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Evidence for Specificity in the Encapsidation of Sindbis Virus RNAs
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We investigated the interaction of the capsid protein of Sindbis virus with Sindbis viral RNAs and defined
a region of the genome that is required for binding in vitro and for packaging in vivo. The binding studies were
performed with purified capsid protein immobilized on nitrocellulose and *2P-labeled RNAs transcribed in
vitro from viral and nonspecific cDNAs. Genomic and defective interfering (DI) RNAs bound capsid protein
significantly better than either the subgenomic (26S) RNA or nonspecific RNAs. Transcripts prepared from
either truncated or deleted cDNAs were used to define the segment required for binding. This segment, which
is represented twice in DI RNA, lies between nucleotides 746 and 1226 of the genomic RNA and is within the
coding region of the nonstructural protein nsP1. Insertion of a domain covering these sequences into a nonviral
RNA was able to convert it from a background level of binding to an activity that was 80% that of the Sindbis
virus DI RNA. We analyzed DI RNA transcripts in detail because they could be studied not only for the ability
to bind capsid protein in vitro but also for the ability to be replicated and packaged in vivo in the presence of
helper virion RNA. The results obtained with three DI RNAs are reported. One (CTS14), which has one copy
of the binding domain, bound efficiently to capsid protein in vitro and was packaged in vivo as measured by
amplification on passaging. In contrast, a DI RNA (CTS1) which lacked this region did not bind to capsid
protein and was not detected on passaging. By using lipofectin (P. L. Felgner, T. R. Gadek, M. Holm, R.
Roman, H. W. Chan, M. Wenz, J. P. Northrop, G. M. Ringold, and M. Danielson, Proc. Natl. Acad. Sci. USA
84:7413-7417, 1987) to enhance RNA uptake, we were able to demonstrate that CTS1 RNA was replicated in
the transfected cells. It was replicated to the same level as another DI RNA (CTS253) which has only the 3’ 279
nucleotides of the binding domain and these are located near the 3’ terminus of the RNA. CTS253 bound capsid
protein to an intermediate level but was amplified on passaging. The binding studies and the in vivo packaging
data, taken together, provide strong support for the conclusion that there is a specific capsid recognition

domain in Sindbis virus RNA that plays a role in nucleocapsid assembly.

Sindbis virus is a positive-strand enveloped virus, the
prototype member of the Alphavirus genus of the Togaviri-
dae family. Both the enveloped particle and the internal
nucleocapsid have icosahedral structures (8, 10). The ge-
nomic RNA (49S RNA) contains 11,703 nucleotides plus a
poly(A) tail at the 3’ terminus. Strauss et al. (31) determined
the complete sequence of the cDNA derived from the
genomic RNA, and Rice et al. have constructed cDNAs that
can be transcribed in vitro to produce infectious RNAs (24).
In infected cells, the genomic RNA serves as a messenger
for the nonstructural proteins and as a template for synthesis
of the complementary negative strand (reviewed in reference
32). The latter is the template for synthesis of new genomic
RNAs and also for synthesis of a subgenomic RNA (26S
RNA) which is the mRNA for the viral structural proteins
(the capsid protein and two membrane glycoproteins). These
proteins are synthesized as a polyprotein with the capsid
protein located at the amino-terminal end. The capsid pro-
tein contains protease activity responsible for cleaving the
protein from the remaining nascent peptide, which is then
transported into the rough endoplasmic reticulum. The pep-
tide inserted in the membrane undergoes further proteolytic
cleavages and co- and posttranslational modifications as the
proteins are transported through the Golgi membranes to the
plasma membrane of the cell (reviewed in reference 26).
Assembly of virion particles requires at least two steps. The
first is interaction of the 49S virion RNA with the capsid
protein to form the nucleocapsid; the second is interaction of
the nucleocapsid with the viral glycoproteins embedded in
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the cellular membranes. In animal cells, the latter interaction
results in budding and release of the virus from the plasma
membrane of the cell. Very little is known about the speci-
ficity of either of these steps, but there is specificity, since
only the 49S virion RN A, and not the subgenomic 26S RNA,
is encapsidated. Recent studies using idiotypic antibodies
have provided evidence for a specific interaction between
the cytoplasmic tail of the E2 glycoprotein and the nucleo-
capsid of the related Semliki Forest virus (37).

