). 

The virus, however, does not seem able to persist outside enzootic areas for more than 2 to 3 

years. This is probably due to climate conditions which provide a sufficient vector-free period, longer 

than the duration of viremia in the susceptible population (Me"or, 1994). Global climate changes 

may affect the distribution as well as abundance of the vectors and thus the disease may become a 

greater concern outside the current enzootic areas (Wittmann and Baylis, 2000). Within South Africa 

itself, there exists geographical variation in the transmission of the virus. A measure of the 

transmission of the virus, the force of infection, was found to be greatest in the northeastern part of 

the country and declined to the southwest, where an AHSV-free zone has been established (Lord et 

al., 2002). 

The natural host of AHS is Equidae. Horses are the most susceptible to the disease and are in 

general the only solipeds susceptible to the more severe forms of the disease. Mules are less 

susceptible than horses but more so than donkeys. Zebras are most resistant and show only 

minimal symptoms of the disease (reviewed in House, 1993). The more resistant animals, such as 

donkeys, may play an important role in the epidemiology of AHS, harbouring and providing a 

reservoir for the virus (Fassi-Fihri et al., 1998; Hamblin et al. , 1998). AHSV has been found to infect 

other species such as dogs (Braverman and Chizov-Ginsburg, 1996). Antibodies against AHSV 

have also been found in other carnivores that ingest the meat of dead zebra or donkeys. These may 

act as natural reservoirs for the virus although their effect and role in the maintenance cycle of the 

disease is unknown (Alexander et al., 1995). 
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1.4. AHSV Structure. 

Figure 1 .1. Schematic Representation of 
the BTV particle (Roy, 1992). Numbers 
indicate the corresponding viral proteins. 

1.4.1. Virus Genetics. 

AHSV has essentially identical morphology to that of BTV, the prototype of the genus. BTV has 

been studied in great detail and much of what is known of AHSV has been established and 

extended from knowledge of BTV. Orbiviruses are complex, non-enveloped viruses with a 

segmented genome of 10 double-stranded RNA segments. The segments have been designated 

L 1-3, M4-6 and S7-10 according to their molecular weights (Verwoerd et aI, 1970; Bremer, 1976; 

Fukusho et aI. , 1989; Roy, 1992; Vreede and Huismans, 1998). Each genome segment encodes 

one polypeptide with exception of S10, which encodes NS3 and NS3A depending on the in-frame 

initiation start codon used (Mertens et al. , 1984; Van Staden and Huismans, 1991 ; Van Staden et 

aI., 1995). 

1.4.2. Virus Proteins. 

Orbiviruses have seven structural proteins that are arranged in two shells, an inner core and an 

outer capsid layer. The outer capsid layer consists of two major proteins, VP2 and VP5. The inner 

core or nucleocapsid consists of two major proteins, VP3 and VP7, and three minor proteins, VP1 , 

VP4 and VP6. The minor proteins are closely associated with the ten dsRNA segments also 

contained within the core. A schematic diagram of the BTV particle, the prototype of the Orbivirus 
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genus is shown in figure 1.1. In addition to these structural proteins, non-structural proteins are also 

found in virus-infected cells (Verwoerd et al., 1972; Huismans and Van Dijk, 1990, Roy et al. , 1994). 

1.4.2.1. Non-Structural Proteins. 

The non-structural proteins are thought to be involved in various facets of viral morphogenesis, 

including virus assembly and release from infected cells. NS1 , encoded by genome segment M5, is 

synthesised in large quantities and polymerises into NS1 tubules in AHSV-infected cells (Huismans, 

1979; Urakawa and Roy, 1988) and when expressed by recombinant baculovirus (Maree and 

Huismans, 1997; Van Staden et al., 1998). These tubules are attached to intermediate filaments of 

the cytoskeleton and may be involved in virus transportation within the cell (Eaton and Hyatt, 1989). 

NS2, encoded by genome segment S8, is also synthesised in large quantities. It is the major 

component of viral inclusion bodies (VIB's), which are thought to be involved in early virion 

assembly (Thomas et al. , 1990). NS2 is the only virus-specific phosphoprotein, possessing 

nucleotidyl phosphatase activity (Taraporewala et al., 2001 ) which supports its association with viral 

mRNA species. It may playa role in the selection of the ten ssRNA segments into subviral particles 

prior to the synthesis of dsRNA (Huismans et al. , 1987a), although ssRNA-binding by NS2 has been 

shown to be non-specific (Uitenweerde et al. , 1995) . 

NS3 and NS3A are both synthesised from genome segment S10, using different initiation codons. 

Both are involved in virus release from infected cells (Hyatt et al. , 1993) and are related to the 

virulence of the virus. This is likely to be determined by membrane association, causing an 

alteration in permeability of the membrane and cell death (Van Staden et al., 1995; O'Hara et al., 

1998; Van Niekerk et al., 2001a). NS3 and NS3A show high levels of variation , being the second 

most variable protein of AHSV (Martin et al., 1998; Van Niekerk et al. , 2001 b). Consequently, this 

leads to observed variations in virulence of AHSV. 

1.4.2.2. Inner Core Proteins. 

The BTV core is approximately 700 A in diameter (Prasad et al., 1992). The major components of 

core particles are VP3 and VP7, with VP1 , VP4 and VP6 forming minor constituents. It is presumed 

that VP1, encoded by genome segment L 1, has RNA polymerase activity (Roy et al., 1988). VP4, 

encoded by genome segment M4, is a capping enzyme with characteristic features of a 

guanylyltransferase enzyme (Martinez-Costas et ai. , 1998; Ramadevi et al. , 1998). It is thought that 

there is a cooperative enzyme role of VP1 and VP4 in the transcription and replication of viral RNA 
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(Huismans and Van Dijk, 1990; Martinez-Costas et ai. , 1998). VP6, encoded by genome segment 

89, binds ssRNA and dsRNA and may act as a chaperone in the incorporation of viral RNA into 

virus particles (Roy et aI, 1990; Turnbull et al. , 1996). 

VP3 and VP7 are the major proteins exposed on bluetongue virus cores (Lewis and Grubman, 

1990). VP3 is encoded by genome segment L3. It forms a scaffold in the core particle on which the 

characteristically shaped capsomeres are arranged (Huismans et al., 1987b). VP7, encoded by 

genome segment S7, is the main component of the capsomeres on the surface of the cores. 

Capsomeres are constituted by arrangements of 260 trimers of VP7 forming a T=13 lattice on the 

VP3 inner layer of the core (Grimes et al., 1997). Both BTV and AHSV corelike particles (CLP's) 

have been synthesised by recombinant baculovirus expressing the two major core proteins (French 

and Roy, 1990; Maree et al., 1998a and b). These CLP's resemble the authentic viral cores in terms 

of size, appearance and arrangements of VP3 and VP7 proteins. The successful synthesis of CLP's 

indicates that neither the minor core proteins nor the non-structural proteins are required for the 

construction of empty cores. 

CLP's have provided a useful model to study the interaction of the two major proteins, VP3 and 

VP7, in the viral core. Studying the effects of various mutations and modifications to the constituent 

proteins of the core has provided valuable information regarding the structure of viral cores. Tanaka 

et al. , 1995, modified VP3 of BTV and investigated the effect on CLP formation. Sequences were 

inserted at three internal sites and at the carboxy terminal of VP3. All mutants with the exception of 

one at an internal site were able to form CLP's, indicating that VP3 can accommodate foreign 

sequences at certain positions without affecting the ability to form CLP's. Deletion, extension and 

point mutations of BTV VP7 were studied by Le Blois and Roy, 1993. Deletions and extensions at 

the carboxy-terminal of VP7 prevented the formation of CLP's, whereas an extension mutation at 

the amino terminal of VP7 allowed for the formation of CLP's. This indicates that an intact carboxy 

terminal is essential for the formation of cores, whereas the amino terminus can be modified without 

affecting the formation of cores. A specific substitution of lys225 for leu also prevented CLP 

formation, indicating a critical role for this amino acid. In a similar study, Belyaev and Roy, 1992, 

synthesised a chimeric VP7 protein containing 48 amino acids of the hepatitis B virus preS2 region 

epitope. In this case CLP's were formed containing the chimeric protein when wild-type VP7 was 

also present. Protein sequences have also been inserted at internal sites of VP7 and not affected 

the synthesis of CLP's (Roy and Sutton, 1998). These studies have shown that the structure of VP7, 

its arrangement in trimers and association in the core seem to be robust. 
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VP7: 


VP7 is the major core protein of the Orbivirus particle. In the core particle VP7 is arranged as 

trimers to form capsomeres on the surface of a VP3 scaffold. Investigation of the crystal structure of 

BTV VP7 (Grimes et al. , 1995) revealed that VP7 consists of two domains, an upper and lower 

domain. The upper domain is formed by the central part of the VP7 molecule (amino acid residues 

121-249). It is exposed on the core and has an anti-parallel J3 sandwich arrangement common to 

many capsid proteins (Basak et aI. , 1997). The lower domain is in contact with VP3 in the virus core 

and is composed of nine a helices. The N-terminal third of the molecule (amino acid residues 1-120) 

provides five of these helices and the C-terminal (amino acid residues 250-349) provides four. The 

crystal structure of the top domain of AHSV has been investigated (Basak et al., 1996) and shows 

great similarity with that of BTV. Only small differences in hydrophilicity are evident at some areas 

on the molecular surface of the molecule, owing to the variation in amino acid sequence. The 

similarity of the two molecules has been emphasised by domain-switching between BTV-10 and 

AHSV-4 VP7. Chimeric constructs were made in which the central upper domain of BTV VP7 was 

replaced by that of AHSV and vice-versa. Both chimeric constructs were able to associate into 

trimers, indicating a strong similarity between BTV and AHSV VP7 domains. However, the chimeric 

constructs were unable to form CLP's when coexpressed with STY VP3, suggesting that the folding 

or composition of the bottom domain is important in forming associations with VP3 in the core 

(Monastyrskaya et al. , 1997). 

Sequencing of VP7 of BTV and AHSV has revealed a highly hydrophobiC protein of 349 amino acids 

(Eaton et al., 1991; Roy et al., 1991 ; Maree et al. , 1998a), with an estimated molecular weight of 38 

kDa (Roy et al., 1991). There is a high degree of conservation of VP7 between serotypes as well as 

serogroups (Bremer et al. , 1990; Roy et al., 1991 ; Iwata et al. , 1992). Tracts of conserved amino 

acids are especially found in the amino and carboxyl-terminal regions, which are involved in 

interactions with VP3 in the viral core. The lower domain of VP7 in contact with VP3 is more 

hydrophobic, while the upper domain, which is in contact with the outer capsid layer, is slightly more 

hydrophilic (Basak et al., 1996). VP7 consists of a large number of alanine, methionine and proline 

residues. It contains a single lysine residue that has been shown to play a critical role in the 

structure of VP7 and in the formation of core particles (Le Blois and Roy, 1993). Two conserved 

cysteine residues are found at the same positions in the amino acid sequence (positions 15 and 

165). This may impose a structural constraint, with cysteine residues playing an important role in the 

secondary structure of proteins. 
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BTY and EHDV VP7 both contain an RGD (arginine-glycine-aspartate) motif at positions 168-170. 

The RGD motif may be a determining sequence for attachment of the virus to a cell surface receptor 

(Grimes et al., 1995; Xu et al., 1997), and has been shown to be responsible for Culicoides cell­

binding activity (Tan et al., 2001). AHSV has an AGO sequence at the corresponding position, 

which is unlikely to fulfil the same role as the RGD sequence in BTY. There is an RGD sequence in 

AHSV at position 178-180. This is situated on a flexible loop (175-180) located in the lower part of 

the top domain. Although this is likely to be less accessible than position 168-170, structural 

modelling has shown that the structure should allow for docking to a cell surface receptor (Basak et 

al., 1996). This supports the theory that RGD-integrin recognition may be a feature in the early 

stages of infection by orbiviruses, at least in insect cells. Another finding supporting this theory, that 

VP7 may be involved in cell recognition and infection, is that STY core particles are just as 

infectious to insect vectors as the intact virus particle also containing the VP2 and VP5 outer capsid 

proteins (Mertens et al., 1996). In mammalian cells, the core particles show a reduced infectivity 

compared to intact virions but VP7 may be an important factor in the infection of the insect vector. 

VP7 of AHSV is highly insoluble compared to BTY. A unique feature of AHSV virus is the presence 

of disc-shaped, hexagonal crystals in the cytoplasm and nucleus of AHSV-infected and VP7­

recombinant baculovirus-infected cells (Burroughs et aJ., 1994; Chuma et al. , 1992, Maree et al., 

1998a and b). VP7 expressed by recombinant baculovirus produces these disc-shaped crystals 

which vary in size and number. Infected cells have been found to contain between one and three 

crystals per cell. These structures were shown to have a maximum diameter of approximately 25~m 

and a maximum length of 250~m (Chuma et al. , 1992). The average diameter is 6~m. VP7 crystals 

also form in BHK 21 cells infected with AHSV-9. These flat, usually hexagonal crystals have a highly 

ordered lattice that is consistent with a trimeric subunit structure. This appears to have a direct 

structural similarity to the ring-shaped VP7 capsomeres on the outer surface of the viral core 

(Burroughs et al. , 1994; Sasak et a/. , 1997; Grimes et al. , 1997). 

