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Previously we identified the locations of three neutralization epitopes (a, b1, and b2) of Ross River virus
(RRV) by sequencing a number of variants resistant to monoclonal antibody neutralization which were found
to have single amino acid substitutions in the E2 protein (S. Vrati, C. A. Fernon, L. Dalgarno, and R. C. Weir,
Virology 162:346–353, 1988). We have now studied the biological properties of these variants in BHK cells and
their virulence in mice. While variants altered in epitopes a and/or b1 showed no differences, variants altered
in epitope b2, including a triple variant altered in epitopes a, b1, and b2, showed rapid penetration but retarded
kinetics of growth and RNA and protein synthesis in BHK cells compared with RRV T48, the parent virus.
Variants altered in epitopes a and/or b1 showed no change in mouse virulence. However, two of the six epitope
b2 variants examined had attenuated mouse virulence. They had a four- to fivefold-higher 50% lethal dose
(LD50), although no change in the average survival time of infected mice was observed. These variants grew to
titers in mouse tissues similar to those of RRV T48. The LD50 of the triple variant was unchanged, but infected
mice had an increased average survival time. This variant produced lower levels of viremia in infected mice.
On the basis of these findings we propose that both the receptor binding site and neutralization epitopes of
RRV are nearby or in the same domain of the E2 protein.

Ross River virus (RRV) is a mosquito-borne alphavirus
which is responsible for annual outbreaks of polyarthritis in
humans in Australia (7, 27). In nature, RRV exists as a number
of distinct antigenic types which differ in mouse virulence (9,
12). For example, RRV T48, the prototype strain, which was
isolated at Townsville in northern Queensland, is mouse viru-
lent whereas RRV NB5092, isolated at Nelson Bay in coastal
New South Wales, is mouse avirulent (10, 22).
The question of what properties of a virus determine its

degree of virulence is important for developing effective mea-
sures for control of the virus. Two important biological prop-
erties that can affect the virulence of a virus are its growth rate
and tissue tropism. These properties can be altered, at least in
part, by changes in envelope proteins that are involved in
receptor recognition, virus attachment and penetration, and
membrane fusion to initiate the infection (for a review, see
reference 41). Studies with alphaviruses, such as Sindbis virus
(26, 28, 33, 36, 40), Venezuelan equine encephalitis (VEE)
virus (16, 19), Semliki Forest virus (13, 35), and RRV (22, 42),
have also demonstrated that amino acid changes in envelope
proteins can affect virus virulence. However, the mechanism by
which these changes affect alphavirus virulence is not under-
stood, although studies with Sindbis virus (1, 5, 25, 33) and
VEE virus (16, 19) have shown an association between reduced
mouse virulence and rapid penetration of BHK cells.
We have previously identified three neutralization epitopes

in the E2 protein of RRV T48 by sequencing a number of
mutants that are resistant to monoclonal antibody neutraliza-
tion (43). These are located on or around amino acids 216
(epitope a), 232 and 234 (epitope b1), and 246, 248, and 251

(epitope b2). Nucleotide sequencing of the structural-protein
genes of RRV neutralization-resistant variants demonstrated
that single amino acid substitutions had occurred in the E2
proteins of these variants (43). Similarly selected neutraliza-
tion-resistant variants of reovirus (2) and rabies (6, 29, 37),
mumps (20), Sindbis (26, 36), and VEE (15) viruses have been
shown to express altered virulence in experimental animals.
Genetically characterized neutralization-resistant mutants of
RRV with single amino acid substitutions in the E2 protein
could, therefore, be useful in elucidating the role of the pro-
tein, in particular, the role of the neutralization domain, in
early virus-cell interactions and in determining viral virulence.
In this paper we report on the biological properties, such as
growth and entry kinetics, of the neutralization-resistant vari-
ants of RRV T48 in BHK cells. On the basis of our study of the
mouse virulence of these variants, we also attempt to correlate
the changes in the biological properties of the virus to already-
defined mutations in the E2 protein.

