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ABSTRACT
Phylogenetic Studies of the United States Bluetongue

Viruses and Characterization of the

Viral VP4 Protein

by

I-Jen Huang, Doctor of Philosophy
Utah State University, 1996

Major Professor: Dr. Joseph K.-K. Li
Department: Biology (Molecular Biology)

Bluetongue virus (BTV) is transmitted by arthropod
vectors and causes bluetongue disease with serious economic
loss 1n many regions of the world. The replication mechanism
of bluetongue virus is still not clear. To have a better
understanding regarding the viral replication, the function
of each individual protein has to be identified. This study
used molecular biology techniques to investigate the function
of the inner core protein VP4.

The M1 genes of United States bluetongue virus
serotypes-2, -10, -11, -13, and -17 were cloned and
sequenced. The length of each of the five M1 genes is 1981

nucleotides. The coding region of the M1 gene, which encodes

the VP4 protein, possesses an open reading frame with an




Ly
initiation codon (ATG) at nucleotides #9-11 and a stop codon
(TAA) at nucleotides #1941-1943. This open reading frame
encodes a protein of 644 amino acid residues with a predicted
molecular weight of about 75 kDa. A potential leucine zipper
motif was detected near the carboxyl terminus of the deduced
VP4 amino acid sequence. The phylogenetic analysis of
bluetongue viruses using the sequences of these five cognate
M1l genes 1is consistent with the results of previous
phylogenetic studies. Serotypes-10, -11, -13, and -17 are
closely related and serotype-2 is the most distantly related
among the five US BTV serotypes.

Heterologously expressed bluetongue virus VP4 protein
was purified to near homogeneity. Six linear epitopes of
VP4 were mapped at both termini and in the middle of the
protein. By using enzyme-linked immunosorbent assay and
peptide competition assay, six linear epitopes were found
to be surface accessible. The VP4 protein was shown to be
an oligomer by éhemical cross-linking. VP4 protein was
identified as a ssRNA-binding protein. The VP4 protein has
binding activity towards both capped and non-capped ssRNA.
RNA-binding activity was not specific to BTV ssRNA. A
leucine-zipper motif of VP4 is not required for RNA-binding

activity. One RNA-binding domain was mapped between amino

acid residues #112-158 by a Northwestern assay and by




deletion mutant analysis. Using sequence-specific
synthetic peptides corresponding to VP4 in the arginine-
and lysine-rich regions, four potential ssRNA-binding

domains of VP4 protein were mapped.

(190 pages)
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CHAPTER I

LITERATURE REVIEW AND PROJECT OUTLINE

INTRODUCTION

Bluetongue viruses

In the early twentieth century, Spreull (1905)
described an animal disease that he believed to be found in
South Africa only. The infected sheep had high fever
lasting for 5 to 7 days followed by conspicuous lesions
that emerged in the mouth. The tongue was severely
affected and became dark blue. Spreull proposed
"bluetongue" as the name of this disease. This disease was
later found in both domestic animals (sheep, goat, cattle,
etc.) and in wild ruminants (blesbuck, elk, etc.) in most
parts of the world. Bluetongue disease is an infectious,
noncontagious, arthropod-borne viral disease, mostly of
sheep (Erasmus, 1975). The disease can occur, clinically,
as an acute, subacute, mild, or inapparent disease. In
domestic sheep and white-tailed deer (Odocoileus
virginianus), clinical signs occur rapidly within a short
viral incubation. Goats, cattle, elk (Cervus elaphus

canadensis), and other wild ruminants develop subacute or

inapparent infections and are considered to have a longer

viremia (Sohn and Yuill, 1991). The first sign of the




bluetongue disease is that the infected animal’s body
temperature rises with an average duration of 5 to 7 days,
which may be transitory or continue for up to 14 days. In
most of the cases, hyperemia and swelling of the buccal and
nasal mucosa are observed at the time of temperature rise.
The mouth area will have lesions resulting in excoriation,
leaving bleeding, ulcerated lesions, which become infected
and often necrotic. During this time the infected sheep
develops lethargy and anorexia. Death may result from
lesions of the smooth muscle of the esophagus and
pharyngeal area and from heart failure (Marht and Osburn,
1986b). Abortion, fetal death, and congenital
malformations are also associated with bluetongue disease
(Luedke et al., 1977; Osburn et al,, 1971). The potential
danger of this disease was intensively discussed in an
international symposium on bluetongue in 1974. Geering
(1975) suggested that bluetongue disease was 1n an
epizootic situation and could cause a mortality rate up to
70% in a highly susceptible sheep population.

