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A lattice of VP7 trimers forms the surface of the icosahedral bluetongue virus (BTV) core. To investigate the
role of VP7 oligomerization in core assembly, a series of residues for substitution were predicted based on
crystal structures of BTV type 10 VP7 molecule targeting the monomer-monomer contacts within the trimer.
Seven site-specific substitution mutations of VP7 have been created using cDNA clones and were employed to
produce seven recombinant baculoviruses. The effects of these mutations on VP7 solubility, ability to trimerize
and formation of core-like particles (CLPs) in the presence of the scaffolding VP3 protein, were investigated.
Of the seven VP7 mutants examined, three severely affected the stability of CLP, while two other mutants had
lesser effect on CLP stability. Only one mutant had no apparent effect on the formation of the stable capsid.
One mutant in which the conserved tyrosine at residue 271 (lower domain helix 6) was replaced by arginine
formed insoluble aggregates, implying an effect in the folding of the molecule despite the prediction that such
a change would be accommodated. All six soluble VP7 mutants were purified, and their ability to trimerize was
examined. All mutants, including those that did not form stable CLPs, assembled into stable trimers, implying
that single substitution may not be sufficient to perturb the complex monomer-monomer contacts, although
subtle changes within the VP7 trimer could destabilize the core. The study highlights some of the key residues
that are crucial for BTV core assembly and illustrates how the structure of VP7 in isolation underrepresents
the dynamic nature of the assembly process at the biological level.

Orbiviruses, members of the Reoviridae family, possess a
large (86 nm in diameter) nonenveloped virus particle, encap-
sidating 10 segments of double-stranded RNA genome (31, 32,
35). Orbivirus virions are composed of a number of discrete
proteins arranged in a specific but nonequimolar ratio. Overall,
these viruses are icosahedral, with two protein layers that have
radically different geometries, and provide a complex subject
to study, both in terms of protein-protein interactions, and
protein-RNA interactions. Bluetongue virus (BTV), the pro-
totype orbivirus, consists of seven structural proteins (VP1 to
VP7), four of which are major (VP2, VP3, VP5, and VP7) and
include proteins that interact with cellular receptors and others
that form the underlying framework of the virion (30, 31, 32).
The three minor proteins (VP1, VP4, and VP6), which are
present in low molar ratios within the virion, have RNA tran-
scriptase- and RNA-modifying properties (33). In its mature
form the virus exhibits no transcriptase activity until it is acti-
vated upon infection with the modification of the outer capsid
to create channels in the core architecture that allow metabo-
lites to enter the capsid and the viral mRNA species to be
formed and extruded (10, 12, 13, 29).

A considerable amount of data has recently been accumu-
lated on the transcriptionally active BTV core architecture. A
combination of three-dimensional cryo-electron microscopic
analysis of the BTV core at a 25-Å resolution and X-ray crys-
tallographic structure of the BTV core at a 3.5-Å resolution

has revealed the complexity in the arrangements of the core
protein, in particular, how the two major core proteins, VP7
(Mr 38,000) and VP3 (Mr, 103,000) are organized within the
core (12, 13). The bristly surface of the 70-nm icosahedral core
is made up of 13 icosahedrally independent copies of the VP7
molecule in the form of four trimers (P, Q, R, and S) in general
positions and one (T) located with its threefold axis aligned
with the icosahedral threefold axis (12, 13, 29). A total of 780
VP7 molecules form the entire core surface. The local three-
fold axes of these 260 trimers (85 Å long) are perpendicular to
the core surface, and the broad, flat base of each of the trimers
(65 Å) contacts the inner subcore (11–13). The underlying
scaffold is a thin shell, made up of 120 copies of VP3 molecule
that are arranged at T52 icosahedral symmetry within the
subcore layer. The VP7 and VP3 layers interact through flat,
predominantly hydrophobic surfaces. There are 13 different
sites of contact for the VP7 subunit on the VP3 subcore. Since
VP7 forms trimers in solution (4), it is likely that trimers are
the driving force for VP7 and VP3 interactions during core
assembly. However, as yet there have been no studies delin-
eating trimer formation from core assembly.

The crystal structure of VP7 at a 2.6-Å resolution has re-
vealed that three molecules interact extensively to form VP7
trimers (13). Each VP7 subunit or monomer consists of two
distinct domains, the upper and lower, and are twisted such
that the top domain of one monomer rests on the lower do-
main of a threefold related subunit. The interactions between
monomers involve both domains and are extensive. However,
there are significant cavities at the center of the trimer (along
the threefold axis) surrounded by predominantly uncharged
residues (11, 13).
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To develop an understanding of the assembly process of
BTV particles and the role played by VP7 in capsid assembly,
we have focused on the lower domain of the VP7 molecule, as
not only are the lower domains directly in contact with VP3
layer, but also interactions between the lower domains within
the trimers are intensive (11, 13). A series of substitutions of
amino acid residues have been designed which, based on the
X-ray structure, appeared to be involved in intramolecular
(within the VP7 subunit) and intermolecular (between the VP7
subunits) interactions within the molecule. Their role in tri-
mer-trimer interaction was, however, unclear. Each mutant
VP7 molecule was expressed in insect cells infected with re-
combinant baculoviruses, and the effects of these mutations on
the overall VP7 structure (i.e., correct folding) and on core
assembly were analyzed using previously established biological
assay systems (9, 25). The formation of the lattice of VP7
trimers on the VP3 layer was examined by an in vivo expression
system in which BTV core-like particles (CLPs) are assembled
upon coexpression of VP7 and VP3 in insect cells (9). The
interaction of VP7 with VP3 within the CLP was also deter-
mined by electron microscopy (EM). Trimerization of VP7 was
assessed by two different experimental approaches using puri-
fied VP7 mutants. It was clear that a single substitution at a key
position could destabilize BTV core assembly without drasti-
cally disrupting the trimer formation. From these analyses, key
residues within the lower domain of VP7 that are essential for
core formation were identified.