Another distinct result of the reduced solubility of VP7 of AHSV is the fact that the yield of CLP's 

obtained by co-expression of VP3 and VP7 is much lower than that of STY (Maree, personal 

communication; Zheng et al., 1999). This can be explained in the following way. VP7 exists as a 

trimer in the virus particle. The trimer is also the state of oligomerisation of VP7 in solution (Basak et 

al. , 1992) and VP7 exists as a trimer in the cytosol of infected cells prior to incorporation into a viral 

structure (Eaton et al., 1991). An equilibrium will exist between the trimer state and the structural 

particle. In the case of AHSV the insolubility of the protein will drive the formation of the crystals 

visible in infected cells. This will leave fewer trimers available for the incorporation into CLP's. 
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Because BlY VP7 is more soluble and does not form crystals, a greater proportion of trimers are 

available for incorporation into CLP's, producing higher yields (Maree, 2000). 

Amino acids have been identified that may be responsible for the increased insolubility of AHSV 

VP7 compared to that of BlY. Assuming that hydrophobic residues contribute to the tendency for 

the protein to aggregate into crystal structures, Basak et al. , 1996, have identified two amino acids 

Ala-167 and Phe-209 that may affect the aggregation of the protein. These replace Arg-168 and 

Thr-209 respectively in the structure of BlY VP7 and increase the hydrophobicity of AHSV VP7 

compared to that of BlY. In fact, in domain-switching experiments conducted by Monastyrskaya et 

al., 1997, the chimeric construct composed of the upper domain of AHSV VP7 and lower domain of 

BlY VP7 displayed the same insolubility as the wild-type AHSV VP7. The selected amino acids, 

Ala-167 and Phe-209 were replaced by the corresponding amino acids of BlY, Arg and Thr 

respectively and this successfully improved the solubility of the chimeric VP7 protein. However, the 

replacement of the same amino acids in thA wild-type AHSV VP7 did not eignificantly alter the 

solubility of the protein. This led to the identification of another amino acid, leu345, as playing a role 

in the increased insolubility of AHSV VP7 (Meyer, personal communication). 

VP7 is the major group-specific antigen (Oldfield et al., 1990) and can be used as a group-specific 

diagnostic reagent (Chuma et al., 1992; Bremer et aI. , 1994). However VP7 has been shown not to 

be strictly group-specific in all immunoassays (Cloete et al. , 1994; Bremer et al., 1994). Some 

degree of cross-reactivity between VP7 of different orbiviruses may be expected if one considers 

the conserved nature of the sequence, with tracts of conserved amino acids occurring at the amino­

and carboxy-terminal ends of the molecule. 

The reactive epitopes of VP7 have been broadly mapped. Lewis and Grubman, 1990, suggested 

that BlY VP7 has at least two epitopes exposed on the virus surface. Eaton et aI. , 1991 , confirmed 

an epitope occurring at the amino-terminal of VP7 is accessible on the surface of SlY particles. 

This indicates that the N-terminal of VP7 may be exposed on the surface of the BlY particles and 

not located inside the core. Wang et aI, 1996, identified at least six different epitopes of VP7. They 

also found that one of the epitopes located near the N-terminal of the molecule is accessible on the 

surface of the intact virion, as well as the core particle. The other epitopes were detected weakly 

only in core particles. 

VP7 is not the major neutralisation antigen of AHSV. It seems that in terms of an immune response, 

VP7 plays a more specific role in a non-humoral response. This has been shown by Wade-Evans et 
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al., 1997, who demonstrated that a VP7 subunit vaccine was effective in providing immunity against 

a heterologous serotype challenge. Antibody was not solely responsible for protection as passive 

transfer of antibody did not protect mice against a virus challenge. 

1.4.2.3. Outer Capsid Proteins. 

The outer capsid layer is composed of capsid proteins, VP2 and VP5, which are encoded by 

genome segments L2 and M6 respectively. These two proteins show the largest variation among 

the structural proteins of BTV. VP5 shows less variation than VP2, indicating a greater restraint on 

the structural variability of VP5 (Huismans and Van Dijk, 1987). Purified VP5 has been shown to be 

able to permeabilise mammalian and Culicoides cells and to induce cytotoxicity (Hassan et al. , 

2001), although VP2 is solely able to facilitate virus entry into cells (Hassan and Roy, 1999). VP5 

has at least three strong hydrophobic domains. Consequently, VP5 is probably less exposed on the 

virus surface than VP2 (Roy et a/. , 1994). It follows that although VP5 has been shown to contain 

neutralising epitopes (Martinez-Torrecuadrada et al., 1999), VP2 is the major neutralising antigen 

(Roy et al., 1996; De Maula et ai, 2000) . 

VP2: 

VP2 sequences among different serotypes of BTV and AHSV display the highest levels of variation 

of all the viral-encoded proteins. At the same time, the VP2 proteins maintain strong structural 

similarities. When VP2 of BTV serotype 13 was sequenced and compared to serotypes 10, 11 and 

17, it showed only an overall 40% homology to the other three species (Fukusho et al. , 1987). When 

VP2 of AHSV serotype 9 was sequenced and compared to serotypes 3, 4 and 6, multiple sequence 

alignment showed an overall identity of 33.4%. When comparing individual sequences, identities 

ranged from 48-50% with the exception of AHSV-6 and AHSV-9, which showed a 60% identity in 

VP2 sequence (Venter et al., 2000). 

A closer look at the VP2 sequence reveals areas with greater variability and regions of greater 

conservation. This is expected from a surface protein, which should present a unique structure to 

give an evolutionary advantage (corresponding to greater variation), while still maintaining the 

structural properties of the protein (corresponding to lesser variation). The 3' non-coding region of 

BTV-13 VP2 showed greater homology than the average (60-61%), whereas the 5' non-coding 

region showed greater sequence divergence except for the 6 terminal nucleotides which were 

identical. A number of clusters of variable amino acids in the 956 amino acid sequence were 
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identified, including amino acids 14-66, 155-178, 430-451 , 585-608 and 632-663. The most 

homologous portion in the BTV VP2 sequence occurs near the carboxy terminal and therefore 

possibly fulfils some structural requirement (Fukusho et al. , 1987). In the VP2 sequence of AHSV, 

two regions of amino acids 120-420 and 540-840 were found to be highly variable. The N-terminal 

and C-terminal regions are much more conserved and the two non-coding regions are highly 

conserved. A high conservation of cysteine, proline and glycine residues is evident (Venter et al., 

2000). The high conservation of cysteine residues suggests that VP2 has a highly ordered structure 

that is maintained by disulphide bonds (Roy, 1989). The C-terminal is the most conserved region as 

well as being the least immunogenic region of VP2 (Martinez-Torrecuadrada and Casal, 1995) and 

may playa role in interaction with other capsid proteins such as VP5. The highly variable regions of 

VP2 contain mainly hydrophilic amino acids, with a prominent hydrophilic domain occurring at amino 

acids 369-403. This suggests that these regions are found exposed at the surface of the protein. 

The hydrophilic nature and high variability both indicate these regions are exposed to immunological 

pressure and may contain epitopes that are serotype-specific (Venter et a/., 2000). 

VP2 is the virus hemagglutinin protein (Cowley and Gorman, 1987; Hassan and Roy, 1999) and is 

the serotype-specific antigen (Huismans and Erasmus, 1981; Kahlon et al., 1983; Burrage et al. , 

1993; Vreede and Huismans, 1994). VP2 has been shown to induce a protective immune response. 

Huismans eta/, 1987c, used purified BTV VP2 to induce neutralising antibodies in sheep that fully 

protected the animals when challenged with a virulent virus. Subsequently, it has been confirmed 

that VP2 is the main determinant of the neutralisation-specific immune response. VP2 of AHSV-4 in 

a crude protein extract, at doses as low as 51Jg , was able to elicit a protective immune response 

against AHSV-4 (Roy et al., 1996). Roy and Laegreid, 1996, showed that presentation of AHSV-4 

VP2 as a vaccinia virus construct was also sufficient to induce a protective immune response in 

horses. Soluble baculovirus-expressed VP2 of AHSV-5 can also induce complete protection when 

delivered with appropriate adjuvants (Scanlen et aI. , 2002) . 

The neutralisation domains and epitopes of VP2 have been the subject of investigation due to their 

role in protective immunity. From sequence data, the regions of possible neutralisation epitopes can 

be predicted from areas of high variability and hydrophilicity. A neutralisation epitope of BTV was 

identified to lie between amino acids 325 and 335 (Gould et aI. , 1988). This was supported by the 

sequence data which showed that although the flanking regions of this variable region contained 

variable and conserved sequences, the regions flanking that (amino acids 279-293 and 354-372) 

contained highly conserved sequences, each containing a conserved cysteine residue. These two 

conserved regions may play an important role in the presentation of a neutralisation epitope in 

providing a suitable structure for display, possible involving a disulphide bond. 
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The major antigenic domain of AHSV-4 VP2 was localised to a central region between amino acids 

200 and 413 (Martinez-Torrecuadrada and Casal, 1995). This region could be subdivided into 

smaller fragments eliciting neutralising antibodies, which indicates the presence of several smaller 

sites within the large antigenic domain. Venter et a/. , 2000, found a strong linear epitope located in a 

large hydrophilic domain between amino acids 369 and 407 of AHSV-9 VP2. Bentley et aI, 2000, 

identified several epitopes on AHSV-3 VP2 by filamentous phage display of random VP2 peptides. 

Several continuous epitopes were identified in the N-terminal region, and significant levels of 

antigenicity were found to occur in the region of amino acids 393-432. Neutralising activity was 

localised further to residues 283-379 and 379-413. Results have been supported by work by 

Martinez-Torrecuadrada et a/., 2001, which identified a major antigenic region between residues 

223 and 400 of AHSV-4 VP2. Sequences between amino acids 321 and 339, and 377 and 400 were 

able to induce neutralising antibodies. The identification of neutralising epitopes is important in 

understanding the protective mechanisms by which immunity may be established. A greater 

understanding of the immune response to AHSV may lead to the development of a more effective 

vaccination programme for control of the virus. 

1.5. Vaccination. 

Vaccination is an important component in the control of AHS. One of the vaccines used in endemic 

areas contains eight live, attenuated serotypes of AHSV that are given as two separate quadrivalent 

inoculations (Taylor et a/., 1992). A particular complication in vaccination against AHSV is the 

multiple serotypes of the virus, which do not offer cross-protection and therefore animals must be 

vaccinated with all relevant serotypes of the virus. In epizootic areas, where vaccination is not 

implemented on an annual basis as a control , horses can be vaccinated with the single relevant 

serotype in the event of an outbreak. Outbreaks in epizootic areas have always been due to one 

AHSV serotype. 

Various problems may be encountered with the use of live, attenuated, multivalent vaccines. A 

particular concern is that the attenuated form may revert to a virulent form and cause disease in 

horses. Also, the simultaneous administration of multiple strains of a vaccine can result in 

interference during replication and thereby cause incomplete immunity. Another potential problem is 

that during replication, genetic reassortment of the ten dsRNA segments may occur between the 

different serotypes present in the multivalent vaccine and result in progeny virus with novel 

characteristics, including new virulence characteristics (Cowley and Gorman, 1989; Nuttall et a/., 
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1992}. Replication of the attenuated AHSV generates virus-specific antibodies and this complicates 

distinction between vaccinated horses and naturally-infected horses and thereby complicates export 

control measures (Laviada et al., 1995). An additional problem in the use of live vaccine is the 

potential hazards to humans during the production of the vaccine. There have been reported cases 

of laboratory workers being infected during the large-scale production of live, attenuated vaccines 

and this has resulted in the withdrawal of neurotropic vaccine strains from preparations (Van der 

Meyden et al. , 1992). There is therefore sUbstantial reason to investigate and develop alternative 

and safer forms of vaccination against AHSV. 

The efficacy of inactivated AHSV vaccines has been investigated. Advantages of inactivated 

vaccines compared to live, attenuated vaccines include the fact that inactivated vaccines cannot 

revert to virulent forms and will not recombine with other viruses. They also do not have the 

potential to infect insect vectors. House et al., 1994, showed that one dose of inactivated AHSV-4 

vaccine given in an equine population during an outbreak of the disease prevented equine losses. 

Despite the advantages of inactivated vaccines, an important aspect concerning the safety of the 

vaccine is the possibility of incomplete inactivation of the virus during preparation and thus the 

possibility of causing disease in vaccinated horses. 