There are several examples of specificity in the encapsi-
dation of viral nucleic acids. The best-defined system of
virus assembly is that of tobacco mosaic virus, a helical plant
virus particle in which assembly is initiated by specific
interaction between the coat protein disk and an internal
sequence in the RNA genome (reviewed in reference 4).
Specificity of assembly of the icosahedral plant virus turnip
crinkle virus was demonstrated by studies showing a prefer-
ence for virion RNA over rRNA in the reassembly of the
virus in vitro (29). There are domains in the genomes of
retroviruses that are required for packaging of the RNA into
virions (1, 20). Previous studies with Sindbis virus, however,
have shown that in vitro, the viral capsid protein interacts
with a variety of RNAs, as well as with other negatively
charged macromolecules to form nucleocapsidlike structures
(39—41). These results led Wengler to suggest that the
specificity of encapsidation in vivo could be due to the
greater stability of the nucleocapsid containing the viral
genomic RNA rather than to any specific packaging signal
(39).

Cloning of the cDNA of the Sindbis virus genome (24) and
the smaller defective interfering (DI) RNA (19, 22) and the
biological activity of their RNA transcripts has made it
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possible to analyze and define sequences in these genomes
that are required for recognition in replication and to deter-
mine whether there are sequences required for encapsida-
tion. In previous studies, we performed a deletion analysis of
the cDNA of a DI RNA (19). In that work, the DI RNA
transcripts were transfected into cells in the presence of
helper Sindbis virus, and amplification of the DI RNA was
analyzed after two or three passages on cells. We demon-
strated that only deletions at the 5’ and 3’ termini of the DI
genome prevented amplification. Furthermore, substitution
of 75% of the internal viral sequences with foreign sequences
did not destroy the ability of the DI RNA to be amplified
(18). Because it was necessary to passage the virus to detect
the DI genomes in infected cells, we could not distinguish
between sequences required for replication and those that
might be required for encapsidation. We have now been able
to analyze the specificity of encapsidation by two indepen-
dent means. (i) We identified sequences in the genomic RNA
that interact specifically with the capsid protein in binding
assays using purified capsid protein and RNA transcripts,
and (ii) we were able to analyze the replication of DI RNAs
in transfected cells by using lipofectin (7) to increase the
sensitivity of our assays. We report here that the sequences
of the genome required for binding to the capsid protein are
located near the 5’ terminus of the RNA, in the gene for
nonstructural protein nsP1. These sequences were not es-
sential for replication, but DI RNAs that lacked these
sequences were not detected in passaged virus.

MATERIALS AND METHODS

Plasmids and in vitro transcription. The DI cDNA clones
KDI25 and CTS253 have already been described in detail
(18, 19, 22). For a diagram of their structures, see Fig. SA.
Rice et al. have reported the construction of the full-length
cDNA clone of Sindbis virus 49S RNA (Totol101) (24).
Toto1102, a derivative of Toto1101, contains an Xbal linker
insertion at an Rsal site at position 7612. The Toto clones
were provided by C. Rice and H. Huang, Washington
University, St. Louis, Mo. Xiong et al. have described the
self-replicating Sindbis virus vector TRCAT (43). The
KDI25 cDNA derivative used to generate negative-strand DI
RNA transcripts was obtained by insertion of a 20-nucleo-
tide oligomer containing the T7 promoter downstream of the
3’ terminus of the DI cDNA at an EcoRlI site. An Xhol linker
was inserted between the SP6 bacteriophage promoter and
the start of DI RNA 5' sequences. Linearization of the DNA
at the Xhol site permitted runoff transcription by use of the
T7 polymerase to generate negative-strand RNAs. Plus-
sense transcripts were synthesized from KDI25 by using
cDNA linearized at a downstream PstI site by using SP6
bacteriophage DN A-dependent RNA polymerase. CTS1, a
derivative of CTS253, was constructed by ligation of a
2,520-nucleotide Scal fragment from CTS253 with a 1,839-
nucleotide Scal-Spll fragment from Toto1102 (see Fig. SA).
Plasmid pCAT was provided by H. Huang. It contains the
chloramphenicol acetyltransferase (CAT) gene inserted
downstream of the SP6 promoter in a pBR322-derived vec-
tor. Linearization of this plasmid at a unique Sacl site
generated, upon runoff transcription, an RNA of 2,608
nucleotides, with 657 nucleotides representing the CAT gene
sequence and the remainder derived from pBR322. The
plasmid containing the gene for B-actin was provided by
Dorothy Schafer (Washington University).