MATERIALS AND METHODS

Viruses and cells. Spodoptera frugiperda (Sf) cells were grown in suspension or
monolayer cultures at 28°C in TC100 medium supplemented with 10% fetal calf
serum. Derivatives of Autographa californica nuclear polyhedrosis virus (AcNPV)
containing the wild-type BTV type 10 (BTV-10) VP7 gene (Ac10BTV7) and the
VP7 mutants were plaque purified and propagated as described elsewhere (6).

Site-directed mutagenesis, construction of recombinant transfer vectors, and
isolation of recombinant baculoviruses expressing mutant VP7 proteins. Using
the single-strand capacity of the baculovirus transfer vector pAcCL29 (24), syn-
thetic oligonucleotides were employed to prepare VP7 mutants by the method
described by Kunkel and associates (22). Wild-type BTV-10 VP7 DNA was
recovered from the transfer vector pAcYM1.10BTV7 (27) by excision with
BamHI and subcloned into the BamHI site of pAcCL29. The oligonucleotides
used for mutagenesis and the resulting amino acid changes are shown in Table
1. All the oligonucleotides represent the complement of the coding strand of the
BTV-10 gene. The mutated sequences in the recombinant plasmids were iden-
tified by sequence analyses (36).

The lipofection technique (8) was used to cotransfect monolayers of Sf cells
with recombinant transfer vectors and Bsu36I triple-cut AcNPV DNA (17).
Recombinant baculoviruses were selected on the basis of their LacZ-negative
phenotypes, plaque purified, and propagated as described elsewhere (16).

Purification of CLPs. Baculovirus-expressed CLPs were purified as described
previously (9). In brief, Sf cells were coinfected in suspension culture with
recombinant baculovirus, Ac17BTV3 expressing VP3 together with the various
mutant VP7 baculoviruses or recombinant baculovirus Ac10BTVP7 expressing
wild-type VP7, using a multiplicity of infection of 5 to 10 PFU per cell. After
incubation at 28°C for 48 h, cells were harvested, washed with phosphate-buff-

ered saline (PBS), resuspended in TNN buffer (200 mM Tris-HCl [pH 8.0], 150
mM NaCl, 0.5% [vol/vol] Nonidet P-40) and lysed by Dounce homogenization.
The lysate was clarified by centrifugation (10 min at 10,000 rpm using a JA-12
rotor) and the CLPs were purified from the supernatant by centrifugation on a
(35%) CsCl gradient for 18 h at 35,000 rpm (Beckman SW41 rotor). Alterna-
tively, CLPs were concentrated by a discontinuous sucrose step gradient (66%
[wt/wt] and 40% [wt/vol] sucrose in 200 mM Tris-HCl [pH 8.0], 150 mM NaCl)
and centrifuged for 3 h at 26,000 rpm using an SW28 rotor. CLPs were collected
from the interface as described previously (9). The presence of VP3 and VP7
proteins was analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), Western blotting using anti-BTV-10 polyclonal antibod-
ies, and by EM.

SDS-PAGE and Western blot analyses. Sf cell monolayers were infected with
each recombinant baculovirus using a multiplicity of infection of 10 (9). Cells
were harvested at 48 h postinfection, washed with PBS and lysed at 4°C in TNN
buffer. Samples were then boiled in protein dissociation buffer (10% [vol/vol]
b-mercaptoethanol, 10% [wt/vol] SDS, 25% [vol/vol] glycerol, 10 mM Tris-HCl
[pH 6.8], and 0.02% [wt/vol] bromophenol blue) at 100°C or at room tempera-
ture (for identification of VP7 trimers) for 10 min and resolved by SDS–10%
PAGE followed by staining with Coomassie brilliant blue.

For Western blot analyses proteins were transferred from gels onto a poly-
vinylidene difluoride membrane by standard blotting procedures. Membranes
were incubated with the anti BTV-10 antiserum diluted 1:1,000 in blocking buffer
(containing 5% [wt/vol] skim milk and 0.05% [vol/vol] Tween 20 in PBS), fol-
lowed by incubation with the secondary antibody conjugated with alkaline phos-
phatase, and developed with the alkaline phosphatase substrate (NBT-BCIP
[GIBCO-BRL] in 0.1 M Tris-HCl [pH 8.5], 0.1 M NaCl, 0.05 M MgCl2).

Purification of recombinant VP7 protein by ammonium sulfate precipitation.
The wild-type and mutant BTV-10 VP7 proteins were purified as described
previously (4). The infected Sf cells were harvested 48 h postinfection, washed in
PBS, resuspended in cold TNN buffer, and homogenized at 4°C as described
above. Cell debris and nuclei were pelleted by centrifugation (10 min at 16,000 3
g). Ice-cold saturated ammonium sulfate in 100 mM Tris-HCl, pH 7.5 was added
to the cytoplasmic cell extracts to a final concentration of 20%. The precipitated
protein was pelleted by centrifugation and resuspended in 10 mM Tris-HCl, pH
8.5. The insoluble material was removed by pelleting at 9,000 3 g for 10 min and
then dialyzed against the same buffer at 4°C overnight. The extract of VP7 was
stored at 220°C prior to analysis.