The bluetongue disease is caused by bluetongue virus
(BTV) classified in the Orbivirus genus of the family
Reoviridae (Borden et al., 1971; Murphy et al., 1971). The

viruses are transmitted among animals by insect vectors

such as the biting midges of the species Culicoides (Wirth
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and Dyce, 1985) and distributed to most parts of the world.

Orbivirus is designated for a group of viruses that are
spread by arthropods and have similar morphological
characteristics (Borden et al., 1971). The word “orbi”
means circle or ring, referring to the round-shaped surface
of this greoup of wviruses. This group ©f wviruses shares
similar morphological and physicochemical features within
the family Reoviridae, but there is not a common antigen to
all viruses in the Orbivirus genus (Borden et al., 1971;
Verwoerd et al., 1979). There are 14 serogroups in this
genus distinguished by complement fixation tests (Borden et
al., 1971; Karabatsos, 1985}, including African horse
sickness, bluetongue, changuinola, corriparta, epizootic
hemorrhagic disease, equine encephalosis, eubenangee,
lebombo, orungo, palyam, umatilla, wallal, warrego, and
kemerovo. Based on neutralization tests, there are 24
serotypes of BTV identified around the world, and only five
serotypes (BTV-2, =10, —-11, =13, and ~17) are found in
United States (US) (Barber, 1979; Mecham et al., 1986; Roy,
15897 .

Bluetongue virus is an icosahedral-shaped particle
consisting of a double-layered protein coat and has a 10-

segmented double-stranded RNA (dsRNA) genome (Verwoerd et

al., 1972). The double-layer viral protein coat contains
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two outer capsid proteins (VP2 and VP5) and five inner core
proteins (VPl, VP3, VP4, VP6, and VP]). Similar to
rotavirus and reovirus, BTV has concentric protein shells
and has no envelope. The negatively stained BTV virion has
a fuzzy appearance and a diameter of about 70 nm (Verwoerd
et al., 1972; Martin and Zweerink, 1972). It does not have
any discernible structure, although virus-derived cores
have icosahedral symmetry. Using cryoelectron micrographic
image analyses, the outer capsid has revealed a well-
ordered morphology, and it is different from those of human
rotavirus and reovirus (Prasad et al., 1988; Yeager et al.,
1990; Metcalf et al., 1991). From these images the
proteins of the outer capsid have two shapes; one 1is
globular and the other is sail-shaped (Hewat et al., 1992).
The sail-shaped spikes are predicted to be the
haemagglutinating protein VP2, which contains the virus-
neutralizing epitope. The globular-shaped protein is more
likely to be VP5. The structure of the inner core has been
examined by cryoelectron microscopy to a resolution of 30A.
The inner core has a diameter of 69 nm, and it contains 260
copies of VP7 trimers and 120 copies of VP3 (Burroughs et
al., 1995). The crystal structure of the inner core was

recently grown up to 0.8 mm in diameter. The dimensions

are 754 x 796 x 823 A3 (Burroughs et al., 1995). The second




layer of the inner core contains the remaining three minor
proteins (VP1l, VP4, and VP6) and the genomic dsRNA. A loss
of infectivity is found after one or two of the outer
capsid proteins are removed. Both divalent and monovalent
cations are able to destabilize the outer capsid layer
(Huismans et al., 1987c). The inner core particles are
stable at a pH as low as 5, and the virions are the most
stable at the pH range of 8 to 9. BTV virions are also
stable in nonionic detergent and in lipid solvents

(Huismans et al., 1987c; Mertens et al., 1987; Verwoerd et

al,, 1979y .