MATERIALS AND METHODS

Virus strains. The prototype strain of RRV, T48, (4) was obtained from the
Yale Arbovirus Research Unit. It had been passaged 10 times in mice when it
was received. The virus was plaque purified on Vero cell monolayers before use.
Neutralization-resistant variants of RRV T48 have been described previously

(43). Amino acid substitutions in the variants, compared with RRV T48, and
their locations in the E2 protein are shown in Table 1.
Virus titrations were done by plaque formation on Vero cell monolayers (24).
Cell culture. BHK-21 cells were grown in Glasgow-modified Eagle’s medium,

and Vero cells were grown in medium 199-lactalbumin hydrolysate supple-
mented with 10% heat-inactivated bovine serum (24).
Penetration assay. The rate of virus penetration into the cells was measured in

terms of the rate at which resistance to neutralization by added polyclonal
antibody is acquired by infecting virus (1). Briefly, BHK monolayers in 60-mm-
diameter dishes were infected with approximately 100 PFU of virus and incu-
bated with intermittent shaking at 368C. At various times after infection the
inoculum was removed by aspiration and 0.5 ml of polyclonal anti-RRV T48
immune ascitic fluid (diluted 1:10 in Hanks’ balanced salt solution [HBSS]) was
added. After 10 min at 368C the ascitic fluid was aspirated, and the cell mono-
layers were washed twice with phosphate-buffered saline (PBS) and overlaid for
plaque development. The number of plaques obtained after 60 min of adsorption
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and the PBS wash but no immune ascitic fluid treatment was taken as 100%. The
number of plaques obtained in this manner was equal to that found by using the
normal plaque assay conditions, in which the inoculum is not removed by wash-
ing. Each assay was performed in triplicate.
Viral RNA and protein synthesis. Rates of viral RNA synthesis were estimated

by incubation of infected cell monolayers for 2 h with [59-3H]uridine (10 mCi/ml)
in Eagle’s modified essential medium containing 5 mg of actinomycin D per ml
(24). Monolayers were dissociated with 1% (wt/vol) sodium dodecyl sulfate
(SDS), precipitated with 5% trichloroacetic acid on glass fiber discs, and counted
for radioactivity. Proteins in infected cells were labeled by incubating the mono-
layers in Eagle’s modified essential medium containing 1/10 of the normal level
of amino acids and 100 mCi of 3H-amino acid mixture per ml. Monolayers were
washed twice with PBS and dissociated in 200 ml of 1% SDS. Cell extracts were
electrophoresed on a 10 to 20% gradient polyacrylamide gel.
Estimation of virulence in mice. The 50% lethal dose (LD50) of the virus and

average survival time (AST) of infected mice were used to define the virulence
of RRV T48 and the neutralization-resistant variants. Mice of either sex from an
outbred line (Walter and Eliza Hall Institute [WEHI]) were used. For LD50
determination, 30-ml samples of 10-fold virus dilutions in HBSS were injected
intraperitoneally into day-old or week-old mice, with 8 to 10 littermates per
dilution. LD50s were calculated according to the method of Reed and Muench
(30). The incidence of clinical signs and deaths was recorded every day. Clinical
signs included waddling gait (moderate signs) and flaccid paralysis (severe signs).
The AST is the arithmetic mean of the life span of all mice that died during the
course of a titration regardless of dose, since for most RRV strains the time of
death was independent of the dose (39).
Virus growth in mice.WEHI mice of either sex were injected intraperitoneally

with approximately 100 PFU of virus. Groups of three mice were sacrificed at
each time point by cervical dislocation; tissues were removed and stored at
2708C. Blood was collected from the heart with heparinized capillary tubes and
diluted 1:10 in HBSS before being frozen at 2708C. For virus assay, tissues were
homogenized in a suspension in ice-cold HBSS with a Teflon-coated glass ho-
mogenizer attached to a Virtis homogenizer. The virus titer in each tissue was
calculated as the average of titers for individual mice at each time point.

RESULTS

Growth kinetics of RRV T48 antigenic variants in BHK
cells. The growth of neutralization-resistant variants was com-
pared with that of RRV T48 to examine whether a change in
the neutralization domain affected virus receptor recognition
and attachment or penetration in ways that may be reflected in
virus growth in cultured cells. Variants altered in epitopes a
and b1 did not show any change in growth pattern (data not
shown). However, all the four epitope b2 variants that were
examined showed retarded growth during the early phase of
infection. The titers were reproducibly found to be approxi-
mately 10-fold lower at least up to 7 h postinfection, after
which the difference was less marked, and at 24 h postinfection
the variants and RRV T48 had reached similar titers (Fig. 1).
That changes in the b2 epitope alone affected the growth
kinetics of virus in BHK cells was further demonstrated by
comparing the growth of Tv147 (altered in epitopes a and b1)
and Tv161 (altered in epitopes a, b1, and b2) with that of RRV
T48 (Fig. 2). While variant Tv147 had insignificant differences
in growth kinetics compared with RRV T48, Tv161 grew far
more slowly. The latent periods were, however, apparently
similar.
Penetration of epitope b2 variants into BHK cells. The ini-