Velocity sedimentation analysis. Purified VP7 protein was applied onto 15 to
30% (vol/vol) glycerol gradients made in 20 mM Tris (pH 8.0)–100 mM NaCl–1
mM dithiothreitol–0.5 mM EDTA and sedimented at 60,000 rpm in a Beckman
VTi 65 rotor at 4°C for 90 min. Molecular mass markers in the gradients were
provided by high-molecular-mass calibration kits (Pharmacia). The molecular
mass standard consisted of the following proteins: catalase, 4 3 58 kDa 5 232
kDa; lactate dehydrogenase, 4 3 36 kDa 5 140 kDa; and serum albumin, 67 kDa.
Gradients were fractionated from the bottom, and VP7 molecules were detected
by SDS-PAGE and Western blotting.

EM. Purified wild-type and mutant CLPs were resuspended in water, and 10 ml
of CLPs were absorbed onto carbon-coated copper 400-mesh EM grids for 15
min, washed with water, and negatively stained with 1% (wt/vol) uranyl acetate.
Grids were examined in a Hitachi H-7000 electron microscope at 75 kV.

RESULTS

Rationale for selection of residues within VP7 for site-spe-
cific mutagenesis. The amino acid sequence of VP7 protein is
highly conserved among BTV serotypes (up to 99% identity)
and other closely related orbiviruses, such as epizootic hemor-
rhagic disease virus (EHDV) (64% identity) and African horse
sickness virus (AHSV) (45% identity) (7, 10, 18, 20, 30–35, 37).
Several amino acid residues were selected for mutagenesis
studies on the basis of their positions in the X-ray structure of
the BTV VP7 molecule as well as their conservation between
BTV, EHDV, and AHSV (Fig. 1). The lower domain of VP7,
which contains both the N terminus (amino acids 1 to 120) and
the C terminus (aa 250 to 349) of the molecule, is composed
entirely of a-helices (nine in total) and long extended loops
(11). The N-terminal portion provides five of these helices,
with the remaining four helices formed by the C-terminal re-
gion (Fig. 1 and 2). The helices of the lower domain are packed
tightly together (Fig. 2). The interactions between the three
VP7 lower domains in the trimer are complex and mostly
involve helices 5 and 6 and associated loops (11). Helix 5 is
located inside the trimer, interacting with helices 1, 2, 6, and 8.
Helix 6 runs across the top of the lower domain, interacting
with both the clockwise and anticlockwise related subunits.

TABLE 1. Oligonucleotide primers used in
site-directed mutagenesisa

Mutant Nucleotide sequence

E104W...................................59-ATTCGCCGCCCACGTTGTAAA-39
R111F....................................59-CCCAGTCAGAAAAGCTATTTC-39
W119D ..................................59-CGCTGGCCCGTCTGTCGAAGT-39
F268R....................................59-GTAAACATTGCGAATCTCAGC-39
Y271R ...................................59-CCTGAAGCTGCGAACATTGAA-39
D318N ...................................59-AGTGTAAACATTAGCAAGTGT-39
T321R....................................59-CCTTAAAACTCTGTAAACATC-39

a The oligonucleotides used for site-directed mutagenesis represent the com-
plement of the coding strand of the VP7 gene. The underlined triplets are the
altered anticodons.
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Our aims were to substitute key residues in these helices and
loops with alternative residues and to assess their effect in VP7
trimer formation and core assembly. These mutants would
allow us to assess to what extent these specific contact points
could be varied. Some of these residues were selected since
they are highly conserved among VP7 molecules of three re-
lated orbiviruses and to replace these with residues that should
be accommodated within the molecule without too drastic ef-
fect. Based on the structural analysis, we selected two residues
of helix 5 (E104 and R111), one residue of a loop at the end of
helix 5 (W119), two residues of helix 6 (F268 and Y271), and
two residues of helix 8 (D318 and T321), respectively, for
mutational studies (Table 2).

Residues on helix 5. Helix 5 of the lower domain consists of
15 residues, amino acids 103 to 118, (TEAANEIARVTGETS).
The first glutamate at position 104 (E104) of helix 5 is located
at an interesting site in the molecule as shown in Fig. 2 (also
see Fig. 9). It is located at the bottom of a small cavity in the
middle of the VP7 trimer; it does not make close contact with
any other residue within the subunit. However, it has weak
interactions (3.9-Å gap), with the residues of the threefold
related subunits close to the molecular threefold axis (Fig. 2).
Therefore, we predicted that substitution of this residue with a

bulky residue such as W, or F, or Y can be accommodated
without perturbing the protein folding, although it may affect
the shape of the trimer. We chose to replace E104 with tryp-
tophan (W). The arginine at position 111 (R111) is conserved
among BTV serotypes and in AHSV and EHDV (Fig. 1). The
R111 is surface accessible and surrounds the small cavity (Fig.
2). Therefore, its substitution by a bulky hydrophobic residue,
such as phenylalanine (F), should not interfere in trimeriza-
tion. However, unlike E104, it is in contact with E266 (see Fig.
9) of the neighboring subunit via a side chain hydrogen bond
(11). Therefore, there is a possibility that this substitution may
affect the stable monomer-monomer contacts.