To avoid problems associated with complete virus particles, whether inactivated or attenuated, 

focus has shifted to the possibility of subunit vaccines where immunity may be induced by a 

particular protein, protein sequence or combination of proteins. VP2 is the major neutralising antigen 

of AHSV and BTV. It has been shown that purified BTV VP2 is able to induce neutralising antibodies 

in sheep, which offers full protection against challenge by virulent virus (Huismans et al., 1987c). 

However, it was noted that there was a significant loss in immunogenicity of VP2 when it was 

removed from the virion structure. Roy et al., 1996, showed that baculovirus-expressed VP2 of 

AHSV-4 administered in two doses of 5J.1g was sufficient to provide protection against AHSV-4. 

However, Du Plessis et al. , 1998, found that problems associated with protein aggregation of 

baculovirus-expressed AHSV-5 VP2 affected the level of immunity provided by VP2. In crude cell 

extracts only 10% of the protein was in soluble form and this provided only partial protection against 

a virulent virus challenge. Only the soluble form of VP2 was able to induce neutralising antibodies. 

Recent work by Scanlen et aI. , 2002, showed that soluble baculovirus-expressed VP2 of AHSV-5 is 

the biologically active form of the protein and induces complete protection when delivered with 

saponin adjuvants. 

Avoiding the problems of protein insolubility and purification, the immune response elicited by the 

inoculation of the VP2 gene has also been investigated (Stone-Marschat et al., 1996; Romito et al., 
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1999). A cDNA copy of AHSV-3 VP2 was placed under the control of cytomegalovirus immediate­

early enhancer/promoter in the pCI plasmid vector, and administered as a DNA vaccine. VP2­

specific antibodies were found to be present, but neutralisation titres were low. A cytotoxic cellular 

reaction was observed against virus-infected target cells (Romito et a/. , 1999). Stone-Marschat et 

a/. , 1996, used a vaccinia construct containing cDNA of AHSV-4 VP2 to immunise horses. The 

immunisation was successful in inducing a protective immune response against challenge with a 

lethal dose of AHSV-4. 

Despite showing that VP2 alone is sufficient to induce a protective immune response against virus 

challenge, there are various problems that complicate the use of a VP2 subunit vaccine. As 

discussed previously, the insolubility of VP2 may be a problem in preparation of the subunit vaccine. 

Another particularly evident factor that may limit the usefulness of a VP2 subunit vaccine is the fact 

that the neutralising antibodies elicited by VP2 are serotype-specific and do not offer cross­

protection. Thus, any comprehensive vaccination programme would have to include VP2 from all 

relevant serotypes of AHSV. Results proving the effectiveness of VP2 as a subunit vaccine have 

also not been entirely consistent. Martinez-Torrecuadrada et aI. , 1996, found that only mixtures of 

purified baculovirus-expressed VP2, VP5 and VP7 were able to confer protection against challenge 

with AHSV-4. This mixture produced the highest AHSV-4 specific antibodies compared to VP2 

alone or mixtures of VP2 and VP5, showing the high immunogenicity conferred by purified VP7. It 

was suggested that when co-expressed with VP5 and VP7, the natural conformation of VP2 is 

better conserved than when expressed and purified alone. This would induce a more effective set of 

neutralising antibodies and thereby confer protection to immunised horses. Also, VP5 and VP7 may 

contain important T cell epitopes that would enhance the immune response. In a similar vein, later 

work showed that peptides of VP2, which were capable of inducing an immune response, produced 

low neutralisation titres (Martinez-T orrecuadrada et a/., 2001). It was suggested that a synthetic 

vaccine would require presentation of the VP2 peptides in the correct conformation and would 

possibly need the presence of sequences of VP5 and VP7. 

The immunogenicity of VP7 has also been demonstrated by Wade-Evans et aI. , 1996, who showed 

that VP7 of BTV-1 expressed as a recombinant capripox virus provided a significant level of cross­

serotype protection against virus challenge. VP7 of AHSV has also been shown to confer protection 

to mice after inoculation with VP7 in its crystal form (Wade-Evans et a/. , 1997; Wade-Evans et a/., 

1998). It was found that at least 90% protection was obtained in mice after a single inoculation with 

VP7 crystals. Inoculation with AHSV-9 VP7 crystals was also able to provide protection against the 

heterologous serotype AHSV-7. Being the group-specific antigen and therefore being cross-reactive 

to serotypes, VP7 may potentially be effective itself as a subunit vaccine against all serotypes of 
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AHSV. With a passive transfer of antibody from immunised mice, recipient mice were not protected 

from AHSV-7 challenge, suggesting that the protective response is not due to antibody alone 

(Wade-Evans et al., 1997). In vaccine development there is increased awareness that subunit 

vaccines should elicit both humoral and cell-mediated immunity. The role of VP7 in cell-mediated 

immunity is an important consideration in the development of new vaccines. 

1.6. Epitope Vaccines. 

With the development of the subunit approach to vaccination, a particular area of focus has been 

the development of methods for the presentation of single or multiple epitopes to the immune 

system. The idea of an epitope-based vaccine is compelling. A small , immunologically important 

sequence is capable of inducing a protective immune response. However, the simplicity of such a 

system is complicated by the limitations it incurs. Many epitopes are not linear or continuous and 

are rather formed by discontinuous scattered residues. They are thus not suitable for presentation in 

an epitope vaccine. The stability of an epitope vaccine is also an important consideration (Suhrbier, 

1997). Being a short protein sequence, a naked epitope would easily be subjected to protein 

degradation and therefore a carrier system for the presentation of epitopes is a necessity. The 

presentation of an epitope outside its native protein and viral environment would likely reduce its 

immunogenicity and an additional vaccine adjuvant would be a neccessity. Some new and improved 

adjuvants and vaccine delivery systems include iscoms or "immune stimulating complexes" 

(Sjolander et al. , 1996), Iiposomes (Guan et al., 1998), and protein-based adjuvants. Adjuvants that 

generally stimulate innate cells of the immune system are also being improved (O'Hagan et al., 

2001). Adjuvants acting as vaccine delivery systems are largely particulate structures and target 

their associated antigens to antigen presenting cells, generating T cell responses (Jennings et al., 

1998; O'Hagan et al., 2001). Potential tools in a vaccine delivery system are the particulate 

structures formed by AHSV proteins, namely the virus-like particles (VLP's), core-like particles 

(CLP's) and VP7 crystal structures. 

1.7. Particulate Structures as Vaccine Delivery Systems. 

The protein-based particulate vaccine delivery systems, such as non-infectious viral cores, provide 

a substantial and well-supported approach for the delivery of epitopes to the immune system. One 

such system is that of the highly immunogenic hepatitis B core antigen (HBcAg). It assembles to 

form subviral particles and has been used to present epitopes to the immune system (Yon et aI., 

1992; Schodel et al. , 1994; Schodel et aI., 1996; Fehr et al., 1998; Milich et aI. , 2001). The high 
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immunogenicity of HBcAg can be attributed to its ability to directly activate B cells , to elicit a strong 

T cell response and to being efficiently processed and presented by antigen presenting cells (Milich 

et aI. , 1995; Schodel et al., 1996). HBcAg has also shown to be flexible as a carrier scaffold for the 

insertion of foreign amino acid sequences ( Milich et al. , 1995; Schodel et al. , 1996; Milich et al. , 

1997). These characteristics demonstrate that HBcAg may be an ideal carrier for B cell epitopes, 

particularly as it inherently generates a T cell response (Milich et aI., 1995; Milich et al. , 1997). A 

candidate malaria vaccine has been developed with B cell neutralising epitopes of the 

circumsporozoite protein of the malaria parasite as well as a universal T cell epitope contained 

within the HBcAg, and was shown to be a potent immunogen (Milich et al., 2001). 

Other particulate structures that have shown potential as vaccine carrier systems include Japanese 

encephalitis virus (Konishi et al. , 1997; Hunt et al., 2001), the murine leukemia virus (Kayman et al., 

1999) and the cowpea mosaic virus (Brennan et al., 2001). Filamentous phages displaying peptides 

(Grabowska et aI., 2000; Yip et aI, 2001) and flagella display systems also show promise 

(Westerlund-Wikstrom, 2000). 

VLP's and CLP's of BTV have shown potential as a vaccine delivery system, and as a safe and 

effective vaccine against the virus itself. VLP's consists of the empty double-shell of the virus 

particle, therefore containing proteins VP7 and VP3 of the inner core and VP2 and VP5 of the outer 

capsid layer. They are biologically and immunologically similar to the native virions and induce high 

levels of neutralising antibodies. Low doses of VLP's (as low as 10~g) are able to induce complete 

protection against challenge with BTV (French et al., 1990). They are non-infectious and lack any 

genetic material for replication and therefore do not replicate in host cells. This avoids some of the 

problems associated with the current live attenuated vaccines. VLP's are more immunogenic than 

subunit vaccines or inactivated viruses and are effective at eliciting both humoral and cell-mediated 

immunity (Roy, 1996). They are also safe to produce and, in the case of BTV, can be synthesised in 

large quantities. 

Core-like particles (CLP's) and modifications of CLP's of BTV have been studied in terms of their 

ability to generate an immunological response. Foreign epitopes have been successfully inserted 

into CLP's and were able to induce an immune response, demonstrating the possible use of CLP's 

and even VLP's as epitope or antigen presentation systems. As discussed previously, chimeric VP7 

molecules have been synthesised containing foreign antigenic sequences and were still successful 

in forming CLP's. A 48 amino acid sequence of Hepatitis B preS2 region was inserted at the N­

terminus of BTV VP7 and formed core-like particles in the presence of wild-type VP7 and VP3 

(Belyaev and Roy, 1992). The foreign insert was exposed on the surface of the CLP's. Also, a ten 
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amino acid sequence of the rabies G protein was incorporated in the N-terminal of VP7 and led to 

the successful formation of CLP's (Belyaev and Roy, 1992). Internal sites of BTV VP7 have also 

been modified and restriction enzyme sites have been created for the insertion of foreign epitopes. 

A Hepatitis B surface antigen has been inserted at the RGD region, amino acid 168-170, and 

successfully produced CLP's. Immunogenic regions of a surface glycoprotein gp51 of bovine 

leukemia virus (BLV) have been inserted at Ala-145 and Gly-238 sites of VP7 and also produced 

CLP's (Roy and Sutton, 1998). A CD4+ T cell epitope (155 amino acids in length) of influenza virus 

matrix protein has also been inserted into site AJa-145 of VP7 of BTV. CLP's were produced and the 

inserted epitope was presented very efficiently to the specific T cell clone (Adler et at., 1998). These 

results show that foreign epitopes can be successfully inserted into VP7 of BTV without affecting the 

structure and ability to form CLP's. 

A particular advantage of CLP's as a possible antigen delivery system is that it is composed of an 

arrangement of 260 VP7 trimers and thus shows a great capacity for the presentation of multiple 

epitopes on the surface. A particular requirement of an epitope or antigen presentation system 

would be that it should include as many immunogenic sequences as possible to elicit maximum 

immunity. For BTV and AHSV which both consist of many serotypes, a multi-epitope presentation 

system including epitopes from all relevant serotypes would simplify the vaccination procedure. 

Although CLP's of AHSV have been synthesised by baculovirus expression of the relevant proteins 

(Maree et a/., 1998a and b), the yields of CLP's are low. Therefore focus has shifted to investigate 

the use of the other particulate structures associated with AHSV, namely the NS1 tubules and the 

unique crystal structures of VP7 that are synthesised in infected cells and which should provide 

similar advantages in terms of a multi-epitope presentation system as CLP's. 

NS1 aggregates to form particulate tubular structures when expressed. NS1 is able to 

accommodate the insertion of foreign amino acid sequences, a primary requirement for use as an 

epitope display system. It can also be purified in large quantities and recombinant NS1 tubules have 

been shown to elicit an immune response (Mikhailov et at., 1996; Ghosh et at. , 2002). Foreign 

sequences from 44 to 116 amino acids have been inserted at the C-terminus of BTV-10 NS1. The 

recombinant NS 1 retained the ability to form tubular structures, with inserts being exposed on the 

surface of the tubules. NS1 tubules were also constructed containing different chimeric NS1 protein 

with different inserts (Mikhailov et a/. , 1996). This demonstrates its potential for the display of 

multiple epitopes to the immune system. The ability of NS1 tubules to elicit an immune response 

was demonstrated by the insertion of a T cell epitope of the lymphocytic choriomeningitis virus into 

BTV NS1 resulting in the successful induction of a T cell response and providing protective 
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immunity (Ghosh et al. , 2002). The potential of AHSV NS1 for use as an epitope display system is 

under investigation (De Lange, personal communication). 

