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In rubella virus-infected cells, genomic 40S and subgenomic 24S RNAs are present in the cytoplasm of
infected cells. However, encapsidation by rubella virus capsid protein is specific for 40S genomic RNA. As a
first step toward understanding the assembly of rubella virus nucleocapsid at the molecular level, the inter-
action between capsid protein and genomic RNA was studied by Northwestern (RNA-protein) blot analysis.
RNA probes prepared by in vitro transcription were used to localize the RNA sequence that participates in
binding to the capsid protein. We have identified a 29-nucleotide RNA sequence (nucleotides 347 to 375) that
is essential for the binding. By using overlapping synthetic peptides of capsid protein, a peptide domain
(residues 28 to 56) that displays specific RNA-binding activity of capsid protein has been located. This result
suggests that the specific recognition of viral RNA during rubella virus assembly involves, at least in part, the
nucleocapsid protein.

Rubella virus (RV), a positive-stranded RNA virus, is the
sole member of the genus Rubivirus in the family Togaviridae
(16). The virions contain three structural proteins, E1 (58
kDa), E2 (42 to 47 kDa), and capsid protein, C (33 kDa) (20).
E1 and E2 are membrane glycoproteins located on the virion
exterior, and capsid protein is associated with the genomic
RNA, forming the nucleocapsid (20). In RV-infected cells, the
genomic 40S RNA serves as a messenger for the nonstructural
proteins and as a template for synthesis of a subgenomic 24S
RNA that encodes the structural protein precursor, which is
processed by host proteases to give rise to three structural
proteins in the order C, E2, and E1 (19). The nucleotide
sequence of the genomic RNA of RV (Therien strain) has
been reported (5). Recently, we have obtained the complete
sequence of cDNA derived from the genomic RNA of wild-
type RV (M33 strain) (unpublished data). Comparison be-
tween the Therien and M33 strains reveals a homology of
97.5% at the nucleotide level (unpublished data).
Although they are not closely related, the alphaviruses

(members of the Togaviridae family) and RV have a similar
strategy for the organization and expression of their structural
protein genes (21, 26). However, the alphavirus capsid protein
differs from the RV capsid protein with respect to the mech-
anism of its cleavage from the polyprotein. The alphavirus
capsid protein is an autoprotease and quickly releases itself
within the cytoplasm from the polyprotein precursor (10, 26),
whereas RV capsid protein requires the presence of microso-
mal membrane for its cleavage from the polyprotein precursor
in vitro (2, 3). In addition, the capsid protein in isolated RV
virions has been reported to be a disulfide-linked dimer (32).
The amino acid sequence predicted from RV capsid protein
cDNAs reveals a protein of 299 residues that includes the

signal peptide sequence of E2 (residues 281 to 299) (2, 17, 30).
RV capsid protein is very basic and rich in proline (45 resi-
dues) and arginine (33 residues) (2). The cluster of proline and
arginine residues in the capsid protein region may be involved
in binding to genomic RNA in the viral nucleocapsid.
In enveloped RNA viruses, two major steps are required in

the assembly of virion particles. The first is interaction of the
genomic RNA with the capsid protein to form the nucleocap-
sid; the second is interaction of nucleocapsid with viral glyco-
proteins embedded in the cellular membrane that results in
budding and release of the virus from the plasma membrane of
the cells. Recent studies with defective interfering RNA and
RNA transcripts made in vitro from cDNA of the viral genome
have provided evidence for a specific interaction between viral
RNA and capsid protein (29, 34). In Sindbis virus, the proto-
type alphavirus, the RNA region that interacts specifically with
the capsid protein has been shown to be located near the 59
terminus of the genomic RNA (nucleotides 746 to 1226) in the
gene for nonstructural protein nsP1 (34). Deletion analysis of
capsid protein of Sindbis virus has identified a potential bind-
ing motif, a stretch of 10 amino acids from residues 97 to 106
(KPKPGKRQRM), that interacts with viral RNA (9).
Very little is known about the specificity of RNA-capsid

protein interaction in RV assembly, although it is known that
only the genomic RNA (40S RNA) and not the subgenomic
RNA (24S RNA) of RV is encapsidated (21). As a first step to
study the molecular basis of RV assembly, we have investigated
the specificity of interaction between viral RNA and capsid
protein. In this study, we report the localization of the RNA
sequence necessary for the binding of RNA to capsid protein
and the peptide domain in capsid protein that interacts with
RNA.