The tryptophan at 119 (W119) is part of the loop at the end
of helix 5, is located on the surface of the molecule, weakly
interacting with R341 of the partner subunit, and is far away
from the VP7-VP3 interface. From the atomic structure and
our previous deletion mutation studies, it appears that the
residues 334 to 349 at the carboxy terminus of VP7 are essen-
tial for trimer-trimer interactions in the core (13, 23). W119 is
also near K255, which is critical for the correct folding of the
VP7 molecule. It was, therefore, of interest to determine wheth-
er replacement of W119 by a charged residue, such as an
aspartate, would affect the trimerization of VP7.

FIG. 1. Important features relative to VP7 BTV-10 sequence. Residues conserved (1) in VP7 of BTV-10, AHSV type 4 (AHSV-4), and EHDV type 1 (EHDV-1)
the three gnat-transmitted orbiviruses (1, 15, 26, 34), are shown in black squares. The seven mutated residues are indicated by stars on the bottom line; vertical arrows
show the beginning and the end of the top domain. Secondary elements of VP7 BTV-10 (2, 13) are shown on the top line. a- and 310-helices are indicated by spirals;
b-strands are indicated by horizontal arrows.
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Residues on helix 6. Helix 6 is the major element that lines
up with the internal cavity. Most residues appear not to be
involved in close interactions with the partner subunits. For
example, as shown in Fig. 2, none of the residues appear to be
near the side chain of phenylalanine at position 268 (F268) of
helix 6. However, it packs against a lysine residue at residue
255, which is located in the hinge region between the bottom
domain and the top domain. Replacement of F268 by a large
charged side chain, such as arginine, should bring residue 268

close to a residue in the vicinity (such as the proline at 121
[P121]), since arginine is longer (by at least ;20 Å) than
phenyalanine. This substitution may or may not influence the
trimerization. F268 was therefore replaced with arginine. A
neighboring tyrosine at position 271 (Y271) of the helix 6 is
highly conserved among other orbiviruses. There are strong
nonpolar interactions between Y271 and P292 (see Fig. 9).
Therefore, Y271 was also selected for replacement by an
arginine (Y271R), which may interfere with the trimer for-

FIG. 2. Ribbon diagram of BTV-10 VP7 trimer. Sites of mutation are indicated with the three subunits, a, b, and c, which are related by a threefold molecular axis.
Subunit a (cyan), contains helices 5, 6, and 8, in which mutations have been introduced. The b and c subunits are colored yellow and grey, respectively. Details of the
mutation are highlighted by ball-and-stick representation. Oxygen is shown in red and nitrogen is shown in blue. Hydrogen bonds on side chains are shown by a dashed
line. The Figure was drawn with MOLSCRIPT (21) as modified by R. Esnouf.

TABLE 2. VP7 mutants and their allocated chemical and functional features

VP7
mutant

Location of lower
domain Substitution Charge Side chain Chemical

descriptiona Hydropathicityb

E104W Helix 5 Glu104 to Trp Acidic to nonpolar Aromatic 230 Phil to Phob
R111F Helix 5 Arg111 to Phe Basic to nonpolar Aromatic 130 Phil to Phob
W119D Loop between helices 5 and 6 Trp119 to Asp Nonpolar Aromatic to acidic 032 Phob to Phil
F268D Helix 6 Phe268 to Arg Nonpolar Aromatic to basic 031 Phob to Phil
Y271R Helix 6 Tyr271 to Arg Unchc-polar Aromatic to basic 230 Phob to Phil
D318N Helix 8 Asp318 to Asn Acidic to unch-polar Amide 230 Phil to Phob
T321R Helix 8 Thr321 to Arg Unch-polar Hydroxyl to basic 031 Phob to Phil

a Data show that mutations resulted in changes from a negatively (2) or positively (1) charged or neutral (0) state.
b Phil, hydrophilic; Phob, hydrophobic.
c Unch, uncharged.
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mation due to incorporation of charged residues in the non-
polar pocket.

Residues on helix 8. Helix 8 is directly in contact with helix
5, packing closely against it. The two residues that were se-
lected for mutagenesis are involved in contacts between the
two helices. The aspartic acid at position 318 (D318) was re-
placed by asparagine (D318N) (Table 2), which is an isosteric
mutation, in which the size of the side chain remains un-
changed. However, the loss of charge on the side chain would
only weaken the strong hydrogen bond (or the salt link) be-
tween the Asp and Arg residues, since this residue is in contact
with R111 in the partner subunit and thus might affect VP7
trimer formation due to repulsion force and, consequently,
CLP assembly. T321 was selected for replacement by arginine
(T321R) (Table 2) as it is at the end of helix 8 and close to the
surface of the trimer (Fig. 2). The latter should not affect the
trimer formation.