Verwoerd and his colleagues (i970) separated the
genome of BTV into 10 segments using polyacrylamide gel
electrophoresis. The electrophoretic pattern of the
genomic RNA segments is quite different from that of
reovirus, and the molecular weight of the BTV genome 1s
estimated to be 19 x 10° Da (Fukusho et al., 1989).

Most dsRNA segments of the five US BTV serotypes have
been cloned and sequenced recently. The length of segment
ranges from 3944 to 822 base pairs (bp). The lengths of
the corresponding dsRNA segments of each serotype of BTV
are identical or very similar, and their sequences of

cognate genes are all highly conserved. A sequence of six

nucleotides at the 5’-and 3’- end of all BTV dsRNA segments




is conserved; however, the significance of this sequence
conservation is still unknown. The migration profiles of
the genomic dsRNA segments on a polyacrylamide gel are
different for each BTV serotype. This characteristic can

be used to distinguish different serotypes of BTV

diagnostically.

Viral proteins

Each of the 10 segments of the viral genome except the
S4 gene codes for one polypeptide (Grubman et al., 1983;
Sanger and Mertens, 1983; Roy, 1989; Evans-Wade et al.,
1992). The double-layer viral protein coat contains two

outer capsid proteins (VP2 and VP5) and five inner core

proteins (VPl, VP3, VP4, VYP6, and WVP7). Four nonstructural

proteins (NS1, NS2, NS3, and NS3A) have also been detected
in BTV-infected cells (Hyatt et al., 1991) and by in vitro
translation (Grubman et al., 1983; Mertens et al., 1984;
Van Dijk and Huismans, 1988). The viral structural
proteins from purified virions can be resolved by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) into
distinctive patterns for each serotype. Thus, each
serotype of BTV can be distinguished by comparing the

electrophorogram patterns in addition to the neutralization




assay. The following are the known characteristics of

these viral proteins.

VPl protein

VP1l, the largest protein of BTV, is one of the minor
inner core proteins and is coded by the L1 gene. Only six
copies of VPl are potentially present in each virion
(Huismans and Van Dijk, 1990). The L1 gene has 3944
nucleotides (Huang et al., 1995) and is highly conserved
among five US BTVs. VPl is a highly basic protein with a
positively charged carboxyl terminus. The molecular weight
of VPl is estimated to be 150 kDa from the deduced amino
acid sequences (Huang et al., 19995).

The deduced amino acid sequence of VPl has about 30%
identity with those of some of the prokaryotic and
eukaryotic polymerases such as the beta-chain subunits of
Escherichia coli (E. coli) and Saccharomyces cerevisiae RNA
polymerase, respectively (Roy et al., 1988). By using the
cell lysate of Spodoptera frugiperda (SF) cells infected
with a recombinant baculovirus expressing the VPl protein,
labeled ATP was incorporated into the poly(U)-templates,
indicating that VPl is a potential BTV RNA polymerase

(Urakawa et al., 1989). However, there is no report of

using purified BTV VPl for the polymerase activity assay,




yet. Recently, four of the linear epitopes were mapped at

amino acid residues #42-55, #459-473, #881-903, and #1251-
1274 (Huang et al., 1995) using oligoclonal antibodies

produced in rabbits.

VP2 protein

VP2 protein is a major component of the outer capsid
of BTV. It is the serotype-specific antigen, and can
elicit neutralizing antibodies (Huismans and Erasmus, 1981;
Kahlon et al., 1983). It is also the protein responsible
for the hemagglutination of red blood cells (Cowley and
Gorman, 1987). The segment coding for VP2 is the L2 gene
(Verwoerd et al., 1972). The lengths of L2 genes of the
five US BTVs are slightly different; 2943 bp in BTV-2
(Yamaguchl et al., 1988), 2923 bp 1in BTV=17, 2835 bp in
BTV-13, and 2926 bp in both BTV-10 and -11 (Purdy et al.,
1985). The molecular weight of VP2 is about 111 kDa, and
there are 180 copies of VP2 per virion, calculated by
cryoelectron microscopy (Hewat et al., 1992). The deduced
amino acid sequences of VP2 vary considerably among all
serotypes. Peptide mapping 1is further evidence that VP2 1is
unique for each of the US serotypes (Mecham et al., 1986).