Transcriptions using SP6 bacteriophage polymerase were
performed as described previously (19). 32P-labeled RNA
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probes were synthesized by using [>*?P]CTP in reactions in
which the concentration of CTP was 200 pM. All RNA
transcripts were analyzed by gel electrophoresis after dena-
turation with glyoxal (6) to verify their size and that they
were intact.

Northwestern blot analysis. Sindbis virus purified by su-
crose gradient centrifugation was disrupted in sodium dode-
cyl sulfate. The viral proteins were separated by electropho-
resis in 7.5% polyacrylamide gels (15). The proteins were
electrophoretically transferred to nitrocellulose as described
by Towbin et al. (33). Identical membrane transfer strips
were probed with 3?P-labeled RN As by a modification of the
procedure of Bowen et al. (5). The blots were washed in
probe buffer (10 mM Tris [pH 7.5], 50 mM NaCl, 1 mM
EDTA, 1x Denhardt solution) for 1 h at room temperature
and incubated for another hour in this buffer in 250 ng of
Escherichia coli total RNA per ml. Carrier RNA was re-
quired to block nonspecific binding. Commercially obtained
Saccharomyces cerevisiae RNA did not give the same
discrimination as E. coli RNA. RNA probes labeled with 32P
were then added to the nitrocellulose strips, followed by
incubation for 1 h with continuous shaking. Unbound probe
was removed by three consecutive 10-min washes with
probe buffer.

Nitrocellulose dot blot binding assay. A dot blot manifold
(Schleicher & Schuell, Inc.) was used to apply 600 to 1,200
ng of capsid protein in 1% acetic acid or water to nitrocel-
lulose. Protein was allowed to bind for 30 min in a 20-pl
volume, and then gentle suction was applied to the manifold.
Each well was washed with 1% acetic acid or water, and the
entire membrane was then washed twice for 30 min each
time in probe solution. Individual filter squares containing
capsid protein were exposed to carrier RNA as indicated
above and then to radioactive probes. The filters were
washed as described above. Each datum point was obtained
by averaging the results from triplicate samples. The counts
per minute (cpm) added to each filter ranged from 0.4 x 108
to 2.2 X 10° in the different experiments (see Table 1 for
examples). Both positive (DI2S5) and negative (CAT) RNAs
were included in the assays in all experiments, and the data
were normalized to the bound fraction of DI25 by using the
following equation: (bound cpm/input cpm)/(bound DI25
cpm/input DI25 cpm) X 100.

Purification of capsid protein from Sindbis virions. The
procedure used to purify capsid protein was identical to that
described by Wengler et al. (40). The purity and integrity of
the final recovered capsid polypeptide were determined by
polyacrylamide gel electrophoresis and Coomassie blue
staining for protein.

RNA analysis. RNA was isolated from monolayers of
chicken embryo fibroblasts (CEF) as previously described
and analyzed by agarose gel electrophoresis following dena-
turation with glyoxal in dimethyl sulfoxide (6).

Lipofectin-mediated cotransfections, passaging of virus, and
labeling of viral RNAs. The cationic lipid lipofectin (7) was
used to facilitate uptake of Sindbis virus RN As in secondary
cultures of CEF. The efficiency of transfection with lipofec-
tin was at least 10-fold better than that obtained with
DEAE-dextran and permitted us to detect Sindbis virus-
specific RN As synthesized after transfection without passag-
ing. For transfections, virion 49S RNA (0.4 pg) or TRCAT
RNA (0.5 pg) and DI RNA (0.5 pg) were combined and
diluted into 0.25 ml of serum-free minimal essential medium
(MEM). The diluted RNAs were then mixed with 7.5 pg of
lipofectin in 0.25 ml of MEM. The 0.5-ml lipid-RNA mixture
was applied to confluent monolayers of CEF in 60-mm-
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FIG. 1. Northwestern blots showing specific binding of Sindbis
virus RNAs to viral capsid protein. Sindbis virus structural proteins
were electrophoresed through a 7.5% polyacrylamide denaturing gel
and electrotransferred to nitrocellulose. Following preincubation
with E. coli RNA (250 pg/ml) in binding buffer, the nitrocellulose
strips were probed with 3?P-labeled RNA transcripts. The RNAs
used are indicated; negative-strand DI25 RNA is complementary to
DI25 RNA and is described in Materials and Methods. The molec-
ular weights (in thousands) of coelectrophoresed stained marker
proteins are indicated in the margin.

diameter dishes that had been washed twice with serum-free
MEM. The dishes were incubated at 30°C for 1 h. A 1.5-ml
volume of serum-free MEM and dactinomycin (1 pg/ml)
were added for an additional hour. This medium was then
replaced with 2.0 ml of MEM containing 3% fetal bovine
serum-1 pg of dactinomycin per ml-[*H]uridine at 25 unCi/
ml, and the cells were incubated overnight at 30°C. In some
experiments, samples of medium from this first passage or
from subsequent passages were used to infect CEF in
dactinomycin and labeled as described above.