Another characteristic particulate protein structure of AHSV, the VP7 crystal , also shows potential 

for the display of multiple epitopes to the immune system. The maintenance and stability of the CLP 

structure from modified VP7 of BTV shows that the trimer arrangement of VP7 is not easily 

disturbed by the introduction offoreign sequences (Belyaev and Roy, 1992; Le Blois and Roy, 1993; 

Adler et al., 1998; Roy and Sutton, 1998). Thus it may be expected, similarly, that the trimer 

structure and then possibly the particulate crystal structure of VP7 of AHSV not be disturbed by the 

insertion of foreign epitopes. VP7 crystals alone have been shown to induce protection against 

heterologous serotype challenge, probably involving cell-mediated immunity (Wade-Evans et al. , 

1997, Wade-Evans et al. , 1998). VP7 crystals with the insertion of additional epitopes would be 

expected to improve the protection offered. Similarly to CLP's, the VP7 crystal structures are 

composed of numerous VP7 trimers and would provide placement of numerous different epitopes 

inserted into VP7. This is particularly important as inoculation with a combination of proteins, such 

as VP2 and VP5, has provided most consistent protection (Martinez-Torrecuadrada et al. , 1996; 

Lobato et al. , 1997; Martinez-Torrecuadrada et al. , 2001 ). The VP7 crystals may also inherently 

offer adjuvant effects. It has been suggested that the use of cross-linked protein crystals improves 

the stability and enhances the immune response provided by protein subunit vaccines. It has been 

found that protein crystals have a profound self-adjuvanting effect comparable to that of Freund's 

incomplete adjuvant (St.Clair et aI. , 1999). The VP7 crystal itself may produce similar effects, which 

would enhance the immune response elicited by epitopes on its surface. 

Two sites of AHSV-9 VP7 have been modified for the insertion of foreign epitopes (Maree, 2000). 

Restriction enzyme sites, Hindlll , Xbal and Sail have been inserted between amino acids 177 and 

178 as well as 200 and 201, creating VP7mt177 and VP7mt200 respectively. Effects on the 

structure of VP7 in terms of trimer and crystal formation have been studied. It was found that the 

modification at site 200-201 did not affect the ability of the protein to form crystals. The modification 

at site 177-178 did affect the ability to form crystals. It was found that solubility of the protein was 

increased and there was significant increase in the proportion of unincorporated trimers in 

comparison to particulate structures. The 177-178 modification still produced a particulate structure, 

with a more rounded ball-like appearance than the regular hexagonal crystals of wild-type VP7 and 

VP7mt200 (Maree, 2000). Other sites have been identified on the surface of VP7 that may be 

suitable for the presentation of foreign epitopes. 
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1.8. Aims of this Study. 

The potential for the use of VP7 particulate structures as an antigen or epitope presentation system 

has been introduced in this literature review. To highlight the main points, VP7 crystals alone elicit a 

protective immune response in mice, probably of a non-humoral nature (Wade-Evans et aI, 1997; 

Wade-Evans et al. , 1998). The crystals themselves are composed of arrangements of VP7 trimers 

and provide a great possibility for the presentation of multiple epitopes on their surface. This should 

simplify the problems associated with vaccination against multiple serotypes of AHSV. The sites of 

amino acids 177/178 and 200/201 of AHSV-9 VP7 have been modified by the insertion of 6 amino 

acids and investigated in terms of its effect on VP7 solubility, trimer and crystal formation (Maree, 

2000). This provided an initial idea of the potential of VP7 to carry additional epitopes. An essential 

requirement of VP7 for the purpose of epitope display would be to maintain its main structural 

characteristics when its sequence is altered by the insertion of additional epitope sequences. One 

might expect any such major modification might intertere with the appropriate folding of the protein 

and hence affect its structural display. A further requirement would be to present the epitope 

effectively to the immune system. 

The broad purpose of this study was to further investigate the potential of VP7 structures as an 

epitope presentation system and to provide a greater understanding of the prospective limitations of 

such a proposed system. The identification and investigation of additional sites was of interest to 

broaden the potential for possible presentation of epitopes at different sites on the VP7 surface. One 

would expect that different sites on the surface of VP7 would have varying capabilities for epitope 

presentation depending on their accessibility in the larger composite structures of VP7 such as the 

trimer and crystals. The insertion of an identified epitope of AHSV at a proposed site could provide a 

further indication to the potential or limitations of VP7 in carrying additional sequences. Also, 

directed investigations could provide an indication of the capability of the site in displaying the 

epitope to the immune system. 

This study was divided into two main parts: 

• The modification of an additional site on VP7 by the insertion of three restriction enzyme 

sites to provide a cloning site for the later insertion of selected epitopes. The effects of this insertion, 

corresponding to a six amino acid insertion, on VP7 structure and solubility was investigated in 

relation to its potential as an antigen delivery system. 

The second phase was to insert a selected neutralising epitope of AHSV into the chosen site and, 

similarly, investigate the effects on the structure and solubility of the protein. Furthermore, the 
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CHAPTER 2 


The Construction of Cloning Site 144 and its Effect on 

Characteristic VP7 Structural Features 


2.1. INTRODUCTION. 

VP7 is a 38kDa protein composed of 349 amino acids. VP7 of AHSV is highly insoluble and 

forms crystal structures when expressed by a recombinant baculovirus in insect cells 

(Chuma et a/. , 1992; Burroughs et a/., 1994; Maree et a/., 1998a and b). The highly ordered 

lattice of the crystal is composed of trimers of VP7 and thereby shows a structural similarity 

to the VP7 capsomers exposed on the surface of the AHSV viral core (Burroughs et a/., 

1994; Basak et a/. , 1997; Grimes et a/., 1997). 

The crystalline particulate structure may provide a scaffold for the presentation of antigenic 

peptides on its surface and, in this way, may be useful as a vaccine delivery system. 

Unmodified VP7 crystals have been shown to elicit a protective immune response in mice 

(Wade-Evans et a/. , 1997; Wade-Evans et a/. , 1998). This appears to be non-humoral in 

nature and, in combination with exposed neutralising epitopes eliciting a humoral immune 

response, a more effective cumulative response may be produced. The presentation of 

antigenic peptides requires modification at suitable sites of the VP7 gene. The insertion of 

restriction enzyme sites at such sites facilitates the subsequent insertion of the antigenic 

peptides themselves. 

When looking at the effects of such modifications on VP7 structures, and thereby assessing 

the potential of VP7 as a vaccine delivery system, the effects of the modification must be 

considered on various levels. Firstly, the effect of the modification on the VP7 protein as a 

single monomer unit must be considered. Any modification that notably affects the structure 

of VP7, particularly in terms of the folding of the protein, will affect its aggregation into 

trimers and ultimately crystals. More subtle changes may affect the associations and 

interactions between individual proteins and therefore the effect of modifications must also 
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be considered in terms of the effect on trimer formation. The final level would be to consider 

the effect of the modifications on crystal formation as the insertion of foreign peptide 

sequences may affect the interactions between trimers and their associations to form 

crystals. 

The choice of the site itself is an influential factor in determining the effect of modifications 

on VP7 structure and its associations into larger particulate structures. The crystalline 

structure of the top domain of AHSV has been investigated (8asak et al., 1996). This has 

revealed a number of hydrophilic regions, some of which may be exposed as loops on the 

surface of VP7. These loops may provide suitable sites for the insertion and presentation of 

antigenic peptides. Due to their positions on the protein, these sites would be less likely to 

affect the overall folding and structure of the protein if modified by the additional insertion of 

sequences. Two sites, amino acids 177/178 and amino acids 200/201 , have been modified 

by the insertion of three restriction enzyme sites, Hindlll , Xbal and Sail, providing cloning 

sites for the insertion of antigenic peptides (Maree, 2000). A third hydrophilic site, at amino 

acids 144-145, was modified in this study by the insertion of three different restriction 

enzyme sites. 

The insertion of the three restriction enzyme recognition sites at sites 177/178 and 200/201 

resulted in the introduction of six amino acids. Four of these six amino acids are hydrophilic. 

The modification was not expected to significantly alter the overall hydrophilicity of the 

region nor affect its exposure on the surface of VP7. A more non-polar, hydrophobic 

combination of amino acids encoded by restriction enzyme recognition sites was chosen for 

insertion at site 144/145. The effect of a more hydrophobic insert on the loop and structure 

of the protein could then be investigated. The recognition sequences of restriction enzyme 

sites Smal , EcoRI and Xhol encode the amino acid sequence pro-gly-glu-phe-Ieu-glu. The 

effects of this insert on the structure, solubility and crystal formation of VP7 was 

investigated, as this would influence its potential as a vaccine delivery system. 
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2.2. MATERIALS AND METHODS. 

2.2.1. Materials. 

Primers used were obtained from GIBCO BRl (Bethedsa Research laboratories) and resuspended 

to a concentration of 100pmollIJI. TaKaRa Ex TaqTM polymerase was also obtained from GIBCO 

BRl (life Technologies). The thermal cycler used for PCR and automated DNA sequencing cycling 

reactions was the Perkin Elmer Gene Amp PCR system 9600. Restriction endonucleases, RNAse 

A, T4 DNA ligase, Klenow polymerase, dNTP's and DNA molecular marker II (MWI/) were obtained 

from Roche Diagnostics. Haeill-digested 4>X174 DNA was obtained from Promega. The 

Geneclean™ DNA purification kit was obtained from Bi0101 Incorporated. ABI PRISM™ Big Dye 

Terminator Cycle Sequencing Ready Reaction kit was purchased from Perkin Elmer Biosystems. 

The BAC-TO-BAC™ baculovirus expression system was obtained from life Technologies, Inc. 

RainbowTM protein molecular weight marker (14 300- 200000 Da) was purchased from Amersham. 

Cellfectin ™ was obtained from GIBCO BRlo Grace's insect medium and foetal calf serum were 

obtained from Highveld Biological. Sf9 cells were supplied by the NERC Institute of Virology and 

Environmental Microbiology, Oxford, U.K. 

2.2.2. Site-Directed Mutagenesis of VP7 gene by peR. 

A pBS clone of the wild-type S7 gene was obtained from Dr F. F. Maree and was used as a 

template in PCR, in which two separate sets of primers were used to amplify the gene in two 

segments. When combined, this introduced an 18 nucleotide insertion of restriction endonuclease 

sites Sma1 , EcoR1 and Xh01. In the first reaction, a forward primer complementary to the 5' end of 

VP7, containing a 8g1/1 recognition site overhang (Son2a), and a reverse primer with reverse 

complementarity to the nucleotides 432-449 of VP7, containing an overhang of Sma1 and EcoR1 

recognition sites (mt144R), was use to amplify the 5' end of VP7 up to and including nucleotide 449 

(codon 144) (table 2.1). In the second step, two separate reactions were carried out to generate 

different 3' segments of VP7mt144 and VP7mt144/200. To generate the 3' sequence of VP7mt144, 

wild-type S7 (in pBS) was used as a template in PCR To generate the 3' end of VP7mt144/200, a 

previously constructed mutant, S7mt200 in pFastBac (Maree, 2000), was used as a template. The 

same set of primers was used in both reactions. The forward primer was complementary to 

nucleotides 450-466, containing an overhang of EcoR1 and Xh01 recognition sites (mt144F), and 

the reverse primer showed reverse complementarity to the 3' end of VP7, containing a 8g/11 

recognition site (Son2b) (table 2.1). Tm values were calculated according to two formulas. For the 
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initial five amplification cycles, the formula used to calculated T m values for primers less than 18 

nucleotides long was used, that is T m1 = 2(AXT) + 4(GXC). For the later phase of amplification, a 

second formula was used for primers of greater than 18 nucleotides in length, that is T m2 =81 .S + 

16.6Xlog[Na+] + 0.41 (%G+C) - 67S/n. The annealing temperatures were calculated at SoC less than 

the average T m of the two primers and adjusted appropriately to fit both primers used in the 

amplification reactions. 

Table 2.1: Primer sequences used in PCR site-directed mutagenesis of VP7. 