MATERIALS AND METHODS

Construction of plasmids. RV cDNAs encoding the nonstructural (5) and
structural (2) proteins are shown in Fig. 1. All cDNAs were subcloned between
the EcoRI and HindIII sites of the vector pSPT19 (Pharmacia) under the control
of phage SP6 RNA polymerase promoter. Recombinant plasmids were used for
in vitro synthesis of RNA transcripts.
In vitro transcription. Transcription with SP6 bacteriophage RNA polymerase

was performed with linearized plasmid templates by standard protocols (Pro-
mega Corp., Madison, Wis.). Radiolabeled RNA transcripts were synthesized by
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addition of 50 mCi of [35S]CTP (New England Nuclear; 1290 Ci/mmol) in a 20-ml
volume. The synthesized RNA was not capped. All synthesized RNA transcripts
were analyzed for size and intactness by gel electrophoresis.
Northwestern (RNA-protein) blot analysis. RV (M33 strain) was grown in

Vero cells and isolated from the culture supernatant (2). Viral proteins from
purified virus particles were separated by preparative sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions.
Capsid protein was electroeluted and used as the antigen in the binding assay.
Purified capsid protein suspended in RIPA buffer (50 mM Tris-HCl [pH 7.4], 1%
Triton X-100, 150 mM NaCl, 0.1% SDS, 1% sodium deoxycholate, 10 mM
EDTA) was separated by SDS-PAGE in a 10% polyacrylamide gel (13) and
electrophoretically transferred onto a nitrocellulose membrane (31). The mem-
brane strips were washed with probe buffer (10 mM Tris-HCl [pH 7.5], 50 mM

NaCl, 1 mM EDTA, 13 Denhardt’s solution) for 10 min at room temperature
and further incubated with probe buffer containing Escherichia coli tRNA (250
mg/ml) for 1 h to block nonspecific binding. 35S-labeled RNAs (106 cpm/mg) were
added to the probe buffer and further incubated for 1 h with gentle shaking.
Unbound radiolabeled probe was removed by three consecutive 10-min washes
with probe buffer. The strips were dried, and the bound RNA was visualized by
autoradiography.
Bal 31 deletion. 59 and 39 deletion mutants for mapping the essential RNA

region that binds to capsid protein were constructed by using Bal 31 nuclease
(14). The plasmid containing the SmaI-HincII fragment (residues 330 to 617) was
linearized at the SmaI site (59-end deletion) or the HincII site (39-end deletion)
and digested with Bal 31 nuclease (see Fig. 3A). In a typical reaction (100 ml), 2
mg of linearized plasmid DNA was incubated with Bal 31 (1.5 U) at 308C, and