tially retarded growth of epitope b2 variants in BHK cells
suggested that the amino acid change was more likely to affect
the initial events of infection (i.e., virus-cell interactions) than
intracellular replication. To determine whether a lesion in the
virus-cell interaction of the epitope b2 variants existed, we
compared the rates of penetration of BHK cells by RRV T48
and the variants as described in Materials and Methods. While
variants altered in epitope a or b1 had penetration rates similar
to that of RRV T48 (data not shown), the epitope b2 variants
penetrated the cells faster than RRV T48 (Fig. 3). This ap-
pears paradoxical in relation to the earlier observation that the
epitope b2 variants showed initially retarded growth in BHK
cells. It should, however, be noted that the method used for
these experiments measures the rate at which resistance to

neutralization by polyclonal antibody is acquired by infecting
virus, and this may not necessarily reflect the rate of virus
penetration.
Viral RNA and protein synthesis in BHK cells infected with

antigenic variants. The kinetics of actinomycin D-resistant
RNA synthesis in BHK cells infected with RRV T48 or Tv147
(altered in epitopes a and b1) were similar. However, cells
infected with Tv161 (altered in epitopes a, b1, and b2) showed
initially retarded RNA synthesis (Fig. 4). The RNA synthesis
rates at later stages of growth showed no difference.
The kinetics of viral protein synthesis was studied by exam-

ining virus-specific polypeptide synthesis in infected BHK cells.
At 3 to 5 h postinfection, RRV T48-infected BHK cells syn-
thesized only two virus-specific polypeptides, p80 and capsid;
none of the epitope b2 variants showed any virus-specific
polypeptide synthesis at this time (Fig. 5; data for Tv51 and
Tv59 not shown). At 7 to 9 and 23 to 25 h postinfection cells
infected with RRV T48 or the variants showed labeling of
p110, p95, p80, pE2, E1, E2, and C (Fig. 5); E3 was detected
after longer exposure (data not shown). The mobilities of cor-
responding viral polypeptides were identical in all instances
except for Tv1 (Fig. 5), Tv51, and Tv59 (data not shown); in
cells infected with these variants, pE2 migrated more slowly

FIG. 1. Growth kinetics of neutralization-resistant variants of RRV T48 in
BHK cells. BHK cell monolayers were infected with variant or with RRV T48 at
a multiplicity of infection of ;1 and incubated at 368C. At various intervals
samples were removed, diluted in HBSS, and stored at 2708C. The extracellular
virus titers were assayed in duplicate. F, RRV T48; å, Tv1; ■, Tv2; E, Tv3; h,
Tv5.

FIG. 2. Growth kinetics of neutralization-resistant variants of RRV T48 in
BHK cells. BHK cell monolayers were infected with variants or with RRV T48
at a multiplicity of infection of ;1 and incubated at 368C. At various intervals
samples were removed, diluted in HBSS, and stored at 2708C. The extracellular
virus titers were assayed in duplicate. F, RRV T48; E, Tv147; ■, Tv161.
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than did the corresponding band in RRV T48-infected cells.
Designated pE2*, it had an apparent molecular mass of 64 kDa
compared with 62 kDa for RRV T48 pE2. This may be due to
additional glycosylation since E2 of these variants had an
Asp3Asn mutation (Table 1) which would generate an addi-
tional site for asparagine-linked glycosylation. Interestingly, no
differences in the migration of intracellular E2 or E3, both of
which are produced by the cleavage of pE2, were seen.

Whether E2 in purified virions of these variants undergoes
additional glycosylation is not known. No differences in shut-
down of host protein synthesis between RRV T48- or the
variant-infected BHK cells were apparent at any of the time
points examined. Thus, the kinetics of viral protein synthesis in

FIG. 3. Penetration of neutralization-resistant variants of RRV T48 into
BHK cells. The penetration assay was done as described in Materials and Meth-
ods. Each assay was done in triplicate, and the average values are plotted, with
error bars showing the standard errors of the means. F, RRV T48; E, Tv1; h,
Tv3; ■, Tv161.