However, each has a highly conserved carboxyl terminus,

middle region between amino acid #360-367 (NPYPCLRG), and




six conserved cysteines. These conserved regions may be
responsible for VP2 maintaining its overall structure or
may be required for interactions with other viral proteins.
The residue variability for cognate VP2 reflects the role
of this protein in serotype-specific neutralizing antibody
production. VP2 purified from SDS-PAGE was not able to
elicit neutralizing antibodies. However, recombinant VP2
expressed in insect cells was able to produce neutralizing
antibodies (Inumaru and Roy, 1987), indicating that the
neutralizing epitopes could be conformational. Hwang and
Li (1993) have mapped some of the potential neutralization
epitopes of BTV-2 (amino acid residues #397-408 and #428-
442), BTV-10 (amino acid residues #199-213 and #248-265),
BTV-11 (amino acid residues #82-94 and #310-321), and BTV

17 (amino acid residues #31-43 and #444-464).

VP3 protein
VP3 protein is one of the major inner core proteins.

It is encoded by the L3 gene (2772 bp in length) and is
highly conserved among serotypes (Hwang et al., 1994). It
_has been shown to contain a serogroup-specific antigen
(Huismans and Erasmus, 1981), similar to VP7. From the
analysis of the deduced amino acid sequences, VP3 has a low
content of charged amino acids and a high content of

hydrophobic amino acids (Hwang et al., 1994). The
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molecular weight of VP3 1is about 103 kDa with a pI of 6

(Hwang et al., 1994), and there are 120 copies of VP3 per
virion (Burfoughs et al., 1995). It exists as a dimer that
forms a scaffold upon which the trimers of VP7 reside.

When VP3 and VP7 (the two major inner core proteins) were
co-expressed in a baculovirus expression system, the
formation of a viral core-like particle (CLP) was found
(French and Roy, 1990). It was concluded that the assembly
of the inner core does not require the presence of other
viral proteins nor the whole viral genome (French and Roy,
1990) . The methionine at residue #500 and the arginine at
residue #502 of VP3 were found to be required for the CLP
formation (Tanaka and Roy, 1994). The CLP formed by VP3
and VP7 was shown to bind BTV and non-BTV single-stranded
RNA (ssRNA) and also DNA. The binding activity was shown

to reside on VP3 (Loudon and Roy, 1992).

VP4 protein

VP4 is one of the minor inner core proteins. An
estimated 5 to 10 molecules are present per virion
(Huismans and Van Dijk, 1990). The molecular weight of
this protein is about 75 kDa. The segment encoding VP4 is
the M1 gene. It has the shortest 5’-noncoding region among

all BTV genes. Hybridization studies indicated that the

sequences among BTV are highly conserved. VP4 of BTV-10
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has a high content of charged amino acids (Yu et al.,
1987), which is common in many of the nucleic acid binding
proteins. The function of VP4 is still unknown. 1In a
recent study (Le Blois et al., 1992), VP4 has exhibited
GTP-binding activity in both purified virions and cell
lysate containing recombinant VP4 expressed in a
baculovirus expression system. The 5’ ends of the mRNAs of
BTV are believed to be capped and methylated during
transcription, like reovirus and rptavirus; however, it has
never been experimentally demonstrated. Due to the GTP-
binding activity of VP4, it is the prime candidate for the

guanylyltransferase of BTV.

VPS5 Protein

The segment coding for VPS5 protein is the M3 gene
which has 1638 bp, with an open reading frame that can code
for 526 amino acids. The molecular weight of this protein
is about 59 kDa (Purdy et al., 1986; Hirasawa and Roy,
1990; Oldfield et al., 19%1; Yang and Li, 1992). Along
with VP2, VP5 is another major outer capsid protein of BTV.
VP5 is the only structural protein that is glycosylated
(Yang and Li, 1993). It was shown that VP5 can bind to

different types of lectins including Galanthus nivalis

agglutinin (GNA), Sambucus nigra agglutinin (SNA), Peanut




agglutinin (PNA), and Datura stramonium agglutinin (DSA)
but not Maackia amurensis agg;utinin (MAA) .

