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Abstract

Infectious bursal disease virus (IBDV) causes an acute and highly contagious disease
affecting young chickens, which is responsible for significant losses in the poultry industry
world-wide. The virus specifically infects and destroys B-cell precursors within the bursa of
Fabricius, an avian lymphoid organ, leading to immunosuppression. IBDV has a bi-
segmented, double-stranded RNA genome. The larger segment encodes a 110-kDa precursor
polyprotein, designated NH,-VPX-VP4-VP3-COOH, in a single open reading frame. The
autocatalytic processing of this precursor into mature proteins is a critical step in viral
replication and VP4 is the putative protease responsible for this cleavage. This study
concerns the development of a strategy to clone and express recombinant VP4 and describes
the use of VP4 as a marker for rapid and effective detection of IBDV. VP4 cDNA was
produced and amplified by optimisation of a reverse transcription coupled to the polymerase
chain reaction (RT-PCR), providing a clear and sensitive assay. Anti—peptide antibodies were
raised against a selected peptide from VP4 and were used to probe homogenates of infected
bursae for the native protein to assess their potential for immunological detection. These
antibody-related results are promising though inconclusive, due to the complex nature of the
assayed sample. Amplified VP4 ¢cDNA from KwaZulu-Natal strains of IBDV isolated from
1989 to 1997 was also examined by restriction fragment le‘ngth‘polymorphjsm (RFLP)
analysis to determine the relatedness of local IBDV to global strains. All KwaZulu-Natal
samples produced identical patterns, which were most similar to one of ten international
strains examined, namely, the British strain UK661. Samples infected with IBDV were also
probed for VP4 activity. Double basic amino acid cleavage sites have been proposed for the
putative protease and infected samples were assayed for activity against the fluorogenic
peptide Cbz-Arg-Arg-AMC. Demonstrably higher activity was found in infected versus
uninfected samples, although the origin of this activity is unclear. The findings in this study
suggest that VP4 warrants further attention, both as a marker for infectious bursal disease, and

as a novel viral protease.
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Chapter 1

Introduction

1.1 Poultry considerations

The South African poultry industry includes large-scale commercial operations and
subsistence farming, each contributing significantly to national protein requirements. Poultry
is, however, subject to a vast range of viral, bacterial and fungal diseases, and is particularly
susceptible to disease under intensive farming methods. Even where these diseases do not
result in outright mortality, they contribute to reduced growth of broilers, impaired egg
production of layers and breeders and condemnation of carcasses. This is of great economic
significance for the poultry industry, particularly because of the frequency of diseases and
concomitant pathological changes. Post-mortem losses connected with disqualifying whole
chickens, their parts, or particular organs from human consumption are of primary
consideration, with the costs of evaluation of the meat also taking their toll. Diseases and
pathological changes also impact negatively on the consumer appeal of meat, on its shelf life
and nutritive value and pose a considerable epidemidlogical and epizootic threat. The
development of relatively cheap and simple diagnostic techniques and cheaper, more effective
vaccines that have pertinent local relevance are thus important goals to strive for, perhaps

particularly so for developing countries.

This study is concerned with aspects of a globally significant poultry pathogen: infectious
bursal disease virus, the aetiologic agent of infectious bursal disease (IBD). It is of
significance that infectious bursal disease topped the most recent list of the most serious

poultry diseases (Van der Sluis, 1999).

1.2. History of infectious bursal disease

1.2.1 Early investigations

Infectious bursal .disease emerged as a clinical entity in 1957, in the form of a syndrome
recognised by Albert Cosgrove on a broiler farm in the Gumboro area, southern Delaware, in
the United States of America. The syndrome began to appear frequently throughout portions
of Delaware, Maryland and Virginia, recurring successively in five or more flocks on the
same farm. Cosgrove described the syndrome in a 1962 paper where it was termed ‘avian

nephrosis’, as a consequence of gross changes noted in the kidney (Cosgrove, 1962).