Directed Tm
Primer 

SeguencePosition values
Name 

(VP7) (0C) 

Amglification of VP7 5' segment: 


Nucleotides 
 Tm1 =56 5' CACAGATCTTTCGGTTAGGATGGACGC 3' 
Son2a 

8-25 8gll1 Tm2=56 

Nucleotides Tm1=54 5' GCGMTTCCCCGGGCGGTACGTAATATCTGCC 3' 
Mt144R 

EcoRI Smal Tm2=63 

Amglification of VP7 or VP7mt200 3' segment: 

Nucleotides 

450-466 

Tm1=545' CACAGATCTGT AAGTGTATTCGGTA TTGA 3' 
Son2b 

1148-1167 8gfH Tm2=52 

Tm1 =58 Nucleotides 5' GCGAAJTCCTCGA~CAAGGTCGAACGCGTGG 3' 
Mt144F 

EcoRI Xhol Tm2=63 432-449 

All PCR reactions were carried out using TaKaRa EX-TaqTM DNA polymerase, with reagents and 

recipes provided by manufacturer. Reactions were set up to a final volume of 100IJI as follows: 

100pmol of each of the primers, Sng template DNA, O.SIJI of a 2.SmM stock dNTP's, 61J1 of a 25mM 

stock MgCI2, one tenth final volume of provided buffer, 2.SU of the enzyme TaKaRa Ex-TaqTM and 

ddH20 to make up to the final volume. A negative control of an identical reaction without template 

DNA was also set up. The amplification of the 5' segment of 87 involved a S-phase program 

including: 

• 	 A 2 minute initial denaturation at 94°C, 

• 	 5 cycles of denaturation, annealing at 50°C and elongation, 

• 	 15 cycles of denaturation, annealing at 54°C and elongation, 

• 	 15 cycles of denaturation, annealing at S4°C with an increase of O.soC per cycle, and 

elongation, 

• 	 A final elongation step at 72°C for 7 minutes. 
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The amplification of the 3' end of S7 and S7mt200 involved a similar 5-phase program including: 

• 	 A 2 minute denaturation step at 94°C 

• 	 5 cycles of denaturation, annealing at 51 °C and elongation, 

• 	 15 cycles of denaturation, annealing at 52°C and elongation, 

• 	 15 cycles of denaturation, annealing at 52°C with an increase of O.soC per cycle, and 

elongation, 

• 	 A final elongation at 72°C for 7 minutes. 

Samples of the PCR products were analysed by agarose gel electrophoresis using a 1 % agarose 

gel (as described in section 2.2.3.2). Size was estimated by comparison against size marker 

<t>X174. PCR products were concentrated and washed by simple ethanol precipitation: adding 0.1 X 

the volume 3M NaAc pH4.8 and 2.SX the volume of absolute ethanol. Samples were incubated at 

-20°C for between 2 to 24 hours and collected by centrifugation at 12000rpm for 30 minutes. Pellets 

were washed with 70% ethanol and resuspended in ddH20. 

2.2.3. Construction of Modified VP7 genes. 

2.2.3.1. Restriction Endonuclease Digestion. 

Preparations of DNA fragments for cloning, as well as screening for recombinant colonies at various 

stages during the construction of modified VP7 genes required digestion by restriction 

endonucleases. Restriction enzyme digestions were performed according to manufacturer's 

recommendation for the specific enzymes (Roche Diagnostics). Reaction volumes included 

appropriate buffers for the enzyme at 0.1X the final volume of the reaction. At various stages 

digestion by two enzymes was required. This was either carried out in a single step or as a two-step 

double digestion. In the single step, two enzymes were simultaneously used in the same suitable 

buffer. In the two-step method, the first enzyme was allowed to digest for an appropriate time, in its 

appropriate buffer. This was followed by an increase in the reaction volume, the addition of the 

second enzyme and adjustment by the appropriate buffer when necessary. 

2.2.3.2. Analysis of DNA by Agarose Gel Electrophoresis. 

Analysis and separation of DNA was required at various stages during the construction of VP7 

mutant genes. This included analysis of PCR products, analysis and separation of restriction 
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enzyme digestions for the preparation of fragments for cloning, as well as the screening of 

recombinant DNA at various stages of construction of the mutant genes. DNA was separated by 

agarose gel electrophoresis on a standard 1% agarose gel (w/v) in 1xTAE buffer (40mMTris-HCI, 

20mM Na-Acetate, 1mMEDTA (pH=8.0)). DNA fragments were visualised under UV light by 

ethidium bromide staining (O.S~g/ml contained in the gel). Included as controls in each gel were size 

markers 4>X174 (Promega) and/or MWII (Roche Diagnostics). 

2.2.3.3. Purification of DNA fragments from Agarose. 

Selected DNA fragments were excised from the gel and purified by the GeneClean 1M purification kit 

(Bi0101), according to protocol provided by the manufacturer. In this method, the gel slice was 

melted at 4soC-5SoC in 2.S volumes of 3M Nal. SIJI of the ice-cold glassmilk solution was added and 

incubated at 4°C for S to 1S minutes to allow binding of the DNA to the glassmilk particles. The 

glassmilk with the bound DNA was pelleted by high-speed pulse centrifugation. The pellet was 

washed three times with SOO~I NewWash solution, provided by the manufacturer (Bi0101). DNA 

was eluted from the glassmilk in ddH20 by incubation at 45°C-55°C for 10 minutes, centrifugation 

and recovery of the DNA in the supernatant. Elution was performed twice for maximum yield of 

DNA. Recovery of the required fragments was confirmed again by agarose gel electrophoresis. 

2.2.3.4. Ligation and Transformation. 

Sticky-end ligation was performed at 16°C overnight using T4 DNA ligase (Roche Diagnostics). The 

reaction volume comprised an approximate ratio of 3:1 of insert to vector, 0.1X the final volume of 

provided ligation buffer and 1 U T4 DNA ligase. Where blunt-ended ligation was necessary, the 

reaction volume was increased to 201J1 and ligation was performed at 20°C for 16 hours. 

E. coli XL1Blue cells were made competent for transfonnation by the calcium chloride method 

(Mandell and Higa, 1970). In this method, cells were grown in LB-broth to log phase (OD450 = 0.4S­

O.S), harvested by centrifugation and resuspended in 10ml ice-cold SOmM CaCb. Cells were 

incubated at 4°C for 1 hour prior to use in transfonnation. Competent cells were transformed by the 

heat-shock method, as described by Sambrook et al. , 1989. The ligation reaction was incubated 

with 100IJI competent cells at 4°C for 30 minutes, thereafter incubated at 42°C for 90 seconds and 

then chilled on ice for 2 minutes. 1 ml preheated LB-broth was added and cells were incubated at 

37°C with shaking for 1 hour and then plated onto LB-agar plates supplemented with ampicillin 

(amp) (100 IJg/ml) and tetracycline hydrochloride (tet) (12.S IJg/ml). These antibiotics are 
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appropriate for selection of both pFastBac- and pBS-transformed E. coli XL 1 Blue cells. pBS has 

blue/white selection due to the occurrence of the MCS in the lacZ gene, therefore plates used in 

pBS screening were supplemented with 50 )JI of a 2% X-gal solution and 101-11 of a 2% IPTG. 

2.2.3.5. DNA Isolation and Purification. 

DNA preparations were required at various stages during the construction of the mutant VP7 genes, 

including screening for recombinant colonies. Selected colonies were picked and grown up in a 4ml 

overnight culture of LB-broth, supplemented with amp (100IJg/ml) and tet (12.Sl-Ig/ml). In the case of 

screening during pBS cloning, white recombinant colonies were selected. Plasmid was isolated by a 

standard alkaline-lysis method (Sambrook et a/. , 1989), first described by Birnboim and Doly (1979). 

In this method, cells were harvested by centrifugation at SOOOrpm for 3 minutes. Cell pellets were 

resuspended in 100)J1 of Solution 1 (SOmM glucose; 10mM EDTA; 2SmM Tris (pH 8.0». 2001-11 

solution 2 (0.2M NaOH; 1 %SDS) was added to complete cell lysis and denature DNA. This was 

incubated on ice for 5 minutes. 1501-11 solution 3 (3M NaAC pH 4.8) was added and after incubation 

on ice for 10 min, genomic DNA, high molecular weight RNA and protein was pelleted by 

centrifugation at 1S000rpm for 10 minutes to leave plasmid DNA in the supernatant. The plasmid 

DNA was precipitated by ethanol precipitation and washed free of salt by 70% ethanol. The DNA 

pellet was dried and resuspended in ddH20. DNA samples were analysed by agarose gel 

electrophoresis as described in section 2.2.3.2. 

Where necessary, for example for purposes of sequencing, DNA samples were purified by the High 

Pure PCR Product Purification kit or the High Pure Plasmid Isolation kit (Roche Diagnostics). The 

methods followed were those provided by the manufacturer, with the exception of elution. DNA was 

eluted in ddH20 rather than the provided elution buffer. 

2.2.3.6. Filling of Sticky Ends by Klenow. 

For specific requirements in the manipulation of the modified VP7 genes, Klenow fragment was 

used to add dNTP's to fill in the sticky ends created by restriction enzyme digestion. A restriction 

endonuclease buffer was included in the reaction at 0.1X the final volume, 11-11 of 2.5mM stock of 

dNTP's and 2U Klenow were added and the reaction was incubated at 3rC for 3 hours. The 

reaction products were purified by the High Pure PCR Purification kit (Roche Diagnostics). 
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2.2.4. Cycle Sequencing Reactions. 

Automated DNA sequencing was used to confirm insert orientation and sequence authenticity. 

Reactions were set up with 3.2 pmol primer, 250-500 ng double-stranded plasmid template and 81-11 

Terminator ready reaction mix (Perkin Elmer). The reaction was made up to a final volume of 20IJI 

with ddH20 . Half-reactions were also used, in which 4 IJI ready reaction mix was used and which 

were made up to a total volume of 10IJI. The cycle sequencing reactions were carried out in the 

Perkin Elmer GeneAmp PCR system 9600 with a heated lid, thus omitting the need for a mineral oil 

overlay. The cycle sequencing reaction itself involved the following: a rapid thermal ramp to 96°C 

followed by incubation for 10 seconds at 96°C, a rapid cooling ramp to 50°C for annealing, a rapid 

thermal ramp to 60°C, followed by incubation at 60°C for 4 minutes for primer extension. This 

method was cycled 25 times, followed by a rapid cooling to 4°C. The excess dye terminators were 

removed by a basic ethanol precipitation step: half-reactions were made up to the final volume of 

201-11 and 21J1 of 3M NaAc pH 4.8 was annp.n to the 201-11 reaction volume. The reaction wa$ 

transferred to 501-11 absolute ethanol and incubated at 4°C for ten minutes, followed by centrifugation 

at 15000rpm in a standard tabletop microfuge for 30 minutes. The pellet was washed twice with 

70% ethanol to remove any traces of salt. 

2.2.5. ASI PRISM™ Sequencing. 

Samples were resuspended in 301-11 sequence loading buffer, composed of a 5: 1 ratio of deionised 

formam ide to 25mM EDTA pH 8.0 containing 50mg/ml dextran blue. Samples were denatured by 

heating to 95°C for 2 minutes and then placed on ice before loading. 1, 51-11 sample was loaded on a 

4% denaturing polyacrylamide gel and run for 7 hours at 1.6kV in the ASI PRISM 377 sequencer. 

Sequences were analysed by using the ASI PRISM Sequencing Analysis ™program, as well as the 

ASI PRISM Sequence NavigatorlM program. 

2.2.6. Hydropathy Predictions and Structural Modelling. 

Hydropathy plots of the VP7 mutants were prepared using the ANTHEPROT package (Geourjon et 

al. , 1991; Geourjon and Deleage, 1995) and the Hopp and Woods predictive method (Hopp and 

Woods, 1981 ; Hopp and Woods, 1983). The structural protein modelling was done using the 

SWISS-MODEL Version 36.0002 program available through the SWISS-PROT database (Peitsch, 

1995; Guex and Peitsch, 1997, Guex et al., 1999). Modelling data was analysed and viewed 

through the Swiss PDS Viewer (DeepView) Version 3.7b1 . 
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2.2.7. Baculovirus Expression of Modified Protein. 

2.2.7.1. Cell culture. 

Spodoptera frugiperda cell clone Sf9 was used to propagate the Wild-type or recombinant 

baculovirus. Cells were maintained in a shaking culture in Grace's medium (Summers and Smith, 

1987) supplemented with 10% (v/v) fetal calf serum, an antimycotic solution (Highveld Biological) 

and 10% Pluronic-F68 (Sigma Cell Culture). The antimycotic solution gave final concentrations of 

0.12mg/ml Penicillin G, 0.12mg/ml Streptomycin sulphate and 0.032SlJg/ml Fungizone. Cultures 

were incubated at 27°C. Cells were counted under a light microscope (Nikon model TMS) using a 

haemocytometer after staining cells with an equal volume of 0.4% trypan blue solution (in 1 X PBS). 