The functions of VP5 have not been determined. From
the deduced amino acid sequence analyses of the M3 gene, we
know that VP5 is very variable (Yang and Li, 1992), but not

as variable as the VP2 protein. VPS5 is enriched with non-

polar amino acids (such as isoleucine and alanine). Unlike

the VP2 protein, the VP5 protein cannot elicit
neutralization antibodies against BTV (Marshall and Roy,
1990) even though it is located in the outer capsid.
However, Huismans et al. (1983) showed that a mixture of
VP2 and VP5 induced a higher titer of the neutralizing
antibodies than VP2 alone.

Two antigenic epitopes of VPS5 were mapped (Yang et
al., 1992b). One linear epitope was identified between
amino acid residues #175-189. This epitope is common and
conserved in all five US BTV serotypes. The other epitope
was found to be conformational and located between amino

acid residues #33 to #215.

VP6 protein
VP6 is one of the minor inner core proteins with a
molecular weight of 35 kDa (Roy et al., 1990; Hwang et al.,

1992b). It is encoded by the S3 gene, which is 1049 bp in
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length (Fukusho et al., 1989; Hwang et al., 1992b). There

are approximately 37 copies of VP6 per virion (Huismans and
van Dijk, 1990). The sequences of S3 genes among BTVs are
highly conserved (Hwang et al., 1992b). A single, long ORF
of the S3 gene is identified in all five US BTVs (Hwang et
al., 1992b). This ORF encodes a 325-amino acid VP6 of BTV-
10, -11, -13, and -17. However, the ORF coding for BTV-2
VP6 is only 301 amino acids in length, which is 24 amino
acids shorter than others. This is due to a shift of an
initiation codon from nucleotides #28-30 to #100-102.
Sequence analyses of VP6 have revealed a common motif for a
helicase. The helicase activity may be involved in
unwinding the dsRNA genome for the mRNA synthesis.
However, no such activity has yet been found and reported.
Hayama and Li (1994) mapped six linear antigenic
epitopes.of VP6 at amino acid residues #35-46, #63-78,
#181-193, #200-209, #216-227, and #292—302. Four
additional conférmational epitopes were mapped recently
(Hayama and Li, manuscript in preparation). These epitopes
are conserved among all five US BTVs. By using recombinant
VP6 expressed in E.coli, Hayama and Li (1994 and manuscript
in preparation) have identified the nucleic acid binding
activity and domains of VP6. It has been shown that VP6

binds to ssRNA, ssDNA, dsRNA, and dsDNA. Two domains
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responsible for dsDNA and dsRNA-binding are mapped at amino
acid residues #181-209 and #292-302 near the carboxyl
terminus. Domains for the ssRNA- and ssDNA-binding were

also mapped at the same two locations (Hayama and Li,

manuscript in preparation).

VP7 protein

VP7 is the major inner core protein, with a molecular
weight of 38 kDa. The protein comprises 36% of the total
core proteins (Huismans et al., 1987c). It has serogroup-
specific antigenic determinants (Huismans and Erasmus,
1981; Gumm and Newman, 1982). The segment coding for VP7
is the S1 gene, which is 1156 bp in length. The S1 gene
has an ORF capable of coding for 349 amino acid residues.
The sequences of S1 genes and the deduced amino acid
sequence for each VP7 are highly conserved among all five
US BTVs. Only a single lysine residue is located at amino
acid residue #255 in VP7, determined from the deduced amino
acid sequence. By using endoproteinase lys-C to digest all
five US BTVs VP7 proteins, the presence of this single
lysine residue of VP7 was confirmed (Li and Yang, 1990).
VP7 is very hydrophobic, reflecting its location and
interior preference. However, Hyatt and Eaton (1988) and

Lewis and Grubman (1990) showed that monoclonal antibodies

against VP7 reacted with intact virions, and concluded that
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a portion of the VP7 extrudes to the surface of the BTV

virion. Similar results were obtained by immunoelectron
microscopy (Eaton et al., 1991). VP7 was clearly shown to
pe myristylated when BTV was purified from infected BHK-21
cells containing *H-myristic acids in the medium (Huang and
Li, unpublished observation). It seems that VP7 is the
only major myristylated structural protein of BTV. The
significance of this posttranslational modification is
still unknown.