FIG. 4. Actinomycin D-resistant RNA synthesis in BHK cells infected with
neutralization-resistant variants of RRV T48. BHK cell monolayers were in-
fected with virus (multiplicity of infection of ;1), or mock infected with HBSS,
and incubated in growth medium. At intervals, monolayers were labeled with
[59-3H]uridine as described in Materials and Methods. Infected cells were la-
beled in the presence of actinomycin D, whereas mock-infected cells were la-
beled in the presence or absence of actinomycin D. Monolayers were dissociated
in SDS, and acid-perceptible radioactivity from ;2 3 105 cells was determined
by measuring the level of incorporation of [3H]uridine in newly synthesized
RNA. E, mock-infected cells without actinomycin D; F, mock-infected cells with
actinomycin D; ■, RRV T48-infected cells; Ç, Tv147-infected cells; h, Tv161-
infected cells.

FIG. 5. Viral polypeptide synthesis in BHK cells infected with neutralization-
resistant variants of RRV T48. Monolayers of BHK cells were infected with
RRV T48 (T), Tv1, Tv2, Tv3, or Tv5 or were mock infected (M) with HBSS. At
indicated times the proteins were radiolabeled as described in Materials and
Methods, and the cell extracts were electrophoresed on 10 to 20% gradient
polyacrylamide gels. The gels were fluorographed and exposed to X-ray films for
6 days. The positions of the viral polypeptides are indicated.

TABLE 1. Virulence of RRV T48 neutralization-resistant variants
for week-old mice

Virus Altered
epitope(s)

Amino acid change
(position in E2)

LD50a

(PFU in Vero cells)
ASTa

(days)

RRV T48 0.048 (5) 5.92 (4)

Tv31 a Thr3Ile (216) 0.056 (3) 6.04 (4)
Tv33 a Thr3Ile (216) 0.055 (3) 5.38 (3)
Tv35 a Thr3Ile (216) 0.068 (3) 6.20 (6)
Tv42 a Thr3Ile (216) 0.075 (4) 5.81 (6)

Tv61 b1 Lys3Gly (234) 0.039 (3) 6.12 (3)
Tv62 b1 Lys3Ile (234) 0.045 (3) 6.43 (3)
Tv63 b1 Lys3Asn (234) 0.043 (3) 5.93 (3)
Tv64 b1 Lys3Glu (234) 0.055 (3) 6.72 (3)

Tv1 b2 Asp3Asn (246) 0.031 (3) 7.08 (5)
Tv2 b2 Arg3Ser (251) 0.206b (3) 5.96 (3)
Tv3 b2 Thr3Pro (248) 0.028 (5) 6.60 (3)
Tv5 b2 Asp3Val (246) 0.275b (3) 4.84 (3)
Tv51 b2 Asp3Asn (246) 0.050 (3) 6.84 (3)
Tv59 b2 Asp3Asn (246) 0.050 (3) 6.27 (3)

Tv131 a, b1 Thr3Ile (216) 0.049 (3) 6.00 (3)
Lys3Asn (234)

Tv147 a, b1 Thr3Ile (216) 0.053 (3) 5.80 (3)
Lys3Asn (234)

Tv161 a, b1, b2 Thr3Ile (216) 0.079 (3) 8.64b (3)
Lys3Asn (234)
Asp3Asn (246)

a Figures are averages of the number of separate determinations shown in
parentheses. The virulence parameters of variants were compared with those of
RRV T48 by one-way analysis of variance and the t test.
b Value is significantly different (P , 0.05) from value obtained for RRV T48.
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infected BHK cells was consistent with the kinetics of growth
and RNA synthesis by RRV T48 and the variants.
Virulence of RRV antigenic variants for mice. For day-old

mice, RRV T48 was highly virulent, with an LD50 of 0.047
PFU. The infected mice showed severe hind leg paralysis and
had an AST of 4.93 days. The LD50s and ASTs obtained with
the neutralization-resistant variants of RRV were not signifi-
cantly different from those obtained with RRV T48 (data not
shown). No differences in the time of onset and severity of
symptoms in mice infected with the neutralization-resistant
variants and RRV T48 were observed.
RRV T48 was also highly virulent for week-old mice; the