The syndrome became known as Gumboro disease, and continued to spread rapidly, a fact
correlated with the transportation for re-use of leftover feed from affected farms (Edgar and
Cho, 1965). Edgar subsequently suggested the use of planned infection as a method of
control and that chickens could be infected by exposure to contaminated litter or to chickens
already exhibiting the disease (Edgar, 1966). Edgar also proposed that the syndrome be
named ‘infectious bursal disease’, in recognition of bursal lesions associated with the disease
(Edgar, 1966), and replacing the term ‘avian nephrosis-nephritis’. Early attempts to isolate
the aetiologic agent were hampered by a lack of specific pathogen free (SPF) eggs and by
insufficient knowledge of appropriate viral and serologic techniques. However, various in
vivo characterisation studies sought understanding and identification of the infectious bursal
agent: Helmboldt and Garner (1964) evaluated disease pathogenesis using infected tissue
homogenates, Cheville (1967) examined the effects of the agent on bursal lymphoid cells and
Cho and Edgar (1968) documented gross changes in the bursa and population shifts in
circulating blood cells in experimentally infected chickens. Assessing the properties of the
agent, Benton et al. (1967) and Cho and Edgar (1969) concluded that it must be a virus,
resistant to extreme conditions of heat and pH and to a wide range of chemicals. These
findings readily explained the previously identified role of contaminated litter, feed and

equipment in the transmission of the disease.

The virus had an unusual nature, and it was not until reliable methods were developed to
isolate the virus in embryonated eggs and adapt it to tissue culture that in-depth examinations
were possible. In 1976, Nick, Cursiefen and Becht were able to describe its structural and
growth characteristics in sufficient detail to allow their conclusion that the virus would not fit
into any previously recognised taxonomic category. The appropriate category did not exist
until 1979, when Dobos and co-workers proposed that five animal viruses, including

infectious bursal disease virus be classified as the family Birnaviridae.

Hitchner (1970) accounted for some of the early difficulty in isolating the infectious agent in
his investigations of embryonated eggs refractory to infection. Firstly, embryos were resistant
to infection if their dams were immune; the effect of passive neutralising antibodies had not
been considered. The immune status of breeders supplying the eggs had not been determined
in early studies and SPF eggs were not readily available in the mid 1960’s. This work led
Hitchner to further examine the influence of maternal antibodies in chickens as well as
embryos, and found that they protected chickens from bursal pathology and clinical disease

up to three weeks of age (Hitchner, 1971). However, offspring of non-immune hens did not



present clinical IBD when infected during the first 21 days, a feature which agreed well with
field observations. Subclinical IBD occurring prior to three weeks of age was not recognised
until the role of IBDV in immunosuppression was elucidated by structured trials (Giambrone
et al., 1976), following studies reporting the influence of IBDV on vaccination against other

infections (Cho, 1970; Faragher et al., 1974; Wyeth, 1975).

The first IBDV vaccine was a bursal homogenate obtained from chickens infected with a field
isolate (Edgar and Cho, 1973). This ‘unattenuated vaccine’ suppressed IBD mortality by
planned infection and was a more precise delivery method than spreading virus-contaminated
litter, but it did also contribute to immunosuppression and dissemination of field virus. A live

attenuated vaccine was subsequently developed, based on mild isolates passaged in SPF eggs

(Snedeker et al., 1967). This vaccine, Bursa Vac®, remains widely used on an international
scale, both as a primer and in the control of so-called hypervirulent or ‘very virulent” (vv)

IBDV.

1.2.2 Distribution and evolution of IBDV

Between 1960 and 1964, IBD had affected most regions of the United States (Lasher and
Davis, 1997) and reached Europe in the years from 1962 to 1971 (Faragher, 1972). From
1966 to 1974, the disease was identified in the Middle East, southern and western Africa,
India, the Far East and Australia (van den Berg et al., 2000). IBD is currently an international
problém: 95% of the 65 countries responding to a 1995 survey conducted by the Office
International des Epizooties declared cases of infection (Eterradossi, 1995), including New
Zealand, which had been disease-free until 1993. |

Infectious bursal disease is extremely contagious. In infected flocks, morbidity is high, with
up to 100% serological conversion after infection, whilst mortality is variable. Although IBD
mortality was under control by wvaccination by 1976, the more subtle effects of
immunosuppression and the economic impact of IBD were beginning to exert an influence,
and fresh challenges were to be thrown up in the following decade. Since 1987, an increase
in specific mortality has been described across the globe. Vaccination failures in America in
the mid-1980’s revealed new strains that differed antigenically from the classical virus and
were responsible for up to 5% of specific mortality (Snyder et al., 1988). These viruses did
not cause characteristic clinical signs of infection, but had major immunosuppressive
potential. They were termed ‘variant’ because they could cause infection in chicks with an

antibody titre normally considered protective. Immunisation against the 13 variant strains and
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their six sub-groups has required the development of specific vaccines (Giambrone and

Glosser, 1990; Miiller et al., 1992).