RESULTS

Binding of Sindbis virus RNAs to viral capsid protein. In
cells infected with Sindbis virus, newly synthesized virion
RNA interacts with the capsid protein to form viral nucleo-
capsids. This step is assumed to be one of self-assembly,
because purified capsid protein and RNA can interact in
vitro to form nucleocapsidlike structures (40). We investi-
gated the possibility that there is a specific binding site(s) on
the viral RNA by analyzing the specificity of the interaction
between the RN As and purified capsid protein immobilized
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TABLE 1. Dot blot assay of binding of RNA to capsid protein

Input cpm cpm bound

RNA 10%° (= SD) % Bound
Expt 1

DI25 0.8 3,796 = 542 0.47

DI25 4.3 22,765 + 574 0.53

B-Actin 0.8 447 * 277 0.06
Expt 2

DI25 1.6 26,742 + 824 1.7

CAT 2.0 4,350 = 740 0.20

< In experiment 1, 10° cpm equalled 0.37 pmol; in experiment 2, 10° cpm
equalled 0.2 pmol.

on nitrocellulose. In the first experiments, the structural
proteins of the virus were separated by polyacrylamide gel
electrophoresis and transferred to nitrocellulose. Four dif-
ferent 32P-labeled RNA transcripts were used as probes to
test for their ability to bind to the proteins. The following
three were Sindbis virus specific: plus-strand genomic 49S
RNA, the plus strand of a DI RNA (DI25), and the negative
strand of DI25 RNA. The fourth RNA was a transcript
derived from plasmid pCAT and contained sequences from
pBR322, as well as the complete CAT RNA sequences. Only
two of these RNAs—the 49S genomic RNA and the plus
strand of DI25—gave a strong signal in the capsid protein
region (Fig. 1). None of the RNAs bound to the viral
glycoproteins. Specificity was observed, however, only
when carrier E. coli RNA was present during incubation.

To analyze RNA binding more quantitatively, we purified
the capsid protein by the method of Wengler et al. (40) so
that it could be bound directly to nitrocellulose. Binding of
32p_labeled transcripts to capsid protein was then deter-
mined under conditions in which the capsid protein was in at
least 10-fold molar excess (Table 1). Binding of DI25 RNA
was seven- to eightfold higher than that of two unrelated
RNA transcripts (B-actin and CAT) of similar sizes and
specific activities. The binding conditions described were
optimized to achieve specificity (see Materials and Meth-
ods). Although reductions in pH (varied down to 5.5 in 0.05
M KPO, buffer) or addition of Mg>* ions (5 to 10 mM MgCl,)
led to substantial increases in binding, they also caused an
almost total loss of specificity, even in the presence of
competitor RNA.

Since most of the sequences in DI25 are derived from the
5'-terminal region of genomic RNA (22), it seemed likely that
if a specific binding domain were present, it would be in that
region. We examined this possibility by comparing the
binding of a truncated 49S RNA transcript containing the
5'-proximal 4,633 nucleotides of the genome with both DI25
and 26S RNA (Fig. 2). Two transcripts of DI25 were tested.
One was transcribed from a cDNA that had been linearized
at the Pst1 site (the standard transcript of 2,358 nucleotides).
The second was transcribed from a cDNA linearized at the
downstream Sacl site so that the RNA, which contained
both Sindbis virus and plasmid sequences, would be essen-
tially the same size (4,241 nucleotides) as the truncated 49S
RNA and the 26S RNA. The two DI RNAs and the truncated
49S transcript bound to the capsid protein to the same
extent. In contrast, the 26S RNA transcript bound much less
efficiently. This RNA, which represents the 3’ one-third of
the genome, is not encapsidated in vivo.