2.2.7.2. Transposition of Bacmid DNA. 

E. coli DH10BAC cells were grown to log phase (00550 =0.4S-0.S) in LB-medium supplemented with 

kanamycin (SOlJg/ml) and tetracycline hydrochloride (12.SlJg/ml) and were made competent by the 

DMSO method (Chung and Miller, 1988). In this method, cells were collected by centrifugation and 

resuspended in 0.1X the original volume TSB medium (LB-medium supplemented with 10% w/v 

PEG, S% v/v DMSO, 10mM MgCI2 and 10mMMgS04). Cells were incubated on ice for 20 minutes, 

then mixed with the recombinant pFastBac DNA and incubated a further 30 minutes on ice. TSBG 

medium (TSB with 10% glucose) was added and cells were incubated with shaking at 3rc for 4 

hours. Cells were plated out on agar plates supplemented with tetracycline hydrochloride (12.S 

IJg/ml) , kanamycin (SOlJg/ml) and gentamycin (7IJg/ml), as well as X-gal (SOIJI of a 2% solution) and 

IPTG (101J1 of a 2% solution) for blue/white colour distinction. Plates were incubated at 37°C for 24 

hours, followed by overnight incubation at 4°C to improve bluelwhite colour distinction. White 

recombinant DH10BAC colonies were selected and grown up overnight in a small-scale culture in 

LB-medium supplemented with tet, kanamycin and gentamycin. Recombinant bacmid DNA was 

isolated by a modified alkaline lysis method, specifically for the isolation of high molecular weight 

DNA (Luckow et al. , 1993). In this method, cell pellets were resuspended in 3001J1 Solution 1, then 

lysed by the addition of 3001J1 Solution 2. After incubation at room temperature for S minutes, 3001J1 

3M KAc pH=S.S was added and incubated further on ice for 10 minutes. After centrifugation, DNA 

was precipitated from the supernatants by isopropanol. The DNA was collected by centrifugation 

and washed with 70% ethanol, before resuspending in 401J1 sterile ddH20 ina sterile environment. 

Care was taken during resuspension to avoid shearing the high molecular weight DNA. 

28 

 
 
 



2.2.7.3. Transfection of Sf9 cells for the Production of Recombinant Baculovirus. 

Sf9 insect cells were seeded at 0.9-1X106 per well in a 6-well cell culture plate. The recombinant or 

wild-type bacmid DNA was prepared for transfection by allowing it to associate with the lipid 

complex reagent, CELLFECTIN™ in clean Grace's medium. 61J1 DNA was added to 1001J1 Grace 

medium lacking the antibiotic/antimycotic solution, and 51J1 CELLFECTIN™ was added to 1001-11 

Grace medium also lacking antibiotic/antimycotic solution. The two solutions were combined and left 

standing for 45 minutes; 8001-11 clean Grace medium was added before transferring to cells. Seeded 

cells were washed with 1ml clean Grace medium and the DNA-CELLFECTIN™ complex was added 

to cells. The cells were incubated at 27°C for 5 hours before the transfection mix was removed and 

replaced by Grace medium with the full complement of antibiotics, fetal calf serum and pluronic acid. 

Incubation at 27°C continued for 4 days, after which the supernatant was removed and stored at 

4°C. The presence of recombinant baculovirus in the transfection supernatant was tested by 

infection of cells on a 24-well plate. 

2.2.7.4. Expression of Recombinant VP7 Proteins. 

Various levels and quantities of expression of proteins were obtained by infection of sf9 cells on 

small- or large-scale. Small-scale expression was achieved by infection of sf9 cells on a 24-well or 

6-well plate. On a 24-well plate, cells were seeded at 0.2-0.3X106 per well in a total of 5001-11 Grace 

medium supplemented with the full complement of FCS, antibiotics/antimycotics and pluronic acid. 

After 1 hour the medium was removed and 1501-11 of the baculovirus with 350IJI fully complemented 

Grace medium was added. Cells were incubated at 2rC for 3 days. On a 6-well plate, cells were 

seeded at 1X106 cells per well in 2ml Grace medium with the complete set of supplements 

described above. Similarly, cells were seeded for 1 hr, after which the medium was removed. Cells 

were infected with 200IJI of baculovirus in 1.8ml fully complemented Grace medium. Infections were 

incubated at 27°C for three days. Expression of the mutant VP7 proteins was obtained by infection 

with the corresponding recombinant baculovirus. Expression of the wild-type baculovirus proteins 

was obtained by infection with wild-type baculovirus. 

For large-scale expression, monolayers of sf9 cells were seeded at 1X107 cells in 75 cm3 tissue 

culture flasks. The medium was removed when cells had sufficiently adhered, after approximately 1 

hour, to remove any unattached cells. Cells were infected at a M.O.I. of 5 -10 pfu/cell with the 

appropriate baculovirus in 6ml Grace medium with full complement of additives. Infections were 
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incubated for 2 hours at 2rC thereafter 9ml of complete Grace medium was added and incubation 

was continued at 2rC for 4 days. 

2.2.8. Harvesting Cells. 

Cells were harvested from 6-well or 24-well plates by removing the virus supernatant and washing 

the cells from the plates with 1ml or 5001-11 1X PBS solution (137mM NaCI, 2.7mM KCI , 4.3 

mMNa2HP04.2H20, 1.4mMKHP04; pH=7.4). Cells were then pelleted by centrifugation at 3000rpm 

for 5 minutes and washed with 5001-11 1 XPBS. A second centrifugation at 3000rpm for 5 minutes was 

used to pellet the cells, which were resuspended in 30-50IJI 1XPBS. Cells were harvested from the 

large 75cm3 flasks Similarly to the small-scale infections, except virus supernatant was not removed. 

Cells were removed from the flask surface by agitation and resuspended in the supernatant. Cells 

were pelleted by centrifugation in the Beckman J2-21 centrifuge using the JS7-5 rotor at 3000 rpm 

for 5 minutes, and washed with 10 ml 1XPBS. The centrifugation was repeated and the cell pellet 

was resuspended in 1ml1XPBS or other appropriate buffer. 

2.2.9. Protein Analysis by 50S-PAGE. 

For protein analysis, a sample of cells were added to an equal volume of 2XPSB (125mM Tris-HCI 

pH=6.8; 4%SOS; 20% glycerol; 10% 2-mercaptoethanol; 0.002% bromophenol blue) and denatured 

by boiling for 5 minutes, followed by sonication for 5 minutes. Samples were analysed by 

electrophoresis on a 12% denaturing separating SOS-PAGE minigel (7X10 cm Hoefer Mighty 

Small™ electrophoresis units) in 1XTGS running buffer (0.025M Tris-HCI, pH 8.3; 0.192M glycine; 

0.1 % SOS), run at 120V for 1 hr30min to 2 hours. Separating gels were prepared from 30% 

acrylamide, 0.8% biscarylamide stocks, and contained 0.375M Tris-HCL pH=8.8 and 0.1 % SOS. 

The 5% stacking gels contained 0.125M Tris-HCI pH=6.8 and 0.1 % SOS. Gels were polymerised by 

the addition of 0.008% (v/v) tetra-methyl-ethylene-diamine (TEMEO) and 0.08% (w/v) ammonium 

peroxysulphate (AP). For improved resolution of samples, electrophoresis was carried out on a 10% 

denaturing polyacrylamide gel in the larger 16X18cm Hoefer Sturdier slab gel apparatus. This was 

run at 60V overnight. 

Gels were stained by Coomassie blue staining (0.125% Coomassie blue; 50% methanol; 10% 

acetic acid) and destained in a 5% acetic acid and 5% ethanol solution. Rainbow Marker™ 

(Amersham) was run on gels as a protein size marker. 
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2.2.10. Plaque Purification 

To obtain homogenous virus stocks, plaque purifications were carried out. Cells were seeded in 

complete Grace medium at 1.5 X106 cells per well on 6-well plates. Serial dilutions were prepared 

from the transfection supernatants. 1O~I of the transfection supernatant was made up to 1ml 

(dilution 10-2
). Thereafter serial dilutions were made of 10-4, 10-5

, 10-6
, 10-7

, 10-8
, 10-9 and 10-10 

transfection supernatant in a total volume of 1 ml. Medium was removed from seeded cells and the 

1ml serial dilutions were each added to a well and incubated at 2rc for 2 hours. A 3% Low Melting 

Point agarose solution was made and sterilised in the autoclave. When cooled, a 1:1 dilution of the 

3% agarose and complete Grace medium was made. The virus dilutions were removed from the 

cells and 2 ml of the agarose/Grace medium solution was carefully overlaid. The plates were 

incubated at 2rc for 4 days. The plates were then overlaid with 1 ml of neutral red solution. The 

neutral red solution was prepared in the following way: a 1 mg/ml neutral red solution was made with 

water and then filter sterilised. A 10X dilution was then made with complete Grace medium. After 5 

hours, the neutral red solution was removed and incubation was continued overnight. Virus plaques 

were visible from 10-4, 10-5 and 10-6 dilutions. Plaques were plucked using the tip of sterile Pasteur 

pipettes and added to 1 ml complete Grace Medium. This was then vortexed to release the virus into 

the medium. 

Plaque-purified virus was amplified by infection of 1X106 cells on a 6-well plate. 250~1 of the 1ml 

virus inoculums from the titrations and 250~1 complete Grace medium was added to seeded cells 

and incubated for 1 hour at 2rC. A further 1.5 ml of complete Grace medium was added and 

incubation was continued for 4 days at 2rC. The supernatant - the first passage virus stock - was 

used to infect cells on a 24-well plate to test protein expression. Cells were seeded at 0.2X1 06 and 

infected with 200~1 of the first passage virus stock, using complete Grace medium to make up a 

final volume of 500~\. Cells were incubated at 2rC for 3 days before harvesting. Levels of protein 

expression from different plaques was tested by SOS-PAGE analysis of cell lysate from the 24-well 

infections, as described in section 2.2.9. 

The first passage virus stock that showed good levels of protein expression was used to generate 

large-scale virus stocks. Monolayers of 1 X 107 cells were infected with 200~1 of first passage virus 

stock in a total of 6 ml. Cells were incubated at 2rC for 1 hour. A further 9 ml was added and 

infections were incubated at 2rC for 3 days. The supernatant containing the virus was centrifuged 

at 3000 rpm for 5 min to collect any detached cells. The supernatant was filter sterilised and stored 

at 4°C. 
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2.2.11. Sedimentation Analysis and Sucrose Gradients. 

Recombinant VP7 proteins were expressed on large-scale (section 2.2.S.4) and harvested 

according to the method described in section 2.2.9. The collected cell pellet from each monolayer 

was resuspended in 1 mllysis buffer (SOmM Tris-HCI pH=S, SOmM NaCI; O.S% Nonidet p40). Cells 

were lysed by incubation on ice for 30 minutes. One fifth the total volume (2001J1) of cell lysate was 

loaded on a discontinuous 30-S0% (w/v) sucrose gradient. The 30% and SO% sucrose solutions 

were made up in sterile 100 mM Tris-HCI pH=8, SOmM NaCI. The 40% sucrose solution was made 

by combining equal proportions of 30% and SO% sucrose solutions. The 3S% and 4S% solutions 

were made by mixing equal proportions of 30% and 40%, and 40% and SO% solutions respectively. 

The gradient was created by layering SOO IJI of each sucrose solution in increasing concentrations 

with SO% at the bottom and 30% at the top in the Sml Beckman polyallomer ultracentrifuge tubes. 

The gradient was centrifuged in the SWSO.1 Sorvall rotor at 14000rpm for 1 hour and 1S minutes or 

at increased conditions of 40 OOOrpm for 20 hours. Fractions were tapped as 20 drops per fraction, 

giving 10 -11 fractions. The pellet from the gradient was resuspended in 100 IJI 100mM Tris-HCI 

pH=8, SOmM NaCI buffer. Fractions were stored at 4°C until further use. 

Protein content of the fractions was analysed by SDS-PAGE after precipitation out of the sucrose 

gradient. 1001J1 of each fraction was diluted with an equal volume of ddH20 and 40 IJI of 50% TCA 

solution was added. Samples were incubated on ice for 1 hour and centrifuged for 2S minutes at 

1S000 rpm at 4°C. Pellets were resuspended in 1S IJI 2XPSB and analysed on a 10% denaturing 

polyacrylamide gel, as described in section 2.2.10. The specified protein content of the fractions 

was quantified by the Sigma Gel™ software program (Jandel Scientific) which measures the relative 

band intensities on an SOS-PAGE gel. 

2.2.12. Light Microscope Analysis. 

Cells were seeded on sterilised cover-slips at a density of 1 X 106 cells per well of a 6-well plate. 

Cells were infected as described in 2.2.7.4. When crystals were visible in infected cells, cover-slips 

with adhered infected cells were examined under the Light microscope (the Zeiss Axiovert 200 

model). Photographs of the infected cells were taken with the Nikon Digital Camera DXM1200 

model at a magnification of 63 times. 

32 


 
 
 



2.2.13. Scanning Electron Microscopy (S. E. M.). 

Fractions from the sucrose gradient containing suspected particulate structures of the mutant 

proteins were pooled and protein was pelleted by dilution of the sucrose solution to 3ml with buffer 

(100 mM Tris-HC! pH=8, 50mM NaCI) followed by centrifugation at 20 OOOrpm for 2 hours. The 

pellet was resuspended in 300~11XPBS. Preparation for the scanning electron microscopy involved 

fixation in a 0.15M Na phosphate buffer with 0.1 % glutaraldehyde content for 15 minutes, followed 

by a washing for 15 minutes in the Na phosphate buffer and then each consecutively in 30%, 50%, 

70%, 90% and three times in 100% ethanol. Samples were then dried, mounted onto a stub and 

then spatter coated with gold beladium particles in a S.E.M. autocoating unit E5200 (Polaron 

equipment ltd.). Samples were viewed in the Jeol 840 S.E.M. 
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2.3. RESULTS. 