FIG. 1. Localization of the capsid protein binding region in the viral RNA. (A) Schematic diagrams of the RNA transcripts and RV genomic and subgenomic RNAs.
Numbers on the genome scale refer to distances from the 59 end in kilobases. The locations of the deleted regions are shown as nucleotides, numbered from the 59
end of the RV genome. Restriction sites used in the synthesis of the deletion RNA transcripts are shown at the bottom of the diagram. (B) Northwestern blot analysis
of RNA transcripts. Purified capsid protein (3 pmol per strip) immobilized on nitrocellulose was incubated with 35S-labeled RNA transcripts (from 2 to 0.1 pmol in
1 ml of probe buffer) as described in Materials and Methods. Each lane corresponds to the transcripts generated as shown in panel A. The position of monomeric capsid
protein (C) is shown. (C) Effect of RNA and capsid protein concentrations on the interaction between RNA and capsid protein. Capsid protein (20 to 0.2 ng, equivalent
to 0.7 to 0.007 pmol) was spotted onto nitrocellulose and probed with labeled RNA transcripts. Lane 1, 487/1779 RNA, 0.5 pmol; lane 2, 1584/2714 RNA, 0.6 pmol;
lanes 3 to 7, 330/617 RNA at 5, 2.5, 1, 0.25, and 0.05 pmol, respectively. (D) Dependence of RNA-capsid protein interaction on concentrations of RNA and capsid
protein. The bound 35S-labeled RNAs in the dot blots (panel C, lanes 3 to 7) were quantitated by cutting out the spots and scintillation counting. Capsid protein: 20
ng (0.7 pmol, å); 4 ng (0.14 pmol, E); 2 ng (0.07 pmol, x); 1 ng (0.035 pmol, F).
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samples were withdrawn at 1, 2, 3, and 5 min into EGTA (ethylene glycol
tetraacetic acid) solution (14). The DNA samples were treated with T4 DNA
polymerase and recircularized by using T4 DNA ligase. Plasmids containing
different lengths of deletion were digested with EcoRI and HindIII and analyzed
by agarose gel electrophoresis to select the plasmids containing cDNAs of de-
sired sizes.
PCR mutagenesis. Deletion of 31 nucleotides, from nucleotides 376 to 406,

was carried out by PCR (11) with the mutagenic oligonucleotide pAGGGCGG
TGGCGGCGACCCAGCGGCGC (complementary to nucleotides 417 to 406
and 375 to 361) and oligonucleotide primer 59-ATTCGAATTCCAATGGAAG
CTATCGGAC (the underlined nucleotides correspond to RV genomic RNA
nucleotides 1 to 18). RV cDNA containing nucleotides 1 to 406 in vector
M13mp19 was used as a template in mutagenesis. The conditions for PCR
mutagenesis were four cycles at 958C for 30 s, 258C for 2 min, and 728C for 1 min
and 35 cycles at 958C for 30 s and 658C for 2 min. The amplified 375-nucleotide
fragment was isolated from the agarose gel, treated with T4 DNA polymerase,
digested with EcoRI, and inserted into the pSPT19 vector which had been
treated with EcoRI and SmaI. The NcoI-SmaI fragment (nucleotides 38 to 330)
was removed from the resulting plasmid, and the ends were filled in by repair and
religated. The deletion was confirmed by DNA sequencing. This plasmid was
named pSPT19D376/406.
Synthetic peptides and peptide-RNA binding assay. The synthesis of 11 over-

lapping peptides (C1 to C11, 26 to 34 residues in length) covering the capsid
protein (residues 1 to 280, excluding the E2 signal peptide at the C terminus of
the capsid protein) has been reported (22). RNA binding to peptides was per-
formed with nitrocellulose (Hybond C; Amersham). Equal molar portions of
each peptide were applied to the filter. The blots were incubated with probe
buffer containing E. coli tRNA (250 mg/ml) for 1 h and then incubated with
labeled RNA probes. Binding of RNA was carried out as described for North-
western blot analysis.
Mobility shift analysis. Gel mobility shift analysis was performed as described

by del Angel et al. (4). Briefly, the binding of RNA to synthetic peptide was
carried out in a volume of 15 ml containing 10 mM HEPES (N-2-hydroxyeth-
ylpiperazine-N9-2-ethanesulfonic acid, pH 7.9), 20 mM NaCl, 150 mM KCl, 2
mMMgCl2, 0.5 mM EDTA, 10% glycerol, 1 mM dithiothreitol, 120 ng of bovine
serum albumin (BSA), 15 U of RNasin, peptide (as indicated in the legends), and
1 mg of E. coli tRNA. The reaction mixture was incubated on ice for 10 min
before 35S-labeled RNAs (1 pmol) which had been heated at 908C for 2 min and
cooled to room temperature were added. The mixtures were incubated for an
additional 10 min on ice. For competition experiments, unlabeled RNAs were
added to the reaction mixtures prior to the addition of labeled RNAs. The
samples were loaded directly onto a nondenaturing 10% polyacrylamide gel, and
electrophoresis was allowed to proceed for 2 h at a constant current of 15 mA (4).
The gel was dried, and bound RNA was visualized by autoradiography.