In 1987, high mortality rates of 50% to 60% in laying hens and 25% to 30% in broilers were
observed in Europe (Chettle ef al., 1989; van den Berg ef al., 1991) and subsequently in Japan
(Nunoya et al., 1992). These hypervirulent strains (vvIBDV) caused up to 100% mortality in
SPF chickens. By 1989, the emergence of very virulent strains was being reported in Europe,
Asia, and South Africa. In South Africa specifically, IBDV was considered to be of relatively
low pathogenicity until mid 1989, when a very virulent strain appeared and spread rapidly
throughout the country. The disease caused havoc in the poultry industry for over two years,
having a very high specific mortality; up to 60% in Jayer pullets and up to 40% in broilers.
The introduction of early multiple vaccinations did little to raise a timeous serological
response in commercial broilers (Horner ez al., 1994). The vvIBDV strains are significantly
more pathogenic than the classical strains and are also capable of causing infection in chicks
with antibody titres normally considered protective (van den Berg and Meulemans, 1991).
No antigenic mutations of vwIBDV have been detected, hence these viruses are considered to
be pathotypic variants (van den Berg et al., 1991). The only valid criterion for classifying
such strains is virulence, based on mortality and bursal lesions caused in SPF chickens.
Increases in virulence appear unrelated to antigenic variation, and research continues in the
effort to determine specific virulence markers for vvIBDV, which have not yet been

identified.

1.3 Infectious bursal disease virus

1.3.1 Classification of IBDV

IBDV is the prototype member of the avibirnavirus genus of the family Birnaviridae (Dobos
et al., 1979, 1995), which encompasses at least five animal viruses. The generic name
describes the genetic complement of these viruses, where ‘bi’ signifies the double-
strandedness (ds) as well as the bisegmented nature of the genome and ‘rna’ indicates the
composition of the viral nucleic acid. Other Birnaviridae include the Aquabimaviridae,
namely infectious pancreatic necrosis virus (IPNV) of fish (mostly salmonids), tellina virus
and oyster virus of bivalve molluscs and the Entomobirnaviridae, namely Drosophila X virus
(DXYV) of the fruit fly, Drosophila melanogaster (Dobos et al., 1995). A new member of the
Agquabimaviridae, blotched snakehead virus, was recently isolated from a fish cell line (Riji

John and Richards, 1999). Morphological and physicochemical similarities between IBDV



and IPNV have been noted (Todd and McNulty, 1979), and it has been hypothesised that the
initial outbreaks of IBDV arose from mutation of an aquabirnavirus (Lasher and Shane,

1994). However, the origins of IBDV remain unclear.

Two serotypes of IBDV have been identified, namely, serotype 1, which is pathogenic for
chickens and serotype 2, which is apathogenic and has been isolated from chickens and
turkeys (McFerran et al., 1980). The two serotypes are differentiated in vitro by the absence
of cross-neutralisation, and in vivo by the absence of cross-protection (Jackwood et al., 1982;
Ismail et al., 1988). In addition to this serological classification, viral strains are also
classified according to virulence. IBDV may thus be considered apathogenic, attenuated
(vaccine strains), classical virulent, variant or hypervirulent/very virulent. Serotype 2 strains
cause neither mortality nor bursal lesions and are consequently termed apathogenic or
avirulent. With reference to serotype 1 strains, there is some inconsistency in descriptions of
viral virulence. In particular, the term ‘hypervirulent’ has been used to describe vvIBDV
from Europe and variant IBDV from the United States, although the latter have only a 5%
specific mortality. In the extensive world trade environment, preservation of food safety and
security s of extreme importance. It is significant to note that antigenic variant viruses have
only been identified in North America (Jackwood and Sommers, 1999) and that very virulent
strains of IBDV have been found in Europe, Asia, and South Africa. No vwIBDV strains have
thus far been identified in the Americas or Australasia and it is certain that these countries

will exercise great care to ensure this.

1.3.2 Host range, susceptibility factors and transmission

Only chickens (Gallus gallus) develop IBD after infection with serotype 1 viruses. However,
signs of IBDV infection have been found in wild birds (Nawathe et al., 1978; Motohiko et al.,
1998; Wilcox et al., 1983), including Antarctic penguins (Gardner et al., 1997) and ostriches
(Cadman et al., 1994). Wild flocks associating with birds farmed in commercial concerns

could possibly act as reservoirs of infection and mutation of virus.