Five linear antigenic epitopes were mapped at amino
acid residues #1-60, #207-240, #256-275, #339-349, and
#122-139 (Li and Yang, 1990; Wang ét al., 1996). These
epitopes were highly conserved among the VP7 proteins of
all five US BTVs. In addition to the linear epitopes, one
conformational and potential serogroup-specific
immunodominant epitope was identified at the N-terminus of
VP7 proteins between amino acid residue #30 and 48 (Wang et
al., 1994).

VP7 proteins exist in the inner core as trimers (780
copies per virion). Recently, VP7 was crystallized and
analyzed at 2.6 A resolution. In this study it was shown
that VP7 consists of two domains, one a BR-sandwich, the
other a bundle of a-helices, and a short carboxy-terminal

arm (Grimes et al., 1995). The carboxy-terminal arm is



predicted to tie the trimers together during capsid
formation. A new study has shown that VP7 proteins are
orientated with their N-terminus accessible on the surface
of the intact virion by immunoelectron microscopy (Wang et

al., 1996), although VP7 is one of the major inner core

proteins.

NS1 protein

There are four nonstructural proteins found in BTV-
infected cells. NSl and NS2 are the two major non-—
structural proteins, whereas NS3 and NS3A are barely
detectable. NS1 protein is synthesized in large amounts and

represents about 25% of the total virus-specified protein

in infected cells. It forms high molecular weight tubular

structures (Huismans, 1979; Huismans and Els, 1979). These
tubules are formed in the cytoplasm of BTV-infected cells
as early as 4 hr postinfection (Huismans, 1979) and before
the formation of the significant amounts of virus inclusion
bodies {(VIBs) and wviral progeny (Hyatt et al., 1989). From
electron microscopic studies of BTV-infected cells 1t was
evident that these tubules accumulate late in infection,
particularly in peri-orjuxtonuclear locations. The segment
coding for NS1 is the M2 gene, which is 1769 bp in length

(Lee and Roy, 1987; Grubman and Samal, 1989; Wang et al.,
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1989; Hwang et al., 1993). This gene has an ORF with a

coding capacity of 552 amino acids (64 kDa). From sequence
analyses, the nucleotide sequence identity of M2 genes
among five US BTVs is between 92 to 99%; the deduced amino
acid sequence identity of NS1 is between 96-99% (Hwang et
al., 1993). NS1 is rich in cysteine residues, and all 16
cysteines are conserved in the cognate NS1 proteins of
different BTV serotypes. This indicates the probability
that NS1 may have highly ordered disulfide bonds.

Two cysteines (amino acid residues #337 and 340)
located in a hydrophilic region of NS1 were found to be
required for tubule polymerization (Monastyrskaya et al.,
1994). In addition to these two cysteines, the first 10
amino acids in the amino-terminus and the 20 amino acids in
the carboxy-terminus are also required for the tubule
polymerization in insect cells that were infected by
baculovirus expressing recombinant NS1 (Monastyrskaya et
al., 1994). The mutated NS1 proteins in the infected
insect cells made ribbon-like structures instead of tubular
polymers.

Eaton et al. (1987) reported that NS1 was detected in

cytoskeleton-associated virus particles, purified virions,

and core particles; and suggested that viral morphogenesis




of BTV may proceed in this tubular structure composed of

NS1.

NS2 Protein
NS2 protein is the nonstructural protein that forms

VIBs in the cytoplasm of BTV-infected cells. It is the

only BTV protein that is phosphorylated (Huismans et al.,

1987b; Devaney et al., 1988). The segment that encodes for
NS2 is the S2 gene, which contains 1125 nucleotides (Yang
et al., 1992a) with an ORF coding for 354 amino acid
residues. The molecular weight of NS2 is about 41 kDa from
the deduced amino acid sequence. The protein is
hydrophilic and rich in charged amino acids. Two of the
linear antigenic epitopes were mapped at amino acid
residues #153-166 (DIRELRQKIKNERE) and #274-286
(EKVAKQIKLKDER) (Huang and Li, unpublished observation).
NS2 from BTV-infected cells (Huismans et<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>