RESULTS

Localization of the RNA region responsible for interaction
with capsid protein. The capsid protein of RV interacts with
the genomic RNA to form the icosahedral nucleocapsid. This
interaction is specific; only the genomic RNA, not the sub-
genomic RNA, is encapsidated. In order to investigate the
possibility that there is a specific binding site on the viral RNA,
we studied the specificity of interaction between RNA and puri-
fied capsid protein immobilized on nitrocellulose. The cDNA
fragment (6550 nucleotides) encoding the nonstructural pro-
teins (Fig. 1A) was subcloned between the EcoRI and HindIII
sites of the vector pSPT19. A series of 35S-labeled RNA tran-
scripts (3 to 10) were generated by cutting the cDNA within
nonstructural genes at a BglII, SstI, EcoRV, KpnI, MluI,
HincII, or SmaI site (Fig. 1A). RNA transcripts 1 and 2 were
made from plasmid containing SmaI-HincII and MluI-HindIII
fragments, respectively (Fig. 1A). These transcripts consisted
of a nested set of RNAs differing in the length of the 39 or 59
sequences that they retained. Specific binding of RNA tran-
scripts to capsid protein was detected by incubating the 35S-
labeled RNAs (2 to 0.1 pmol) with capsid protein (3 pmol)
blotted onto nitrocellulose filters in Northwestern blot analysis
(24). Specific binding was observed when the RNA transcripts
contained nucleotides 330 to 617 (Fig. 1B). No binding was
observed when this binding region was not present in the RNA
transcripts (Fig. 1B, lanes 2 and 10). These data suggest that
the sequence on the RNA that confers the binding specificity is
located within the 288-nucleotide fragment between nucleo-
tides 330 and 617 (Fig. 1A). A plasmid, pSPT19-330/617, con-

taining this region (SmaI-HincII fragment) was constructed for
synthesis of the RNA transcripts that were used in the exper-
iments described below.
Since the RNA transcripts used in the binding assay differed

in length, from 330 to 6550 nucleotides, the linearity of the
RNA-capsid protein binding was determined by dot-blot anal-
ysis. Capsid protein (0.7 to 0.07 pmol per dot) was spotted onto
nitrocellulose and probed with different concentrations (5 to
0.05 pmol/ml) of 35S-labeled 330/617 RNA transcript. RNA
transcripts (nucleotides 487 to 1779 or 1584 to 2714) were used
as negative controls (Fig. 1C, lanes 1 and 2). The bound la-
beled RNAs (Fig. 1C, lanes 3 to 7) were quantitated by scin-
tillation counting of the dot-blots. The interaction between
capsid protein and RNA was found to be dependent on the
concentrations of both RNA and capsid protein (Fig. 1D). No
binding was observed with control RNA transcripts that did
not contain the RNA sequence between nucleotides 330 and
617 (Fig. 1C, lanes 1 and 2).
Specificity of RNA-capsid protein interaction. To explore

the specificity of the RNA-capsid protein interaction, we ex-
amined the binding of transcripts prepared in vitro from lin-
earized plasmid pSPT19-330/617 in both the presence and ab-
sence of the same RNA in unlabeled form as a competitor. The
binding of 35S-labeled RNA to capsid protein was blocked by
the presence of unlabeled RNA from the same source (Fig.
2A, lane 5), confirming that this RNA sequence (nucleotides
330 to 617) confers the specificity for RNA binding to capsid
protein.
To determine whether this region (nucleotides 330 to 617) is