Young chickens aged between three and six weeks are maximally susceptible to IBDV
infection.  This corresponds to the period of maximum bursal development, during which
acute clinical signs are observed. If dams are inoculated against the virus, excellent passive
protection is provided by maternal antibodies against immunosuppression, bursal lesions and
mortality. The half-life of such antibodies varies between three days (for broilers) and five

days (for laying hens) (DeWit, 1999). Consequently, if antibody titre of chicks is known at



hatch, the precise time of maximum flock susceptibility can be determined, which is essential
for effective vaccination (Lucio and Hitchner, 1979). Infections occurring prior to three
weeks of age are normally subclinical and immunosuppressive (Winterfield et al., 1972; Allan
et al., 1972), but clinical cases may be observed up to the age of 16 to 20 weeks (Okoye and
Uzoukwu, 1981). Light strains of laying stock are more susceptible to disease than the heavy

broiler strains (Bumstead et al., 1993).

IBDV is transmitted horizontally (between individuals) and infection is acquired via the oral
or respiratory route. Infected chickens excrete the virus in faeces as early as 48 h after
infection and may transmit the disease by contact over a 16-day period (Winterfield et al.,
1972). The virus is transmitted by direct contact with excreting subjects, or by indirect
contact with contaminated materials. Although no vectors have been specifically described,
evidence exists to indicate the presence of IBDV in mosquitoes (Howie and Thorsen, 1981)
and the virus has been isolated from lesser mealworms (McAllister et al., 1995). IBDV is
extremely resistant to the outside environment (Section 1.3.3.2), which enhances the potential
for direct transmission. The virus can survive for four months in contaminated bedding and
premises (Benton et al., 1967) and up to 56 days in lesser mealworms (McAllister et al.,
1995). Without effective cleaning, disinfection and insect control, the resistance of the virus

causes persistent contamination of infected farm areas.

1.3.3 Viral characteristics

1.3.3.1 Morphology

Electron microscopy of negatively stained IBDV has shown that the virus is a non-enveloped,
single shelled particle with a diameter of 60 to 65 nm, with capsid architecture based on a
skewed (right handed) T=13 icosahedral lattice (Ozel and Gelderblom, 1985). Recent
electron cryomicroscopy of unstained specimens combined with computer image processing
has confirmed the T=13 lattice structure, with trimer clustering of subunits (Bottcher et al.,
1997). The relative arrangement of external trimers produces a honeycomb pattern on the
surface of the virus, whereas the trimers on the internal surface are triangular or Y-shaped and
pack more closely to form a nearly continuous shell (Bottcher et al., 1997). The virion has no

lipid content (Dobos et al., 1995).



1.3.3.2 Physicochemical properties

The relative molecular mass (M;) of a virion is about 67 x 10° (x13%) (Dobos et al., 1979),
and its buoyant density in CsCl is 1.33 g.ml™ (Dobos et al., 1995). IBDV has a sedimentation
rate of 4608 in sucrose gradients (Todd and McNulty, 1979).

Contributing significantly to the commercial importance of IBDV as a pathogen is its
remarkable stability and its persistence in poultry houses even after thorough cleaning and
disinfection (Lukert and Saif, 1991). It is more resistant than reoviruses (which also have a
segmented dsRNA genome) to heat, ultraviolet radiation and photodynamic inactivation
(Petek et al., 1973) and is resistant to ether and chloroform. Cho and Edgar (1969) found that
IBDV retained almost 100% infectivity after exposure to 60°C for 90 min. A recent study has
shown that reduction of viable virus was ~99% after 1 min at 71°C, but that the time to
completely inactivate IBDV in virally inoculated poultry products at 71°C and 74°C internal
cooking temperatures was greater than 6 min (Mandeville et al., 2000). It is highly pH-
tolerant, stable at pH 2.0 and only inactivated at pH 12.0 and also resists exposure to
thiomersal (0.125% m/v) (Benton et al., 1967). The virus can be inactivated by exposure
(1 h) to phenol (1% m/v) or cresol (1% m/v) (Cho and Edgar, 1969) and its infectivity 1s
markedly reduced by 6-hour exposure to 0.5% (v/v) formaldehyde (Benton et al., 1967) or by
1-hour exposure to 1% (v/v) formaldehyde (Cho and Edgar, 1969). In the context of tissue
culture, IBDV replication in chicken embryo fibroblast (CEF) cells is highly sensitive to
actinomycin D (Petek ef al., 1973; Miiller and Becht, 1982).