LD50 and AST did not differ significantly between day-old and
week-old mice (Table 1). Further, no differences in the time of
onset or the severity of symptoms were observed. Most variants
yielded differences in LD50s and ASTs that were not signifi-
cantly different from those obtained with RRV T48, except for
Tv2, Tv5, and Tv161 (Table 1). Tv2 and Tv5 had higher LD50s
than RRV T48 (P , 0.05), although differences in ASTs were
insignificant. However, for Tv161-infected mice there was a
significant increase (P , 0.05) in AST over that seen for mice
infected with RRV T48. The LD50 of Tv161 was similar to that
of RRV T48. None of the variants showed any change in the
onset and severity of symptoms compared with RRV T48-
infected mice.
Growth of neutralization-resistant variants in week-old

mice. In order to examine whether changes in the neutraliza-
tion domain affect virus tissue tropism and replication in cer-
tain tissues, the growth of Tv31 and Tv35 (altered in epitope
a), Tv3 and Tv5 (altered in epitope b2), and Tv161 (altered in
epitopes a, b1, and b2) was examined in week-old mice for
which differences in viral virulence were observed. The tissues
selected for examination were hind leg muscles, brain tissue,
and blood. Hind leg muscles were chosen because they are the
major site of RRV replication in mice (39, 42). Brain tissue was
chosen because the extent of RRV replication in neuronal
tissue may determine the severity of symptoms and result in
death.
Viremia levels for Tv3, Tv5, Tv31, and Tv35 followed the

same pattern as the viremia level for RRV T48. All variants
exhibited titers similar to those of RRV T48, except for Tv161,
which reached a 100-fold-lower titer (Fig. 6; data for Tv31 and
Tv35 not shown). No differences in the virus titers for brain
tissue and hind leg muscles were observed.

DISCUSSION

In our efforts to identify the genetic determinants of RRV
virulence, we have studied the effects of single amino acid
mutations in the neutralization domain on viral virulence for
mice and virus penetration and growth kinetics in BHK cells.
Studies with cultured cells showed that variants altered in
neutralization epitopes a and/or b1 could not be distinguished
from the parent virus. However, epitope b2 variants showed
rapid penetration, retarded growth, and delayed RNA and
protein synthesis in BHK cells.
An interesting parallel to the biological properties of the

variants in BHK cells was seen in mice. Neutralization-resis-
tant variants altered in epitope a or b1 showed no difference in
virulence or growth in mice. However, three of the epitope b2
variants (Tv2, Tv5, and Tv161) showed reduced virulence in
week-old mice. Furthermore, Tv161 produced lower levels of
viremia in mice than did RRV T48.
From the results observed in cultured cells it seems likely

that the changes seen in mice did not result from altered
recognition of the variants by the immune system. This follows

from two considerations. First, the week-old mice used in the
present studies are considered immunologically immature
(23), and second, any antibody produced in mice would be
polyclonal and able to neutralize the antigenic variants effec-
tively. Hence, the changes in biological properties of epitope
b2 variants suggest some important function of this epitope
besides that of inducing neutralizing antibody.
Variants altered in epitope b2 showed retarded growth in

BHK cells. Consistent with this, these variants had smaller
amounts of viral RNA and protein synthesized during the early
phase of growth. These variants, however, had increased rates
of cell penetration. These results suggest that epitope b2 vari-
ants may have a lesion in early events of viral infection. The
penetration assay used in our experiments actually measures
the rate of virus escape from the neutralizing antibody, and
thus it may monitor a very early event in the complex virus
entry pathway. It may, therefore, be possible that while the
mutations in epitope b2 increase the efficiency of an early event
in virus entry, a later event in virus infection, such as uncoating,
may be slowed down, resulting in initially retarded growth.
It is noteworthy that in our studies, the three RRV variants

that showed any attenuation all had a mutation in epitope b2.
Variant Tv2 had an Arg3Ser substitution at residue 251, while
Tv5 had an Asp3Val substitution at residue 246. However, an
Asp3Asn substitution at residue 246 in Tv1 or Tv59 did not
result in a change in virulence. The explanation for this prob-
ably lies in the nature of the amino acid change. Variant Tv161
had changes in all three epitopes: Thr3Ile at residue 216,
Lys3Asn at residue 234, and Asp3Asn at amino acid 246.
Since none of the equivalent single amino acid changes altered
the virulence of the corresponding variants, it is possible that
the attenuation seen for Tv161 was a cumulative effect of
multiple mutations.
From our results, it is clear that only changes in epitope b2