actually a recognition site for capsid protein binding, we in-
serted the 288-bp SmaI-HincII cDNA fragment (Fig. 1A) into
plasmid pSPT19-24S (2) immediately downstream from the
start site for in vitro transcription. Binding activity to capsid
protein was observed only in the modified 24S RNA containing
this region and not in the unmodified 24S RNA (Fig. 2B),
indicating that the binding specificity on the RNA is located
within this region. This RNA binding to capsid protein was also
found to occur when this region was inserted at the 39 end of
the 24S RNA (data not shown).
In RV, the nucleocapsid capsomere apparently consists of

two disulfide-linked dimers of the capsid protein (6). It has
been suggested that the central core of the RV virion may be
composed of multiple dimeric units of capsid protein that
associate with RV genomic RNA to form an icosahedral struc-
ture (32). In cells infected with RV, synthesized capsid protein
spontaneously forms homodimers in the absence of other RV
proteins. These dimers appears to become disulfide linked
after virus budding or if exposed to an oxidizing environment
(1). To determine if there is a difference in binding affinity
between the dimeric and monomeric forms of capsid protein to
viral RNA, we performed Northwestern blot analyses with
reduced and nonreduced RV structural proteins immobilized
to nitrocellulose. The blots were probed with 35S-labeled RNA
transcripts from nucleotides 330 to 617 or 1080 to 6550 (Fig.
1A). As expected, capsid protein but not E2 and E1 glycopro-
teins specifically bound to the 330/617 RNA transcript that
contained the capsid protein binding site (Fig. 2C). No differ-
ence in binding affinity was observed between the dimeric and
monomeric forms of capsid protein (Fig. 2C, lanes 1 and 2),
indicating that the oligomeric state of the protein is not in-
volved in its capacity to bind to RNA and that specificity in
RNA binding is not dependent on the conformation of the
capsid protein.
Mapping the binding site on viral RNA. The fine localization

of the binding site was performed by Bal 31 nuclease deletion
mapping. The plasmid containing the cDNA insert (nucleo-
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tides 1 to 805) was linearized at the SmaI or HincII site and
digested with Bal 31 nuclease to generate a series of mutant
cDNAs differing in length at their respective 59 and 39 ends
(Fig. 3A). Radiolabeled RNA transcripts were synthesized
from selected clones and used as probes to test for their ca-
pacity to bind to capsid protein. The cDNA sequences of
deletion mutants were analyzed to determine the endpoint of

each deletion. The location of the endpoint of each deletion is
shown as nucleotides numbered from the 59 end of the RV
genome (Fig. 3A). At the 59 end (starting from nucleotide
330), downstream deletion of more than 46 nucleotides (mu-
tant 376/617) resulted in a loss of binding activity (Fig. 3A,
59-end deletion). Comparison between the endpoints of cDNA
sequences and Northwestern blot analysis of truncated RNA
transcripts suggest that the sequence exhibiting specific capsid
protein binding is located between nucleotides 347 and 375
(Fig. 3A, 59-end deletion). At the 39 end (starting from nucle-
otide 617), upstream deletion of 211 nucleotides (mutant 330/
406) did not affect the binding between RNA and capsid pro-
tein (Fig. 3A, 39-end deletion), indicating that the RNA
sequence that interacts with the capsid protein is located be-
tween nucleotides 330 and 406 (Fig. 3A, 39-end deletion).
To further confirm that this RNA domain (nucleotides 347

to 375) is responsible for specific interaction with capsid pro-
tein, PCR mutagenesis was used to delete the RNA region
from nucleotides 376 to 406. The construct (pSPT19D376/406)
from PCR mutagenesis contained nucleotides 330 to 375 and
407 to 417 (total, 57 nucleotides). It is interesting that deletion
of this 31-nucleotide fragment not only did not lead to any loss
in capsid protein binding activity but instead enhanced its
binding activity (Fig. 3B), indicating that the RNA domain that
participates in the formation of the RNA-capsid protein com-
plex is within the RNA sequence between nucleotides 347 and
375 (Fig. 3B). The RNA sequence in the region between nu-
cleotides 376 and 406 can be folded into a base-paired struc-
ture by using the energy minimization program of Jaeger et al.
(12) and Zuker (36) (Fig. 3C). The observed enhanced binding
activity of the RNA to the capsid protein after deletion of the
31-nucleotide fragment (nucleotides 376 to 406) suggests that
this stem-loop structure may obstruct the accessibility of the
RNA binding site to the capsid protein or perturb an overall
structure of the RNA binding site (Fig. 3C).
Identification of a domain in capsid protein that interacts