1.3.3.3 Nucleic acid composition and properties

The dsRNA genome of serotype 1 IBDV consists of equimolar amounts of two segments of
RNA, approximately 3.3 and 2.8 kilobases (kb), which are referred to as segments A and B
respectively (Miiller et al., 1986; Kibenge et al., 1990; Mundt and Miiller, 1995). The M,
values of segments A and B are 2.2 X 10% and 1.9 x 10° respectively (Miiller and Nitschke,

1987a). Segments A and B of serotype 2 viruses are both smaller than their serotype 1

counterparts, by about 70 and 20 base pairs (bp) respectively (Becht et al., 1988).

Properties of IBDV RNA consistent with double-strandedness include: resistance to

ribonuclease (RNAse) degradation at high salt molarity (Spies et al., 1987), a buoyant density

of 1.62 g.ml" in Cs,SO, gradients, a melting point of 95.5°C in the presence of RNAse, a

base composition reflecting the pairing of adenine and uracil as well as guanine and cytosine
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(Miiller et al., 1979), precipitation from 4 M- but not 2 M- LiCl and staining green with
acridine orange (Azad et al., 1985).

The IBDV genome segment A encodes a 110;kDa polyprotein (VPX-VP4-VP3) in a large
open reading frame (ORF), designated ORF Al (Hudson ez al., 1986; Spies et al., 1989). The
polyprotein is cleaved autocatalytically to yield the individual viral proteins (VP), termed
VPX (~48 kDa), VP4 (~28 kDa) and VP3 (~32 kDa) (Miiller and Becht, 1982; Azad et al,,
1985, 1987; Hudson et al., 1986). VPX (also known as pre-VP2, pVP2 or VP2a) undergoes a
second, independent, and as yet undefined proteolytic processing step to yield VP2 (~40 kDa)
(Kibenge et al., 1997). Segment A also contains a second ORF (ORF A2), which precedes
and partially overlaps the polyprotein coding sequence and encodes VP5 (~21 kDa) (Spies et
al., 1989; Mundt et al., 1995). The smaller genome segment B contains a single ORF
encoding VP1 (~90 kDa) (Morgan et al.,, 1988). (See Figure 1-1 for a diagrammatic
representation of these details of structure and processing). Synthetic transcripts of IBDV
dsRNA derived from cloned cDNA can give rise to replicating virus in Vero cells and chicken
embryo cells, as demonstrated by Mundt and Vakharia (1996).

T ORF At T
Segment A T sl 1T vex | vpa | vpa Segment B VP
(dsRNA) ! (dsRNA) 1
l— ORF A2 —l
l Translation l Translation
VPS5 VPX VP4 VP3 VP1
“WAANAN 21 kDg INAAANSANAANSAAANAN 110 KDa —~ AN~ 90 kDa
Autocatalytic
cleavage
VPX VP4 VP3
NMAANN VMNANN AVAAAN
48 kDa 28 kDa 32 kDa
Undefined
processing
VP2
“MANNAN
40 kDa

Figure 1-1. Schematic diagram of IBDV genome and production of viral proteins.
See text for details.



1.3.3.4 IBDV proteins

a). VP1, putative RNA polymerase.
Evidence strongly suggests that this protein is the RNA-dependent RNA polymerase (RdRp),
which transcribes single-stranded (ss) RNA from viral dsSRNA (Spies et al., 1987; Morgan et

al., 1988; Koonin, 1992). This process is a prerequisite for replication of dsRNA viruses.
The protein has been shown to exist in two size forms, namely 95 kDa and 90 kDa, which
may have a precursor-product relationship (Miiller and Becht, 1982; Jackwood ez al., 1984,
Tacken et al., 2000). This virion-associated enzyme has been reported for the birnaviruses

IPNV and DXV (Mertens et al., 1982; Dobos, 1995a; Bernard and Petitjean, 1978).

Lombardo et al. (1999) and Tacken et al. (2000) have recently shown a relatively strong and
specific interaction between VP1 and VP3, and proposed that this interaction may have a
bearing on the regulation of viral RNA synthesis, or be part of the replication apparatus. It is
likely that VP1-VP3 complexes are present in mature virions since the timing of their release
into the culture medium (Tacken et al., 2000) is consistent with the release of extracellular
progeny virus particles (Petek et al., 1973). A role of this nature has been mooted for the
interaction between RARp and coat protein of the tobacco mottling vein virus (Hong et al.,
1995), and a similar interaction in alfalfa mosaic virus (Quadt et al., 1991) has been shown to
constitute coat protein inhibition of mjnus—st.rand synthesis by the RdRp. Altemnatively, it has
been suggested that the interaction may be concerned with viral assembly or encapsidation, as
is the case for hepatitis B viruses, where an interaction between the viral polymerase and
capsid protein is required for encapsidation of pre-genomic RNA (Ziermann and Ganem,

1996).