A site between amino acids 144 and 145 of AH8V-9 VP7 was chosen as a target for the 

insertion of restriction endonuclease sites, Smal , EcoRI and Xhol. This area occurs as an 

exposed loop on the surface of the VP7 protein, determined by protein modelling and 

predicted by hydrophobicity and antigenicity plots (Maree, 2000). It should therefore be a 

suitable site for the display of inserted, foreign epitopes. The restriction enzyme sites, Smal, 

EcoRI and Xhol encode amino acids proline, glycine, glutamate, phenylalanine, leucine and 

glutamate respectively. Of these six amino acids, only the two glutamate residues are 

hydrophilic. The addition of a majority of hydrophobic amino acids at an exposed 

hydrophilic site would be expected to increase the overall hydrophobicity at the site and 

could thus influence protein structure in that area. 

2.3.1. Construction of Cloning Site 144. 

The cloning site was inserted in both the wild type VP7 gene and the previously modified 

VP7mt200 gene, which had been modified by the insertion of a cloning site between amino 

acids 200 and 201 (Maree, 2000). The construction of the two modified genes, designated 

VP7mt144 and VP7mt144/200, involved a two-step cloning procedure using PCR to 

generate two segments of the gene. The construction strategy is summarised in figure 2.1. 

Primers were designed to incorporate the required restriction endonuclease sites as 

overhangs (section 2.2.2. ; table 2.1.). In the first step, PCR was used to amplify the 5' end 

of the VP7 gene (87). The PCR product obtained (figure 2.2(a)) corresponded to the 

expected size of 465bp. This was cloned directly into pFastBac between BamHI and EcoRI 

sites. This amplified 5' end of the 87 gene contained a Bgnl site at its 5' end and Sma1 and 

EcoR1 sites at its 3' end. When digested by EcoR1 and Bgnl in a single step, sticky ends 

were created that were complementary to EcoR1 and BamH1 sticky ends of the pFastBac 

vector. Directional cloning of the fragment was thus possible. The appropriate pFastBac-5' 

intermediates were screened by digestion with BamHI and EcoRI which released a 

fragment of 369bp (figure 2.2(c)). The original BamH1 site in the MC8 of the vector was 

abolished by the ligation with the Bgnl sticky end. The smaller fragment of 369bp compared 

to the 465bp of the PCR product was released due to the presence of an internal BamH1 

site in the 5' end of the VP7 gene. 
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A second PCR was used to amplify the 3' end of both the VP7 and VP7mt200 genes. 

Fragments corresponding to the expected sizes of 741bp for the VP7 amplification and 

759bp for the VP7mt200 amplification were obtained as shown in figure 2.2(b). The size 

difference between the two amplified fragments is evident in the agarose gel photograph. 

These PCR products, containing EcoR1 and Xh01 sites at the 5' end and a BglIl site at the 

3' end, were first cloned between EcoRI and BamHI sites of pBS. Again, in the preparation 

of the PCR fragments and pBS vector, the double digestions were performed in a single 

step. The use of two different restriction enzymes again allowed for simple directional 

cloning of the fragment. Recombinant clones were selected by digestion of extracted DNA 

with EcoRI and Pstl, which confirmed the presence of the appropriate segments. Due to the 

tendency of Pst1 to require a longer time period to effectively cut at its recognition site, this 

double digest was carried out in a two-step manner. The digestion was first carried out with 

Pst1 for an appropriate time, followed by EcoR1 , which was directly added to complete the 

double digestion. The fragment released by the EcoR1/Pst1 digestion was then transferred 

to the pFastbac-5'VP7 intermediate between EcoRI and Pstl sites. This step removed most 

of the restriction endonuclease sites from the multiple cloning site of pFastBac, but also 

introduced sites from the pBS multiple cloning site. This is also indicated in figure 2.1. 

The justification for the two-step cloning procedure used for the 3' segment of the gene is 

as follows: some difficulty was observed attempting to clone the 3' segment directly into the 

pFastBac-5' intermediate. pBS, on the other hand, is a smaller vector and more easily 

manipulated than pFastBac and therefore more efficient as a simple cloning vector. Cloning 

first into pBS provided an unlimited supply of the 3' segment. Excision from pBS by 

restriction enzyme digestion also ensured sticky ends at both ends of the segment. The 

correct recombinant clones were selected by Sacl digestion of isolated DNA samples, 

which released a fragment of 765bp for pFastBac-VP7mt144 and 783bp for pFastBac­

VP7mt144/200. This is shown in figure 2.2(d). 

To facilitate the use of the created site at position 144/145, the Xhol recognition site 

occurring in the MCS of pFastBac was removed. Restriction enzyme digestion using Pstl 

and Kpnl removed a small segment from the MCS of the plasmid, including the Xhol 

recognition site. A two-step double digest was performed. Digestion was first carried out 
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with Kpn1. The reaction was then adjusted with the appropriate buffer for further digestion 

by Pst1 . The sticky ends were filled with Klenow fragment (2.2.3.6.) and the resulting blunt 

ends ligated (2.2.3.3.). This is also indicated in figure 2.1 . Sequence verification of 

pFastBac-VP7mt144 and pFastBac-VP7mt144/200 was deemed necessary to confirm 

insertion of correct restriction enzyme sites as well as to control the fidelity of the PCR 

reaction. 

2.3.2. Sequence Verification of VP7mt144 and VP7mt144/200. 

The colonies selected by restriction endonuclease digestion were sequenced by automated 

DNA sequencing (section 2.2.4 and 2.2.5). This confirmed the insertion of the restriction 

endonuclease sites Smal, EcoRI and Xhol between amino acids 144 and 145 of VP7 and 

VP7mt200 genes (nucleotides 449-450). A mutation from the wild-type AHSV-9 sequence 

at nucleotide position 30/31 was found in which CG sequence had been switched to GC. 

This could be explained by infidelity of the PCR reaction. Due to the strategy used in 

construction of the two mutants, this mutation was evident in both VP7mt144 and 

VP7mt144/200. The nucleotide change resulted in a change in amino acid 5 from wild-type 

arginine to alanine. It was assumed that this change would not influence the structural 

tendencies of the protein since AHSV serotype 4 also contains an alanine at amino acid 

position 5 (Roy et al., 1991) and has been shown to form crystals when expressed by the 

baculovirus system in insect cells (Chuma et al. , 1992). A mutation from the wild-type was 

also found at nucleotide position 1086 of VP7mt144/200 in which a G was substituted with 

a C. This resulted in a missense mutation with substitution of valine to leucine at amino acid 

357. Valine and leucine are both non-polar amino acids, with similar chemical and physical 

properties. It was assumed therefore that this mutation would not influence the structure of 

the protein. The sequences were compared and aligned using ClustalX version 1.81 

(Higgins and Sharp, 1988; Higgins et al., 1996), shown in figure 2.3. After confirming a 

complete intact modified VP7 sequence, which should encode a full-length protein, the 

influence of the insertion on the hydrophilicity profile as well as predicted protein structure 

was investigated. 
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2.3.3. Physicochemical Properties and Structural Modelling of the Modified Proteins. 

VP7 is a highly hydrophobic protein . This can be seen in figure 2.4(a) showing the 

hydrophilicity plot of VP7 calculated according to the method by Hopp and Woods (Hopp 

and Woods, 1981 ; Hopp and Woods, 1983) (section 2.2.6). Very few small regions of VP7 

show a net hydrophilicity, with the majority of the protein having negative values for 

hydrophilicity. A peak of net hydrophilicity occurs in the region of amino acids 144 and 145, 

which is expected of a sequence exposed on the surface of the protein. The effect of the 

insertion of six amino acids on the hydrophilicity of that area may affect its exposure to the 

surface. Of the six amino acids inserted (pro-gly-glu-phe-Ieu-glu), only the two glutamate 

residues are charged and hydrophilic. Some increase in hydrophobicity of that region would 

be expected with contributions from four of the six amino acids inserted. As shown in figure 

2.4(b), there is significant decrease in hydrophilicity toward the N-terminal end of this 

region. The proline and glycine residues at the N-terminal end of the insert would contribute 

to this drop. A significant increase in hydrophilicity, with a value greater than 5, is shown 

toward the C-terminal end of the foreign insert. The glutamate at the C-terminal end of the 

insert would be the main contributory factor to this hydrophilicity peak. The hvdrophilicity 

plot of the double mutant, mt144/200, is also shown. This indicates the same effect at site 

144 and also shows the increase in hydrophilicity caused by the inserted amino acids at site 

200, where four of the six amino acids are hydrophilic. 

The effect of the predicted change in hydrophilicity on the structure of the protein, 

particularly in terms of the exposure of the foreign insert on the surface, was investigated 

further. Structural modelling of the modified protein was done using the top domain (amino 

acids 121 to 249) of AHSV-4 VP7 sequence as a template (section 2.2.6). Thus, the results 

in figure 2.5 show only the top domain of the modified proteins. The anti-parallel 13 

sandwich structure of the upper domain of VP7 is clearly visible. The results indicate that 

the insert of six amino acids at site 144 appears to loop out of the surface of the protein. 

This looping would provide excellent exposure for an epitope on the surface of the protein. 

No other major changes in the protein folding and structure are visible, however it is 

impossible to predict the effect of the insert on inter-protein interactions based on this 

structural modelling. Thus, one cannot predict the effect of the insert on crystal formation. 
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2.3.4. Expression of the Modified VP7mt144 and VP7mt144/200 Proteins. 

The modified VP7 genes were expressed using the baculovirus expression system. The 

recombinant pFastBac transfer plasm ids containing the modified VP7 genes were used to 

transform competent E. coli OH10BAC cells (2.2.7.2). Transposition (by homologous 

recombination) of the wild-type bacmid DNA in successfully transformed OH10BAC cells 

produced recombinant bacmid DNA, which was isolated and used to transfect sf9 insect 

cells (2.2.7.3). Recombinant baculovirus was recovered in the supernatant after four days. 

This was designated Bacmt144 and Bacmt144/200. The expression of the modified 

proteins was tested by SOS-PAGE analysis of the infected cell Iysates from 24-well 

infection (2.2.9 and 2.2.7.4). Homogenous virus with high-level expression was obtained by 

plaque purification and was amplified by low titre infection of sf9 monolayers seeded at 

1X107cells per flask. To study the expression of the modified VP7 proteins, VP7mt144 and 

VP7mt144/200, monolayers seeded at 1X107cells were infected at a MOl of approximately 

108 with the recombinant baculoviruses Bacmt144 and Bacmt144/200 respectively. Infected 

cell lysate was analysed by SOS-PAGE and Coomassie blue staining and is shown in figure 

2.6. The VP7mt144 and VP7mt144/200 proteins were clearly visible as distinct bands not 

visible in the mock- or wild-type baculovirus- infected cells. A size increase from the wild­

type VP7 was just visible on a 12% polyacrylamide gel, which has a resolution of 

approximately 1kOa. This is shown in figure 2.6(a). Figure 2.6(b) shows the same samples 

run on a 15% SOS-PAGE gel. The size difference is more clearly visible, with VP7mt144 

being slightly larger than VP7 due to the insertion of 6 amino acids and VP7mt144/200 

being slightly larger than VP7mt144 due to the additional six amino acids at position 200. 

The level of expression for both modified proteins is high, estimating from an SOS-PAGE 

gel of about 30-40 IJg per 1X107 infected cells. The level of expression of the protein does 

not seem to be significantly affected by the mutation at site 144. The level of expression of 

VP7mt144 is comparable to that of VP7. 
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2.3.5. Light Microscope Observations. 

The crystal structures formed by VP7 are visible in the recombinant VP7 baculovirus­

infected cells. The distinct crystal structures appear as needle-shaped structures that 

refract the light similarly to the cellular membranous structures. The wild-type VP7 crystal is 

visible extensively across an infected monolayer, often up to 5 or 6 crystals occurring in one 

cell. Crystal structures are also visible in Bacmt144-infected cells. The same needle shape 

can be seen. However, a significant proportion of the crystals visible appeared to be smaller 

than those of wild-type VP7. Multiple crystals have also been observed in a single cell , 

although the distribution is clearly not as extensive as that seen for the wild-type VP7. The 

characteristic needle-shaped or rod-shaped structures are also visible in Bacmt144/200­

infected cells, although in general do not appear as large or as abundant. Cells infected 

with wild-type baculovirus do not exhibit any crystal-like structures in their cytoplasm. The 

light microscope observations of crystal structures in BacVP7-, Bacmt144-, Bacmt144/200­

infected cells as well as lack of structures in wild-type baculovirus-infected cells are shown 

in figure 2.7. Photographs were taken at a 63X magnification. 
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2.3.6. Solubility Studies of the Modified Proteins. 