Synthesis of recombinant VP7 mutants and influence of
substitution on VP7 solubility. We prepared the seven muta-
tions on VP7 DNA as described in Materials and Meth-
ods, each having a single substitution (e.g., E104W, R111F,
W119D, F268R, Y271R, D318N, and T321R) in the lower
domain of the molecule. Each VP7 derivative DNA was then
cloned into the baculovirus single-stranded transfer vector,
pAcCL29, as described in Materials and Methods. Seven re-
combinant baculoviruses were isolated, each expressing a sin-
gle mutant VP7 molecule. The supernatants recovered from
the recombinant virus-infected insect cell lysates were exam-
ined for the presence of VP7 mutants. Except one, Y271R,
synthesis of VP7 protein was present in all six mutants, when
analyzed by SDS-PAGE and Western analysis, indicating that
the expressed products were in soluble form. Therefore, none
of the six remaining mutations had any apparent drastic effects
on VP7 solubility. As expected, when compared with the native
VP7 protein, both the levels of expression and sizes of the
mutant proteins in SDS-PAGE were similar to those of the
wild-type VP7, as shown in Fig. 3 (27). It was therefore con-
sidered that each of the six mutants probably had characteris-
tics that were overall similar to those of the wild-type VP7.

Since the recombinant Y271R mutant protein was not de-
tectable from the solubilized supernatant fraction of the in-
fected-cell lysate, it was assumed that Y271R protein was pre-
cipitated with the cell debris upon low-speed centrifugation.
Indeed, high-level expression of mutant Y271R protein could
be detected in the cell pellet when analyzed by SDS-PAGE
(Fig. 4, lane 3). The expressed protein was clearly insoluble
and formed aggregated inclusion bodies in infected cells. Due
to this it was impossible to recover it in a native soluble form.
It was therefore concluded that the arginine for phenylalanine
substitution disrupted the packing of the N- and C-terminal
helical domains within the VP7 subunit. No further character-
ization was performed with this mutant.

VP7-VP7 interaction at certain specific contact points dic-
tates the assembly of stable capsid. The X-ray structure of the
BTV core revealed that although various VP7 trimers interact
with VP3 layers differently, the VP7-VP7 interaction is rela-
tively well fitting and the various VP7 trimers remain virtually
uniform in the complex core structure (13). Of the five differ-
ent trimers, the T trimers seem to be the most tightly attached
and are probably the first set of trimers that attach to the VP3
layer, and the P trimer is the most loosely attached and prob-
ably the last to assemble (12, 13). Although the substitution
mutations were designed to influence the oligomerization of
VP7, they may also be able to influence the stability of the
VP7-VP3 interaction. An attempt was, therefore, made to in-
vestigate whether mutant derivatives of the VP7 molecule

FIG. 3. Expression of recombinant VP7 mutants. Sf cells were infected with
each recombinant virus, and the infected-cell lysates were analyzed by SDS–10%
PAGE and stained with Coomassie brilliant blue. Each mutant protein is indi-
cated. The sizes of the expressed proteins are compared with the purified wild-
type VP7 protein as indicated (WT). The position of VP7 is shown by an arrow.

FIG. 4. Solubility assay of the 10BTV7-Y271R mutant. Following lysis with
nonionic detergent, extracts of the baculovirus-infected Sf cells were separated
by low-speed centrifugation. The supernatant and the pellet were resolved by
SDS–10% PAGE and Coomassie brilliant blue staining. The lanes shown contain
purified wild-type VP7 protein (WT), supernatant after a low-speed centrifuga-
tion (Sup.), and the pellet after low-speed centrifugation.

TABLE 3. Mutations in the BTV-10 VP7 gene and
their effect on trimer and CLP formation

BTV-10 VP7
mutant

Trimer
formation

CLP
assembly

CLP stability in
CsCl gradient

E104W Yes Yes Yes
R111F Yes Yes No
W119D Yes Yes No
F268R Yes Yes Yes
Y271Ra No No No
D318N Yes Yes Yes
T321R Yes Yes No

a Note that this mutant failed to form trimers or assemble CLPs.
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could indeed assemble into the BTV capsid. This was per-
formed by employing a biological assembly assay that we had
developed previously (9). Each recombinant virus (but not
Y271R) was coexpressed together with VP3 protein in insect
cells as described in Materials and Methods. Two days postin-
fection, cells were lysed with nonionic detergent, and the as-
sembled CLPs in the soluble supernatant fraction were puri-
fied through a cesium chloride gradient. Only three mutants
(E104W, D318N, and F268R) of the six recombinant proteins
were able to form the particulate structures that could easily

be visualized as bands on the CsCl gradients upon centrifuga-
tion and at the same position as the native CLPs. Evidently,
either the other three mutants, R111F, W119D, and T32R,
did not assemble at all, or the assembled particles were too
weak to tolerate the cesium chloride gradient purification
(Table 3).

The morphology for purified CLPs formed by E104W,
D318N, and F265R VP7 were characterized by EM. The ar-
rangement of the VP7 capsomers on the outer layers of these
purified particles appeared more or less dense and regular,
similar to the wild-type CLPs. In all three cases, the VP3 inner
layer of the CLPs was conserved, exhibiting a thin layer of
an icosahedral configuration. However, while in the case of
E104W the EM revealed empty CLPs (Fig. 5B) similar in size
and appearance to wild-type CLPs (Fig. 5A), the CLPs formed
by mutants D318N and F268R were more heterogeneous.
Many particles with only VP3 subcore could be seen in the
case of mutant F268R (Fig. 5D), and a few were seen with
D318N (Fig. 5C). This is probably due to loss of VP7 trimers
from these particles during purification and the fixation treat-
ments required for EM.