VP1 is present as free polypeptide and as a genome-linked protein (termed VPg) within
virions, where it forms proteinaceous knobs tightly bound to the ends of both segments A and
B (Miiller and Nitschke, 1987b). Each genome segment is in fact circularised by these
structures (Miiller and Nitschke, 1987b). Xiang et al. (1998) have also reported an interaction
between a VPg, which is covalently linked to the genomic RNA of poliovirus, and the viral
polymerase. They suggest that a direct interaction between these molecules is involved in the
mechanism of initiation of viral RNA synthesis, which may also be the case for the VPg and
VP1 of IBDV. Tt has also been suggested that this process may involve two VP1 molecules in

birnaviruses, one serving as a primer and the other for polymerase chain elongation (Dobos,
1995a).



10

b). VP2, capsid protein.

The existence of an intermediate processing product which is a precursor of VP2 has been

documented and designated VPX, pVP2 or VP2a. Details of this processing have not been
defined, but it does not involve cellular proteases (Kibenge et al., 1997) and the efficiency of
the proteolysis required appears to be dependent on the strain of IBDV (Becht, 1980; Miiller
and Becht, 1982). Since VP2 does not accumulate intracellularly, as the other viral proteins
do, post-translational modification of VPX into VP2 probably occurs during or after virus
assembly (Miiller and Becht, 1982). Kibenge et al. (1999) have recently shown that
processing of VPX to VP2 is not necessary for capsid assembly, and that it probably only

occurs as a capsid maturation cleavage.

VP2 is a glycosylated structural protein that contains at least two to three closely linked
antigenic sites capable of inducing virus-neutralising antibodies in chickens (Becht et al.,
1988; Fahey et al., 1991; Oppling et al., 1991a). This suggests that it is at least partially
exposed to the outer surface of the capsid. It is the main host protective antigen (Azad et al.,
1987; Becht et al., 1988; Fahey et al., 1989). The immunodominant neutralising epitope is
conformationally dependent and is located in the so-called ‘hypervariable’ region, a
145-amino acid section of VP2 between residues 206 and 350 (Azad et al., 1987, Bayliss et
al., 1990). This region displays the greatest amount of amino acid sequence variation
between IBDV serotypes 1 and 2 and among subtypes of serotype 1 (Bayliss et al., 1990;
Heine et al., 1991; Vakharia et al., 1994).

VP2 is also a potent apoptotic inducer; expression of VP2 triggers programmed cell death in a
wide variety of mammalian cell lines (Fernandez-Arias et al., 1997). However, it remains to
be established whether VP2 is the factor responsible for the virus-induced apoptosis of the

bursa which accompanies IBDV infection.

¢). VP3, capsid protein.

In addition to the 32 kDa form of VP3, two smaller forms are also often detected at ~30 kDa
and ~27 kDa, clearly illustrated by the use of anti-VP3 monoclonal antibodies by Tacken et
al. (2000). These forms are frequently seen in IBDV-infected cells but are usually ignored or
confused with VP4, In IPNV, one such form has been designated VP3a (Dobos, 1995D).

This structural protein is the other constituent of the proteinaceous capsid of IBDV. It

contains a very basic carboxy-terminal region that might interact with the packaged RNA and
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is therefore expected to be on the inner surface of the capsid (Hudson et al., 1986). VP3 is
highly immunogenic and the initial antibody response following infection with live IBDV or
injection with inactivated vaccine is directed against it (Fahey et al., 1985). VP3 contains
group-specific antigen sites (Becht ez al., 1988; Oppling et al., 1991b), and minor neutralising
epitopes (Jagadish and Azad, 1991; Whetzel and Jackwood, 1995) which inhibit virus
attachment to susceptible cells (Reddy et al., 1992).

d). VP4, putative protease.

VP4 has often been described as a minor virion component because it has been detected 1n
purified virions prepared by a variety of methods (Kibenge et al., 1988). However, Granzow
et al., (1997) used immunocytochemical techniques to show that VP4 may not be a
constituent of mature virions, and that its presence in virion preparations is due to
contaminating VP4-containing tubules. These tubules are present in purified IBDV virion
preparations as well as in IBDV-infected cells, where they have intracytoplasmic and
intranuclear locations. It should be noted that antibodies directed against chicken tubulin,
VP2 and VP3 did not label the tubules at all. The function of the tubules is unclear, as is the
mechanism for their intranuclear location; VP4 has no obvious nuclear localisation signal
(Gérlich and Mattaj, 1996). A possibility that presents itself is that these tubules may form a
structure analogous to that of the multi-catalytic protease, although the cleavage it may be

responsible for is unclear.