with viral RNA. To examine the amino acid residues involved
in capsid protein-RNA binding, we carried out peptide-RNA
dot-blot analysis with 11 overlapping synthetic peptides (C1 to
C11) covering the capsid protein from residues 1 to 280 (22).
Peptides were spotted onto nitrocellulose and probed with
35S-labeled RNA (77- or 57-nucleotide RNA transcript) (see
Fig. 3B). An RNA transcript (nucleotides 417 to 617) was used
as a negative control. At the level tested (65 pmol), C2 peptide
interacted strongly with both RNA transcripts, whereas pep-
tides C3, C10, and C11 interacted weakly with the 57-nucleo-
tide RNA (Fig. 4A). Quantitation of the radioactivity by scin-
tillation counting from the dot blot indicated that peptides C3,
C10, and C11 bound 10, 5, and 15% of the labeled RNA bound
by the C2 peptide, respectively. No binding was observed when
the blot was probed with RNA transcript from nucleotides 417
to 617 (data not shown). The binding of peptide to RNA was
compared with that of the capsid protein (2 pmol) in dot blots.
It was found that the binding affinity of C2 peptide to RNA was
lower than that of the capsid protein from the virion when the
binding activity was compared on a molar basis (Fig. 4A),
suggesting that although the other region(s) of the capsid pro-
tein does not confer specificity, it probably enhances interac-
tion between the capsid protein and RNA.
In order to examine the specificity of RNA-peptide interac-

tion, we carried out mobility shift experiments. Binding of the
35S-labeled 57-nucleotide RNA (1 pmol) to synthetic peptides
C1 to C11 (140 pmol) was carried out in solution in the pres-
ence of E. coli tRNA (250 mg/ml). Formation of a complex
between the RNA and the peptide was analyzed by electro-
phoresis in a nondenaturing polyacrylamide gel (4). It was

FIG. 2. Northwestern blot analysis of interaction between RNA and capsid
protein. Immobilized capsid protein (3 pmol per strip) was used in the binding
assay (A and B) as described in Materials and Methods. (A) Competition with
unlabeled RNA transcript. Strips (0.5 cm) were incubated with 35S-labeled 330/
617 RNA (0.5 pmol) in the absence (lane 1) or presence (lanes 2 to 5) of various
concentrations of unlabeled 330/617 RNA. The concentrations of competitor
RNA were 4 (lane 2), 8 (lane 3), 16 (lane 4), and 32 (lane 5) pmol. The amount
of input RNA recovered in lanes 1 to 5 was 95, 90, 78, 50, and 5%, respectively.
(B) Effect of insertion of the 330/617 RNA fragment on the binding activity of
24S RNA to the capsid protein. The 288-bp SmaI-HincII fragment (correspond-
ing to nucleotides 330 to 617) was inserted into the EcoRI site at the 59 end of
24S cDNA. Modified and unmodified 24S RNAs were synthesized in the pres-
ence of [35S]CTP and used as probes. Lane 1, labeled 330/617 RNA; lane 2,
unmodified 24S RNA; lane 3, modified 24S RNA containing the 330/617 insert.
The position of monomeric capsid protein (C) is shown. (C) Interaction of
reduced and nonreduced capsid protein with viral RNA. Purified RV particles
were treated (1) or not (2) with 2-mercaptoethanol prior to electrophoresis.
Transferred blots were probed with labeled RNA transcripts of nucleotides 330
to 617 (right-hand panel, lanes 1 and 2) or 1080 to 6550 (right-hand panel, lanes
3 and 4). The RV structural proteins were detected with human anti-RV serum
(shown on the left). The positions of protein molecular size standards are shown
on the right (in kilodaltons). C, monomeric capsid protein; Cd, dimeric capsid
protein. E1 and E2 refer to the structural proteins of RV. The electrophoretic
mobilities of E1 and E2 are lower under nonreducing conditions.
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found that the C2 and C3 peptides were retarded, whereas the
C9, C10, and C11 peptides were minimally retarded (Fig. 4B,
lanes 3, 4, 10, and 11). More than 90% of the input RNA was
recovered in peptides C1, C4, C5, C6, C7, C8, and C9, while in
peptides C2, C10, and C11, the recovered RNA was about
65%. In contrast, with peptide C3, only 40% of the RNA was
recovered.
The results from dot-blot analysis (Fig. 4A) and the mobility