The efficiency of these VP7 mutants to assemble with the
VP3 subcore and form CLPs was further assessed by bio-

FIG. 5. CLP formation by BTV-17 VP3 and mutated VP7 proteins. Sf cells
were coinfected with Ac17BTV3 and either Ac10BTV7, expressing the wild-type
VP7, or recombinant baculoviruses expressing various VP7 mutants. The CLPs
were purified on CsCl gradients as described in Materials and Methods. Shown
are the results of EM of CLPs formed by native VP3 protein and native VP7 (A)
or different mutant VP7 E104W (B), D318N (C), and F268F (D) proteins. (E)
CLPs were analyzed by SDS-PAGE (each CLP indicated at the top). The posi-
tions of VP3 and VP7 are indicated.
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chemical analysis. When analyzed by SDS-PAGE (Fig. 5E),
it was obvious that E104W formed CLPs in the presence of
VP3 that were indistinguishable from the wild-type CLPs.
CLPs formed by the other two mutants, D318R and F268R,
had fewer VP7 proteins than did native CLPs and the dif-
ference could easily be visualized upon SDS-PAGE. In par-
ticular, CLPs formed with mutant F268R VP7 had very few
VP7 molecules, indicating that most VP7 molecules were
lost during purification.

The numbers of VP7 molecules present in each type of CLPs
were subsequently estimated. The Coomassie-stained protein
bands of each preparation were scanned, and the molar ratio
of VP3 to VP7 in each CLP preparation was estimated. Since
purified wild-type CLPs usually lack the P trimers (i.e., only
200 trimers/CLP are generally present), 600 VP7 molecules per
120 molecules of VP3 in each CLP were considered the full
complement (14; B. V. V. Prasad, personal communication).
As shown in Fig. 6, while all of the VP7 trimers were accounted
for in CLPs formed by E104W, only approximately one-third
of VP7 molecules were present in CLPs formed by D318N and
only a very few VP7 trimers (,20) remained attached to the
VP3 layer.

It is possible that the remaining three VP7 mutants, R111F,
W119D, and T321R, were able to assemble into CLPs but were
too fragile to tolerate the purification by the CsCl gradient
centrifugation. In order to verify this, an alternative method of
CLP isolation was used. CLPs were concentrated from the
infected cell’s supernatants on a discontinuous step gradient of
sucrose instead of CsCl gradient. The material after centrifu-
gation was recovered from the interface at the top of the 66%
sucrose cushion and examined by EM. As shown in Fig. 7, a
few particles were clearly visible in each case, indicating that all
three mutants interacted with VP3 and assembled as CLPs,
albeit the assembled particles appeared to be much less abun-
dant than native capsomers. Therefore, it was concluded that
these mutants have the ability to assemble, although the as-
sembled particles were highly unstable. It is noteworthy that
in similar analyses with the CLPs formed by the other three
mutants (E104W, D318N, and F268R), the CLPs appeared
to have much more VP7 trimer on the surface (data not
shown).

Substitution mutations at key residues in VP7 do not per-
turb trimerization. Of the six soluble VP7 proteins, most were
able to assemble in vivo with the VP3 subcore layer, albeit at
various degrees of stability. These variations were likely due to
different extents of intermolecular contact within the VP7 tri-

mers. Weakening of these contacts would lead to the formation
of unstable oligomers. Therefore, the effects of substitution
mutations on VP7 trimer formation were analyzed on each of
these recombinant proteins. Since it is not possible to investi-

FIG. 6. Number of VP7 molecules per CLP. CsCl gradient-purified CLPs
were resolved by SDS-PAGE, and the image of the gel was captured and ana-
lyzed by AlphaImager 2000 v.3.2 software (Alpha Innotech Co.). The number of
VP7 molecules per CLP was calculated by the ratio of the density of VP7 to VP3,
with VP3 as the denominator. From left to right, the bars represent wild-type
VP7, VP7-E104W, VP7-D318N, and VP7-F268R, respectively.

FIG. 7. EM of unpurified CLPs formed by VP7 mutants. Sf cells were coin-
fected with Ac17BTV-3 and one of the mutant viruses expressing either R111F,
T321R, or W1119D. The infected-cell lysates were loaded onto a discontinuous
sucrose step gradient (66% [wt/wt]) and 40% [wt/vol]) in 200 mM Tris-HCl (pH
8.0)–150 mM NaCl and centrifuged for 3 h on an SW28 rotor at 26,000 rpm. The
interface above the 66% sucrose was collected and visualized by EM as described
in Materials and Methods.
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gate the oligomerization of the expressed proteins in crude
extracts, each expressed protein was therefore partially puri-
fied from soluble supernatant fractions. Purification of each
VP7 mutant was successfully achieved using the same purifi-

cation regimen previously established for wild-type recombi-
nant VP7 (4). It was assumed, therefore, that the overall bio-
chemical features of each mutant protein were similar to that
of the wild-type VP7. Each purified preparation was used for