The influence of the six amino acid insertion on the solubility of the protein would give some 

insight into and offer some prediction of the structures formed by the protein. The solubility, 

as well as structure, is an important consideration in terms of vaccine delivery. To study the 

particulate structures formed by the modified proteins, samples of whole cell lysate 

harvested from recombinant bacmid-infected cells were loaded on discontinuous 30-50% 

(w/v) sucrose gradients. Fractions were collected per twenty drops and precipitated by TeA 

precipitation (methods described in 2.2.11). Fractions were analysed by SOS-PAGE. The 

distribution of the specified proteins visible on the SOS-PAGE gel was converted to a 

graphic form to provide a more informative visualisation of the distribution of the relevant 

protein. This was done using the SigmaGel™ software package in which the specified 

protein content of a fraction can be estimated by measurement of its band intensity in the 

SOS-PAGE gel. These values are not absolute values of protein concentrations and were 

thus converted to and interpreted as relative percentages of the total specified protein 

content across all fractions. Due to the inherent possibilities for variations in this 

experiment, it was repeated a minimum of three times and average values were calculated. 

Under the centrifugation conditions used i.e. 14000rpm for 1 hour 15 minutes, the majority of 

VP7 (in the form of crystals) pellets to the bottom of the sucrose gradients, with a small 

proportion being found in the top two fractions, presumably in the form of trimers (shown in 

figure 2.8(a». In the modified protein, VP7mt200 (Maree, 2000), a proportion of the protein 

is distributed across all fractions of the gradient with greater proportions occurring in the top 

two fractions and in the pellet and bottom few fractions. This can be seen in figure 2.8(c) by 

two distinct peaks occurring at the bottom and top of the gradient. A greater proportion of 

VP7mt200 is found in the top two fractions when compared to VP7. In comparison to 

VP7mt200, a similar distribution is seen for the modified protein VP7mt144 (figure 2.8(b». 

There are typically two peaks showing the greater proportions of protein occurring in the 

bottom and top fractions of the gradient. However, in comparison to VP7mt200, there is a 

significantly greater proportion of protein occurring in the middle fractions, indicating an 

increase in proportion of smaller particulate structures formed by VP7mt144 compared to 

VP7mt200. The distribution of the modified protein VP7mt144/200 corresponds similarly to 

that of VP7mt144 (figure 2.8(d». 
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To clarify these results, more specifically with respect to the soluble top fractions of the 

gradients, the centrifugation conditions were increased to 40 OOOrpm for 20 hours. Under 

these increased conditions, it was possible to increase the size separation of the previous 

top fractions of the gradient and thereby distinguish VP7 trimers and monomers. As can be 

seen in figure 2.9, the distribution of the bottom fractions of protein is similar to that seen 

under the slower centrifugation conditions. However, the change in centrifugation conditions 

showed the peak seen previously in the top fractions shifting to lower in the gradient. This is 

seen for both VP7mt144 and VP7mt144/200. It can be seen from the SOS-PAGE gel that 

this portion of the modified VP7 sediments to a position in the gradient where proteins 

larger than itself also sediment. This observation indicates that the modified protein must 

occur in an aggregation greater than its individual monomer form. Therefore, the protein 

found in the peak occurring at the top of the gradient is the trimer form of the protein. 

One would expect that the protein occurring toward the bottom of the gradient where larger 

particles separate would conform to some particulate structure, thus bottom fractions were 

pooled and collected for investigation under the scanning electron microscope. 
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Figure 2.9 (a), (b). Distribution of VP7mt144 (a) and VP7mt1441200(b) in 30 -50% Sucrose 
Gradient (centrifugation conditions of 40 OOOrpm 20 hours) shown by SDS-PAGE analysis and 
graphic representation. As in fig 2.8, in (a) and (b) the band intensities on SDS-PAGE gels of 
VP7mt144 or VP7mt144/200 in each fraction were quantitatively analyzed by the Sigma Gel™ 
analysis program and relative quantities were converted into graphic form as the estimated % of 
the total protein present across all fractions. In figures (a) and (b) on the SDS-PAGE gel, lane 1 

represent a protein size marker. Lane 2 represents the pellet of the gradient and lanes 3 to 14 (a) 
or lanes 3 to 13 (b) represent the sequential fractions ofthe gradient from bottom to top. 
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2.3.7. Scanning Electron Microscopy (S.E.M.). 

Samples of the putative modified protein structures were fixed, mounted and spatter coated 

with gold particles for investigation under the S. E. M. The structures found under the 

S.E.M. varied in form and size but showed a definite crystalline structure. Size fell into the 

range previously described by Chuma et al. , 1992, with the mean size being approximately 

6IJm in diameter. No distinct hexagonal crystals as those found in wild-type VP7 and 

VP7mt200 were observed (Maree, 2000). In figure 2.10(a), the structure formed by 

VP7mt144 could conceivably be a fragment of a hexagonal crystal. The structures are 

angular, with regular straight sides. It is possible that hexagonal crystals are formed but 

fragment during the preparation process. This may give some indication of a reduced 

stability of the structures. Unlike structures formed by VP7mt144, those formed by 

VP7mt144/200 (figure 2.10(c) and (d» do not have regular sides, with distinct angles. A 

more ruffled structure is found. However, the layered structure also characteristic of 

structures formed by VP7, VP7mt200 and VP7mt144 is evident, being particularly 

noticeable in figure 2.10(d). It is clear that large particulate structures are formed by both 

VP7mt144 and VP7mt144/200 protein. 
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2.4. DISCUSSION. 

Wild-type AHSV VP7 is a highly hydrophobic, insoluble protein (Roy et al., 1991; Maree et 

al. , 1998). When expressed in baculovirus-infected cells, it fonns large particulate crystal 

structures with an average diameter of 6IJm (Chuma et al. , 1992; Burroughs et al. , 1994; 

Maree et a/., 1998a and b). These crystal structures of VP7 are constituted from VP7 trimer 

aggregations. BTV VP7, which is more soluble than AHSV VP7, does not form crystals and 

remains as trimers in the cytosol of infected cells. The trimers are freely available for 

incorporation into the viral core. It has been deduced that the aggregation of trimers into 

VP7 crystals must be a factor of the solubility of the protein. Therefore, any modifications, 

which affect the solubility of VP7, will have some influence on the particulate structures 

formed. 

The creation of a cloning site at position 144/145 of VP7, by the insertion of restriction 

enzyme sites Sma1 , EcoR1 and Xh01 , created a six amino acid insert of pro-gly-glu-phe­

leu-glu. The effect of this insert was studied in the context of occurring as a single 

modification (VP7mt144) and as one part of a double modification (VP7mt144/200). The 

effect of the insertion was firstly investigated in terms of the individual VP7 protein, using 

predictive modelling to suggest any major changes in structure or properties. The change 

effected by the insert on the hydrophilicity profile of VP7 gives no indication on its own of 

any effect on protein solubility or structure, and should be interpreted in conjunction with the 

results of other studies. Structural protein modelling shows the six amino acid insert 

occurring as a loop on the surface of the protein. This would be expected as the site of the 

insertion is exposed on the surface in the wild-type protein. Modification at this site would 

not be expected to affect the internal folding of the protein. 

In terms of the use of VP7 as a vaccine delivery system, the more informative results are 

those showing the effect of the insert on the VP7 aggregations into trimers and further into 

crystal structures. The primary indications of its effect on VP7 structures come from the light 

microscope observations. The reduction in relative quantities produced, as well as size of 

the crystals, is evident when the modified proteins are compared to wild-type VP7. It is clear 

that the ability to form crystals has not been abolished by the modification at site 144/145. 

However, crystal formation has been affected in tenns of the size and distribution of the 
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crystals. This indicates some instability in crystal formation, causing an increased tendency 

of trimers to aggregate into and maintain smaller particulate structures, or increasing the 

tendency of VP7 to remain in its trimer form. The sucrose gradient centrifugation confirms 

this observation. The single mutant, VP7mt144, and the double mutant, VP7mt144/200, 

both show a similar distribution of protein in the gradient. There is a definite shift in the 

distribution of particulate structures and trimers compared to wild-type VP7. The shift away 

from the larger particulate structures in favour of increased proportions of smaller 

particulate structures (figure 2.8.(b) and (d» and trimers (best shown in figure 2.9.) 

suggests an increase in solubility of VP7mt144 and VP7mt144/200 compared to wild-type 

VP7. An overall increase in the proportion of trimers is perhaps less evident in figure 2.8., 

when considering estimated percentages of protein in the two peaks. However, figure 2.9. 

shows are more definite increase in proportions of trimers, with the strongest peaks 

representing the trimer form of the protein. This increase in trimer proportion at the expense 

of larger particulate structures can be explained by the equilibrium between trimers and 

crystals described by Maree, 2000. The insolubility of wild-type VP7 means the equilibrium 

lies very much to the crystal form of VP7 with a minority of protein occurring in trimer form. 

Modification bringing about an increase in solubility of VP7 will shift the equilibrium to the 

trimer form, the extent of which would depend on the modification and its effect. 

Various modifications have been made to AHSV VP7 with varying effects on the protein 

solubility. The effect of the replacement of selected amino acids in the top domain of AHSV 

VP7, showing differences to the more soluble BTV VP7, have been investigated in terms of 

the influence on solubility. The replacement of A 167 by the more hydrophilic arginine and 

F209 by tyrosine did not significantly improve the solubility of VP7 (Monastryskaya et al., 

1997). The replacement of L345 by the more hydrophilic arginine caused an estimated 

increase of 37% in the solubility of AHSV VP7 (Meyer, personal communication). The 

insertion of six amino acids at site 177 caused an estimated 40% increase in solubility 

(Maree, 2000). Maree, 2000, also reported no significant increase in solubility when the 

same amino acids were inserted at site 200. This was based on results from a simple 

differential centrifugation analysis. However, the distribution of VP7mt200 in the 

comparative sedimentation analysis (figure 2.8(c» indicates some influence on solubility, 

with a shift away from the large particulate structures that pellet at the bottom of the 

gradient in favour of smaller particulate structures. Changes in solubility that were observed 
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in these previous studies, similarly to VP7mt144 and VP7mt144/200, influenced the 

formation of the larger crystalline structures without notably influencing the formation of 

trimers. The mutant VP7L345R produced an increased proportion of smaller crystalline 

structures (Meyer, personal communication) and the mutant VP7mt177 produced 

particulate structures of a distorted, more rounded appearance than the characteristic 

hexagonal shape (Maree, 2000). Another modification shown to influence VP7 crystal 

formation is that of the modified protein VP7mt200-NS3. This mutant contains an insert of 

12 amino acids of NS3 protein at site 200 of VP7mt200, and while no influence on solubility 

was observed from sedimentation profiles, the crystal structures it produced had a more 

"ruffled" appearance. This may be due to a weakening of trimer-trimer interactions, 

disrupting trimer layers that make up the crystal (Meiring, 2001). Changes in solubility have 

thus been shown to manifest at the level of trimer-trimer interactions. 

The increase in solubility and reduction in crystal formation can be explained by the 

disruption of hydrophobic interactions between trimers, which are thought to be responsible 

for crystal formation . This would explain the increase in solubility observed in VP7L345R 

where leucine has been substituted by the strongly hydrophilic amino acid arginine. The 

area of possible contact between trimers is limited, making trimer interactions relatively 

weak (Grimes et al. , 1998; Limn et al. , 2000). Thus, although the modification neither 

abolishes the formation of the trimers nor the interactions between trimers to form crystals, 

it does affect the strength of these interactions and therefore also affects the stability of the 

crystals that do form. This would account for the increase in the proportion of smaller 

particulate structures formed by both VP7mt144 and VP7mt144/200 as well as VP7L345R 

(Meyer, personal communication), where cumUlative hydrophobic interactions are no longer 

strong enough to maintain the larger structures prevalent in the wild-type VP7. When one 

looks at the hydrophilicity profiles of VP7mt144 and VP7mt144/200, the insert at site 

144/145 has created a prominent hydrophilic peak. It is feasible that it is this increase in 

hydrophilicity that is responsible for disturbing the hydrophobic interactions between 

trimers. 

Both particulate structures as well as the individual trimers have potential as a vaccine 

delivery system. Particulate structures have a large surface area for the display of multiple 

epitopes, whereas trimers are more soluble and may be more practical for administration. 
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Therefore, the shift in equilibrium of large particulate structures to trimers may not diminish 

the feasibility of using VP7 as a vaccine delivery system. The maintenance of the trimer, 

and the crystalline composite structure, by the creation of cloning site 144 supports its 

potential for an epitope display vehicle. The double mutant VP7mt144/200 has two cloning 

sites for the insertion of multiple epitopes on the surface of VP7, which may enhance an 

immune response. The accessibility of epitopes at site 144/145 should be investigated as 

well as the immune response generated. 
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