Hudson et al. (1986) first proposed that IBDV had monocistronic segments from which a
precursor polyprotein was synthesised. Processing of this precursor into mature viral proteins
even when synthesised as a fusion protein in Escherichia coli led these researchers to further
propose that the polyprotein was proteolytically processed in vive. They also suggested that
the 28-kDa viral protein might have a role to play in this processing. From size estimates of
the viral proteins, Hudson et al. (1986) estimated that the N-terminus of VP4 was within
residues 441-542 and that of VP3 was within residues 710-740. Examination of the deduced
amino acid sequences in these regions revealed dibasic Arg-Arg and Lys-Arg residues at sites
452/453 and 722/723 respectively. Proteolytic cleavage has been shown to occur commonly
at pairs of dibasic residues during processing of certain peptide hormone precursors and
plasma proteins (Douglas et al., 1984; Schwartz, 1986), as well as yeast a-factor and killer
toxin peptides (Julius et al., 1984; Bathurst et al., 1987). Hence these dibasic residues

became proposed cleavage sites for the viral protease.
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Hudson et al. (1986) had also noticed that within and close to the proposed protein
boundaries, the sequence Ala-x-Ala-Ala-Ser (AxAAS, where x is any amino acid) was
repeated three times between residues 483-503 and also appeared at residues 752-756.
However, the cleavage potential of the AXAAS motif was unknown and no homology of this
structure to any cleavage sites could be found in protein databases at the time. In IPNV, a
sequence spanning the C-terminus of VP2 (Manning and Leong, 1990) can be aligned with
the triple AXAAS motif (Heppell et al., 1993) in the form of two well-conserved copies of the
sequence Ala-Ala-Gly-Gly-Arg-Tyr.

Subsequent deletion-expression studies utilising bacterial expression of the IBDV polyprotein
gene showed that the only deletion mutants affecting processing were those in which large
N-terminal portions of VP4 were deleted (Azad et al., 1987). Expanding these investigations,
Jagadish et al. (1988) engineered site-specific deletions, insertions and base substitutions
within the polyprotein gene to assess their affect on processing, all of which indicated the
involvement of VP4. Jagadish et al. (1988) also directed mutagenesis to change the dibasic
722Lys-Arg723 pair to the non-basic 722Ile—.Cys723 residues.  Unfortunately, monocldnal
antibodies (mAbs) directed against VP3 failed to detect any VP3 at all when the products
were assessed, and thus the effect of this change on the VP4-VP3 junction was unknown.
Results using mAbs specific for VP2, however, suggested that this change had in fact
inhibited cleavage at the VP2-VP4 junction, perhaps by inducing a conformational change.

Brown and Skinner (1996) pointed out that significant homologies had still not been found
between the VP4 sequence and that of any known protease (Koonin, 1992; Dougherty and
Semler, 1993). However, as Koonin (1992) had alluded to ‘marginal similarity to serine
protease active centres’, Brown and Skinner (1996) carefully examined and compared
deduced amino acid sequences of VP4 and proposed that >**His, 589Asp and “*Ser were
candidate IBDV residues for a serine protease catalytic triad. Spacing between the residues
and sequences around the proposed active-site aspartate and serine residues are consistent
with that observed in viral and cellular serine proteases (Chambers et al., 1990) and
components of the catalytic triad are found in IPNV in similar contexts and positions (Brown
and Skinner, 1996). Recently, researchers in France have made further advances in the

characterisation of VP4, Using site-directed mutagenesis, they have shown the

indispensability of a serine-lysine catalytic dyad for VP4 activity in both IPNV (Ser™”,

674,

Lys™""; Petit et al., 2000) and IBDV (Serm, Lysm; Lejal et al., 2000). These two residues
are conserved in the VP4 sequences of IPNV, all strains of IBDV and DXV (Lejal et al.,
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2000). They propose that the active site lysine acts as a general base in the activation of the
nucleophilic active site serine. Catalytic dyads of this nature have been characterised from
prokaryotic serine proteases and hydrolases and from a yeast mitochondrial inner membrane
protease (Lejal et al., 2000).