FIG. 8. Trimerization assay of the wild-type and mutated BTV-10 VP7. Recombinant wild-type BTV-10 VP7 and VP7 mutants were purified and assayed for trimer
formation as described in Materials and Methods. (A and B) Coomassie blue-stained SDS-PAGE profiles of boiled and unboiled (RT) VP7 samples. The mutants and
wild type (WT) are indicated. The positions of VP7 monomer, dimer, and trimer are indicated. (C) Sedimentation profiles of soluble VP7 protein on glycerol gradients.
Following purification, soluble VP7 mutants were subjected to velocity sedimentation analysis on 15-to-30% glycerol gradients to separate VP7 trimers. Fractions from
the bottom to the top (left to right) were subjected to SDS-PAGE. An arrow marks the sedimented position of VP7. (a) High-molecular-weight calibration markers
(in thousands [K]) consisting of catalase (4 3 58 K 5 232 K), lactate dehydrogenase (4 3 36 K 5 140 K), and serum albumin (67 K); (b) wild-type VP7; (c) W119D,
stained with Coomassie brilliant blue. Lane M shows molecular weight markers (Bio-Rad) for SDS-PAGE. (D) Western analysis of SDS-PAGE of wild-type VP7 and
three VP7 mutants as indicated.
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trimerization assay using two different methods, first, SDS-
PAGE analysis of unboiled samples that have previously been
established to detect VP7 oligomers (25), and second, glycerol
gradient sedimentation of the oligomers. Much to our surprise,

all VP7 mutants were able to form trimers that could easily
be detected by SDS-PAGE, similar to those of wild-type re-
combinant protein (Table 3). As shown in Fig. 8, not only did
E104W, D318N, and F268R form trimers (Fig. 8A) as ex-

FIG. 9. Position of each residue mutated and the surrounding environment within a trimer. The amino acids charged are highlighted as ball-and-stick models on
a wire frame background. Hydrogen bonding between residues is indicated by dashed lines, and the relevant spacing is shown in angstroms. The environment of each
mutation is shown for one monomer-monomer interface only, with the residues derived from each monomer designated by a, b, or c. The residues mutated are E104
(A), R111 (B), W119 (C), F268 (D), Y271 (E), and T321 (F).
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pected, but also the other three VP7 mutants, R111F, W119D,
and T321R, showed dimeric and trimeric bands and at an
easily detectable level. However, dimers were not detectable
for the first three mutants, indicating that the stable trimers
were formed easily. The ability of these mutant VP7 proteins
to form oligomers was also confirmed by an alternative glycerol
gradient sedimentation. As expected, when analyzed by the
gradient fractions and SDS-PAGE, the trimers were detected
in each mutant sample, including R111F, W119D, and T321R
(Fig. 8B and C). However, dimers and trimers were not seg-
regated on the gradient used. It was therefore assumed that
even though the assembled particles formed by these mutants
were not stable, these mutants could still form oligomers that
were reasonably stable. The data clearly indicate that these
substitution mutants were able to form the trimers in solution.

The stability of each mutant in comparison to the wild-type
VP7 was further assessed by Western blot analysis. By such
analysis, it was possible to visualize differences in relative
amounts of VP7 oligomers (Fig. 8D). Clearly each of the three
mutant proteins exhibited fewer trimeric forms than mono-
meric and dimeric forms. In contrast, the native VP7 shows
much higher amount of trimers. This is probably due to the fact
that these mutant VP7 trimers are not as stable as the trimers
formed by the wild-type VP7 and that the mutant oligomers
disassemble easily.

Data obtained from trimerization studies together with the
data obtained from CLP assembly indicate that the formation
of trimers by these VP7 derivatives is not sufficient to generate
stable VP3-VP7 interaction, probably due to unstable trimer-
trimer interaction and CLP assembly. It is therefore likely that
the nature (e.g., shape) of VP7 trimers may also play a crucial
role in core assembly.

DISCUSSION

The self-assembly of the BTV VP3 and VP7 proteins into
empty CLPs, observed after coexpression of their respective
genes in insect cells using recombinant baculoviruses (9), pro-
vides a useful model for studying some of the BTV protein-
protein interactions that may occur during virus assembly. Be-
fore the structure of VP7 was determined, a number of regions
essential for the interaction of VP7 and VP3 in CLP formation
were mapped by site-directed and deletion-insertion mutagen-
esis (5, 23). It was demonstrated that replacement of the con-
served K255 by L or removal of 14 amino acids from the
carboxy terminus of BTV-10 VP7 abrogated CLP formation,
possibly by interfering with protein folding and/or trimeriza-
tion.

The crystal structure of VP7 has revealed a highly unusual
molecular organization (11). The b-sandwich structure of
the top domain of VP7 resembles a jellyroll, similar to that
of majority of other viral capsid proteins (11). In contrast,
the a-helical bottom domain is not commonly observed in
viral capsid proteins. The crystallographic data suggested
that the lower domain of VP7 is responsible for interactions
with the VP3 layer in the core via the flat hydrophobic area
at the base of the VP7 trimers (11). This has recently been
confirmed by the X-ray structure of the BTV core, which
also revealed how the VP7 layer in the core avoids the need
for different protein conformations for trimer-trimer inter-
action by creating a thin band around the a-helical bottom
domain (13).