shift assay (Fig. 4B) suggested that the binding of RNA to
peptides C3, C10, and C11 may be due to nonspecific protein-
RNA interaction through the neutralization of the negative
charge on the phosphate backbone. Therefore, we performed
the gel shift assay at a lower peptide concentration. With 14
pmol of peptide, no mobility shift was observed for any peptide
except C2, which was slightly shifted (Fig. 5A). The difference
in mobility of the RNA-C2 peptide complex was found to be
dependent on the concentration of the peptide (Fig. 5B). The
dependence of the mobility shift on the C2 peptide concentra-
tion seems to suggest that interaction between RNA and pep-
tide C2 may produce a complex of a different shape or different
electrostatic properties, depending on the ratio of RNA to C2
peptide.
To further explore the specificity of RNA-C2 peptide inter-

action, we examined the binding of the 35S-labeled 57-nucleo-
tide RNA transcript in the presence and absence of competitor
RNAs. In vitro transcripts of unlabeled RNA from the same
plasmid and nucleotides 617 to 1050 were used as competitor
RNAs in gel mobility shift assays. The binding of 35S-labeled
RNA to peptide C2 was blocked by the presence of unlabeled
RNA from the same source (Fig. 5C, lanes 3 to 6), whereas the
RNA from nucleotides 617 to 1050 was ineffective in inhibiting
the binding (Fig. 5C, lanes 7 to 9), confirming that this RNA
sequence (nucleotide 330 to 375) confers the specificity for
RNA binding to peptide C2. We have also analyzed the inter-
action of the 57-nucleotide RNA transcript with capsid protein
in mobility shift assays. The interaction between capsid protein
and RNA resulted in the formation of a ribonucleoprotein
complex with a retarded mobility. A 50-fold molar excess of the
unlabeled RNA inhibited its formation (data not shown).

DISCUSSION

Viral capsid protein primarily provides a protective shell for
the virus genome in its journey from one host cell to another.
The results presented here show that there is a specific inter-
action between RV genomic RNA and its capsid protein im-
mobilized on nitrocellulose and that the specificity of binding is
associated with a short sequence at the 59 terminus of the viral
genome between nucleotides 330 and 617 (Fig. 1). Modified
24S RNA, into which the segment required for binding (nu-
cleotides 330 to 617) was inserted, showed binding activity
(Fig. 2B), suggesting that at least some of the sequence is
involved in binding recognition. Deletion at either end of the
330-617 fragment by Bal 31 nuclease digestion has narrowed
down the capsid protein binding site to 29 nucleotides between
nucleotides 347 and 375 in the viral RNA (Fig. 3). Encapsida-
tion signals have now been identified for a wide spectrum of
RNA viruses. They range in size from about 30 for the bacte-
riophage R17 and QbRNAs (35) to 60 to 100 nucleotides for