"GxxxxG) downstream of the

Brown and Skinner (1996) also demonstrated that a motif (
putative active site in IBDV and IPNV showed conservation with the substrate binding sites
of the serine proteases of tick-borne encephalitus virus and flavivirus and of trypsin. In VP4,
however, the motif is much further removed from the putative active site (48 or 49 residues)
than for the other proteases (12 to 17 residues) (Brown and Skinner, 1996). In continuing
deletion-expression studies, removal of the putative substrate-binding site by deleting 36
amino acids (residues 686-722) from VP4 abolished cleavage of the VPX-VP4 junction
(Kibenge et al., 1997). This is in agreement with observations for IPNV where the
non-structural protein (NS, IPNV term for VP4) active site for cleavage at the VPX-NS
junction was reported to reside in the C-terminal 32-35 amino acid residues of NS (Duncan et
al., 1987; Magyar and Dobos, 1994). Proteolytic activity was also lost at the VP4-VP3
junction by deletion of 70 amino acids (residues 454-524) from the predicted VP4 N-terminus
(Kibenge et al., 1997). Previous work (Jagadish ez al., 1988) had suggested that amino acid
residues 535-597 of the IBDV polyprote'm were essential for cleavage at the VP4-VP3

junction, and Kibenge et al. (1997) extended these sequences even closer to the predicted VP4

N-terminus.

However, Sinchez and Rodriguez (1999) have recently carried out a systematic search for the
proteolytic processing sites based on the analysis of protein products accumulated after
transient expression of mutant forms of the polyprotein. The expression system utilised an
inducible recombinant vaccinia virus able to infect mammalian cells (African green monkey
kidney epithelial BSC-1 cells, Ferndndez-Arias et al., 1998). They have shown by deletion
and site-directed mutagenesis that in fact *'LAA’"® and "*MAA” are the sites essential for
the processing of the VPX-VP4 and VP4-VP3 precursors respectively, with the proposed
scissile bond between the alanine residues. The latter has the AXAAS motif proposed as an
alternative cleavage site (Hudson et al, 1986; Brown and Skinner, 1996) and it was
determined that the specificity of this cleavage is dictated by the conserved AA dipeptide. A
second, minor processing site for the VPX-VP4 site lies within the 19-amino acid stretch

containing the triple AXAAS sequence (residues 485-503). Further site-directed mutagenesis

replacing both **RR** and "2KR" with a neutral Ala-Gly peptide confirmed that these
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dibasic pairs are not essential for polyprotein processing (Sénchez and Rodriguez, 1999). The
recent research of Lejal et al. (2000) has defined the IBDV cleavage motif as
(Thr/Ala)—x-Alzi 1 Ala-(Ser-Gly), which is not fully conserved for the cleavage sites of IPNV
and DXV. It appears that although their cleavage site motifs have strong similarities, the VP4

proteases of birnaviruses are species-specific (Lejal et al., 2000).

Hence, although a direct demonstration with purified protease is still lacking, various
expression studies in E. coli (Jagadish et al., 1988; Lejal et al., 2000), yeast (Jagadish et al.,
1990), insect cells infected with baculovirus (Vakharia et al., 1993) and mammalian BSC-1
cells infected with vaccinia virus (Fernindez-Arias et al., 1998; Sédnchez and Rodriguez,
1999) all strongly indicate that proteolytic processing of the 110-kDa IBDV polyprotein is
carried out by VP4, in what appears to be a co-translational event. VP4 is the focus of this
investigation and will be discussed further in Section 1.5 in terms of its significance to this

study.

This information on VP4 is correct at the time of writing, however, when the experimental
parts of this investigation were planned and executed, not all of this information was
available. Hence knowledge of the formation of tubules by VP4 and the precise location of
active site and cleavage site residues may well have altered some of the experimental

approaches taken.

e). VP3, function unknown.
The non-structural VP35 has only been detected in IBDV-infected cells, namely cultured CEFs

and infected bursal tissue (Mundt et al, 1995). VPS5 proved non-essential for IBDV
replication in cell culture (Mundt et al., 1997), but appears to play é role in viral pathogenesis;
a virus deficient in VPS5 can replicate in the bursa of inoculated chickens but does not induce
bursal lesions (Yao et al., 1998). Deduced amino acid sequence reveals a highly basic,
cysteine-rich nature for VPS5 and conservation of these positions among strains (Mundt et al.,
1995). A 17-kDa protein that is probably virion-associated has also been found in IPNV
(Havarstein et al., 1990), but has not been correlated with IPNV ORF A2 and has limited
homology with IBDV VPS