altered the virulence of the virus and that even within this

FIG. 6. Growth of neutralization-resistant variants of RRV T48 in mice.
Week-old WEHI mice were injected intraperitoneally with ;100 PFU of virus.
The mice were killed and tissues were removed at 24-h intervals. The value at
each time point is an average of determinations made for three mice. Error bars
are shown where the error is greater than 0.2 log units. The amounts of growth
of RRV T48, and Tv3, and Tv5 were compared in one experiment (top). In
another experiment the amounts of growth of RRV T48 and Tv161 were com-
pared (bottom). F, RRV T48; E, Tv3; ■, Tv5; h, Tv161.
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epitope, only certain amino acid substitutions were capable of
affecting virulence. Similar observations have been made with
VEE virus, for which mutations in only two of the four neu-
tralization epitopes that were identified had an attenuating
effect on viral virulence (15). Similarly, for rabies virus only
those neutralization-resistant variants that were altered at
amino acid 333 of the glycoprotein were attenuated; others
that had mutated at nearby amino acid 330, 336, or 338 re-
tained their original virulence (37). It was suggested that argi-
nine 333 was probably within the region of the glycoprotein
which interacted with the host cell receptor. For mumps virus
also, only one of four neutralization-resistant variants isolated
with a single monoclonal antibody had altered virulence; the
amino acid changes which took place in the different variants
were not identified (20).
Studies with cultured cells and with mice described in this

paper suggest a role for epitope b2 in some aspect of viral
attachment or entry. This is consistent with studies by Meek et
al. (22), who showed that virulent mutants obtained by passag-
ing avirulent RRV NB5092 in mice had changes at amino acids
212, 232, 234, and 251, which were located in neutralization
epitopes in E2. As RRV NB5092 was passaged in neonatal
mice, in which the immune system is immature, it is unlikely
that the mutations were selected as a result of antibody pres-
sure. Since the virulent mutants of RRV NB5092 grew to
higher titers in the blood and brains of mice, it may be that
mutants which were better able to interact with the cellular
receptor were selected. Similarly, serial passage of RRV in
chicken embryo fibroblasts selected for virus variants that were
altered in their reactions to neutralizing monoclonal antibodies
(17). Sequencing of the E1 and the E2 genes established that
single amino acid substitutions had occurred at residue 4 or
218 of the E2 protein. Variants that were altered at residue 218
replicated less efficiently in day-old mice than did the parent
virus, whereas those altered in residue 4 showed no changes. In
light of these results and our findings, we propose that both the
receptor binding site and neutralization epitopes of RRV are
nearby or in the same domain of E2. Thus, a change in a
neutralization epitope could alter the conformation of the re-
ceptor binding site, leading to an altered recognition of cellular
receptor. This could result in a change in cell or tissue tropism
or in an altered rate of viral attachment to or entry into the
cell, which may affect the establishment and spread of the
infection. Such changes could affect the growth rate and viru-
lence of the virus.
Studies with picornaviruses (3, 8, 32), orthomyxoviruses

(44), and rotaviruses (34) suggest that the neutralization anti-
genic sites of these viruses are involved in virus-cell interaction.
Recent studies with a number of alphaviruses also indicate a
role of the neutralization domain in early virus-cell interac-
tions, receptor recognition, and pathogenesis (21, 26, 36, 38).
Alphavirus entry into vertebrate cells involves the association
of the virus with the cell surface, virus binding to a receptor,
recruitment to additional receptors, translocation of the com-
plex to the coated pits, and endocytosis (reviewed in reference
18). The penetration assays used here, which measure the
kinetics of the acquisition of resistance to the added polyclonal
antibody, did not permit an identification of the affected
step(s) in the entry pathway. Similar penetration experiments
with field isolates of RRV (16a) indicate that mutations in the
E1 protein can also influence virus entry rates. This is conceiv-
able since E1 and E2 proteins exist in the virion as a het-
erodimer (11, 14, 31, 45), and therefore changes in amino acid
residues of both E1 and E2 involved in protein-protein inter-
actions could affect virus-cell interactions. Structural analysis
of the RRV E1-E2 heterodimer may clarify the three-dimen-

sional structure of the neutralization epitopes. Site-directed
mutagenesis of the infectious clone of the virus can then be
conducted to clarify the role of individual residues in E1 and
E2 in virus entry and virulence.
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