FIG. 3. Bal 31 deletion and analysis of the truncated RNA transcripts. (A)
Schematic diagrams of Bal 31 deletion. The plasmid was linearized at the SmaI
site (59 deletion) or at the HincII site (39 deletion) and digested with Bal 31
nuclease. Selected deletion plasmids were sequenced and used to prepare la-
beled RNA transcripts for Northwestern blot analysis. The location of the end-
point of each deletion is shown as nucleotides, numbered from the 59 end of the
RV genome. The binding activity of the truncated RNA is indicated (1, positive;
2, negative). (B) Northwestern blot analysis of representative deletion RNA
transcripts. Purified capsid protein (3 pmol per strip) immobilized on nitrocel-
lulose was incubated with 35S-labeled RNA transcripts (12 pmol in 1 ml of probe
buffer) as described in Materials and Methods. RNA transcripts were from
nucleotides 1 to 330 (lane 1), 330 to 617 (lane 2), 347 to 617 (lane 3), 376 to 617
(lane 4), 417 to 617 (lane 5), 330 to 426 (lane 6), 330 to 406 (lane 7), and 330 to
376 plus 407 to 417 (lane 8). The position of monomeric capsid protein (C) is
shown. The length of each RNA transcript is shown in nucleotides (nt). The
amount of bound 35S-labeled RNA corresponding to each RNA transcript in the
blots was quantitated by scintillation counting and normalized to that of the

57-nucleotide RNA, which was set at 100%. (C) Secondary structure of the
region between nucleotides 251 and 450, predicted with the program of Jaeger et
al. (12) and Zuker (36). The numbers present in this structure refer to Fig. 1A.
The RNA sequence that interacts with the capsid protein is shown by the
arrowhead.
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Sindbis virus (9) and coronavirus (8). It is not known whether
this stretch of 29 nucleotides is sufficient for RV genomic RNA
packaging. It has been shown that RNAs of turnip crinkle virus
(33) and Rous sarcoma virus (28) have multiple sites that
interact to induce packaging. It would not be surprising if
another region(s) of the RV genome is also necessary for RNA
packaging.
Using 11 overlapping capsid peptides (C1 to C11), we have

mapped the RNA-binding domain on capsid protein to resi-
dues 28 to 56 (C2; AAGASQSRRPRPPRHARAQHLPEMTP
AVT) (Fig. 4). Capsid proteins from a number of RNA viruses
have a common feature of arginine-rich regions, postulated to
bind nucleic acids (9, 18, 25). Examination of the amino acid
sequence of RV capsid protein suggested that the interaction
of RV capsid protein with its viral RNA is not due solely to the
high density of basic residues in this region (residues 28 to 56).
Our results show that other highly basic regions, residues 205
to 233 (C9), 231 to 257 (C10), and 255 to 280 (C11), interact
poorly with viral RNA. It is likely that the interaction between
capsid protein and viral RNA is due to a nucleation event
which confers specificity on the binding process and that other
regions of capsid protein may then function in subsequent
steps to lead to the formation of nucleocapsids. It has been
suggested that the capsid protein in alphaviruses shows two
types of RNA interactions: one major type of interaction which
is nonspecific, and another which is specific for the encapsida-
tion signal (7). Nonspecific protein-RNA interactions have
been widely found for viral RNAs. It has been suggested that
a lack of specificity may aid in virion assembly by compaction
of the RNA through the neutralization of the negative charge
on the phosphate backbone.
Although peptide C2 was found to interact specifically with

RV viral RNA, its lower RNA binding affinity compared with
that of the intact capsid protein suggests that another region(s)
of the capsid protein may be necessary for efficient RNA bind-
ing. At present, we cannot rule out the possibility that regions
in peptides C3, C10, and C11 are not involved in the RNA
binding. Further studies are needed to use peptides including
both C2 and C3 or C10 and C11 regions in the RNA-binding
assay.

Cloning of the cDNAs of the Sindbis virus genome (23) and
its smaller defective interfering RNA (15) and studies on the
biological activity of their RNA transcripts have made it pos-
sible to define sequences in these genomes that are required
for recognition in replication and encapsidation. Studies are in
progress to use the RV cDNA expression system to examine
the functions of the identified RNA segment and capsid pro-
tein domain in genomic encapsidation and assembly of RV.
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