Site-directed mutagenesis was used to investigate the role of
the VP7 lower domain, specifically, helices 5, 6, and 8 and
associated loops in CLP assembly. Several amino acid residues

in these helices were selected on the basis of their position and
conserved nature among the three orbivirus VP7 proteins.
Four residues (E104, R111, Y271, and D318), two from helix 5
and one each from helix 6 and 8, respectively, that are con-
served among the related orbiviruses were chosen and ex-
changed for either more bulky residues (E104W or R111F) or
uncharged to charged hydrophilic residues (Y271R) or vice
versa (D318N). While it was predicted that a mutation at E104
would not affect either the oligomerization or CLP formation
due to its position in the molecule, the other three substitution
mutations were likely to have some affect on CLP assembly, as
these substitutions should weaken the contacts between the
helices. Indeed replacing E104 with tryptophan did not affect
the formation of VP7 trimers and their interaction with VP3.
In the atomic structure (Fig. 9) there are not many close
interactions between E104 and the neighboring arginine resi-
dues and there was a lot of space to fit the bulky W residue;
hence, there was no apparent effect on CLP assembly. On the
other hand, loss of a charge at residue 318, i.e., replacement of
aspartate by asparagine, had a greater effect on CLP assembly,
yielding only CLPs with one-third of the trimer intact. Muta-
tion at R111 had more severe effect on capsid assembly. It is
likely that changing the arginine to phenyalanine (Fig. 9) led to
loss of two salt links between the subunits and thus resulted in
weaker contacts within the trimer. It might have affected the
overall nature (e.g., shape) of the trimer, which would have
had an indirect effect on the assembly of the VP7 trimers on
the VP3 subcore. VP3 subcores are highly unstable when as-
sembled in the absence of VP7 molecules. Therefore, it is not
surprising that no band could be visualized on CsCl gradient
centrifugation for R111F CLPs. Nevertheless, when the crude
soluble products were concentrated on a sucrose cushion, a few
assembled CLPs could still be detected by EM, implying that
the contact between VP3 and VP7 did occur, although it ap-
peared to be extremely unstable. These three mutant VP7
proteins were all highly soluble and could trimerize in solution.
In contrast, the replacement of the conserved tyrosine at res-
idue 271 (helix 6) by arginine resulted in aggregation of the
mutated protein. Tyrosine 271, as a part of a hydrophobic
cluster (Fig. 9), contacts the neighboring proline (aa 292). The
replacement by arginine might have disturbed this hydropho-
bic region and interfered with the proper folding of VP7 and its
interaction with proline (aa 292), a residue that is known to be
crucial for folding and stability (28).

Of the second set of mutants, the residue F268 located on
helix 6 maintains a close contact with neighboring residues.
The residue F268 also rests against a lysine residue at 255 of
the hinge region. Similar structural features are associated with
residue W119, which is located just beyond helix 5 and in
contact with helix 9, although, while both F268R and W119D
could still form stable trimers and could be detected by SDS-
PAGE, only F268R assembled with VP3 subcore and could be
isolated in purified forms. However, the W119D failed to at-
tach strongly onto VP3 subcore, and consequently resultant
CLPs could not tolerate the CsCl gradient purification. The
long side chain of arginine in F268R probably accommodated
this by avoiding the unfavorable interactions with the nearby
basic residues, such as K255 or R274, and interacting with
Glu115 (Fig. 9) on the neighboring subunit and allowed the
monomer-monomer interaction. However, only some, but not
all, trimers which could remain attached to VP3 subcores after
purification were detectable in CLP preparations. In contrast,
W119D was not able to form stable multimers of trimers,
indicating that the mutations in this site, although targeted to
monomer-monomer contacts, had a profound effect on the
stability of CLPs, possibly due to an indirect effect on multim-
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erization of trimers. By changing the tryptophan to aspartate at
the interface, the local nonpolar environment (Fig. 9), which is
surrounded by methionine (M253) and alanine (A341), would
have been disrupted. This could result in the interference on
correct oligomerization of VP7, highlighting the role of the
VP7 trimer in core assembly. In addition, aspartate could also
interact with the nearby lysine 255 via a side chain, causing
some alteration in oligomerization. For the last VP7 mutant, a
charged hydrophilic arginine residue was substituted for the
threonine at position 321, near the C terminus of the molecule.
The substitution at this position also affected the CLP stability.
This was probably caused by electrostatic repulsion of the
two arginine residues (aa 111 and aa 274) (Fig. 9) in close
proximity and probably also influenced the trimer-trimer in-
teraction.

The effects of these VP7 mutations on CLP formation
clearly indicate that VP7 trimer formation could not accom-
modate most of the designed point mutations without any
functional effect on capsid assembly. The crystallization data
have demonstrated that the VP7 molecule, although rigid in
part, is yet capable of significant structural rearrangement (3).
From our biochemical and biological studies, it appears that
the interactions between subunits are highly specific and
mostly inflexible, which is not apparent from the VP7 atomic
structural analysis. Our studies have clearly identified a series
of key residues that are responsible for correct VP7 trimer
formation and have revealed their influence on VP7-VP3
interactions during core assembly. The structural analysis
revealed that the interactions between the various VP7 tri-
mers are relatively nonspecific, involving a set of hydropho-
bic residues forming a thin band around the lower domains.
There is only a limited contact area in the interfaces, indi-
cating that the trimer-trimer interactions are relatively
weak. The instability of the CLPs in these experiments were
likely due to the unstable interactions between the various
mutant trimers, indicating that subtle alterations (such as
bonding angle or subunit conformation) within a trimer
could have a profound effect on trimer-trimer interaction,
although formation of stable trimers was still achieved.
Thus, the formation of VP7 lattice on the core surface
requires the exact fitting of 260 VP7 trimers. In addition, the
mutations might also have influenced indirectly the interac-
tions between the VP7 trimers and the VP3 subcore by
slightly changing the flat surface of the bottom of the trimer.
The results obtained in this report have supplemented the
atomic structure of VP7 and have generated biochemical
and biological information revealing the significance of cor-
rect oligomerization of VP7 in core assembly.
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