Several other DI RNAs with alterations in the 5’ terminus
were tested for binding. These included a DI RNA in which
the 5’ end is identical to that of 49S RNA (19, 34) and a DI
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FIG. 2. Binding of Sindbis virus-specific RNAs to purified capsid
protein. Capsid protein (600 ng per filter) was blotted onto nitrocel-
lulose, followed by incubation with various 3?P-labeled RNA tran-
scripts as described in Materials and Methods. The counts per
minute added to each filter ranged from 0.6 x 10° to 1.8 x 10° for the
different transcripts. Each sample was analyzed in triplicate. The
data were normalized to the bound fraction of the 2,358-nucleotide
(nt) DI25 RNA derived by transcription of the cDNA linearized at a
Pstl site. A second DI25 transcript was obtained by using as a
template cDNA linearized at the downstream Sacl site to generate
an extended transcript of 4,241 nucleotides containing DI25 and
pBR322 sequences. The latter transcript was essentially the same
size as the 49S and 26S RNA transcripts. The 49S RNA used in this
experiment was obtained by transcription of Toto 1102 ¢cDNA
linearized at a BamHI site to generate a 4,633-nucleotide RNA.

RNA with a deletion from nucleotides 162 to 241 (19). This
region includes a stretch of nucleotides that is highly con-
served among alphaviruses and is thought to have some
cis-acting function (23). These RNAs bound to capsid pro-
tein with the same efficiency as DI25 RNA (data not shown).

Location of the capsid-binding domain in 49S RNA in the
nsP1 gene. A series of truncated RNAs was obtained by
linearizing the 49S cDNA template at a variety of restriction
enzyme sites upstream from the site at nucleotide 4633 (Fig.
3A). The transcripts consisted of a nested set of RNA probes
differing in the amounts of the 3’ sequence they retained; all
had identical 5'-proximal sequences. No reduction in binding
was observed until a transcript size of 1,147 nucleotides was
reached, and binding was decreased to an even greater
extent when the transcript was reduced in size to 765
nucleotides (Fig. 3B). These data suggested that the se-
quences that confer binding specificity on the RNA begin
upstream from nucleotide 1407 of the genomic RNA and are
in the coding region of nsP1.

A possible criticism of the data in Fig. 3B is that the RNAs
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FIG. 3. Binding of 5’ fragments of 49S RNA to capsid protein.
(A) 49S RNA transcripts were derived by using as a template Toto
1102 cDNA linearized at the sites indicated. The length of each
resulting transcript is given (in nucleotides) to the right of the
enzyme used. The positions of the coding sequences for nsP1 and
nsP2 are indicated by the open and closed bars, respectively. The
nsP1 domain extends from nucleotides 60 to 1679 in 49S RNA (31).
(B) Relative binding of RNA probes described in panel A to capsid
protein using the binding assay described in Fig. 2 and in Materials
and Methods. Each numbered bar in the histogram corresponds to
the transcript generated by cleavage at the sites indicated in panel A.

analyzed were of different sizes. To address this potential
problem, we analyzed RNA transcripts of the same size with
internal deletions. One deletion encompassed 637 nucleo-
tides from a Smal site at position 767 to an Eco47III site at
nucleotide 1404. The other deletion was only 177 nucleo-
tides, extending from the Smal site at nucleotide 767 to a
second Smal site at nucleotide 944, The deleted cDNAs and
the parental 49S cDNA were linearized at restriction sites
such that the transcripts were all of comparable sizes. The
binding studies showed that the large deletion reduced
binding by 75%. The smaller deletion also had a significant
but smaller effect on binding (Table 2).

Enhanced binding to capsid protein by CAT RNA contain-
ing an insertion from nsP1. CAT RNA served as our negative
control. If the region in nsP1 is actually a recognition site for
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TABLE 2. Binding of internally deleted 49S transcripts
to capsid protein
. . Transcript size oo
Transcript Runoff site (nucleotides) % Binding®
498 Bglll 2,288 100
SE2 Sacll 2,132 25
SE Bglll 2,111 60
CAT Sstl 2,606 12
nsP1
105 -
2288
SE2 —|
767 1404 2771
|
s3 { | i
767 944 2288

2 Binding values are normalized to binding of the 49S Bgill fragment
previously shown by comparison with DI25 RNA to be efficiently bound to
capsid protein.

capsid binding, it should be possible to confer binding
activity on CAT RNA by inserting this sequence into it. We
inserted a 572-nucleotide Hhal fragment extending from
nucleotides 683 to 1255 in 49S RNA into the pCAT plasmid
immediately downstream from the start site for in vitro
transcription. The fragment was inserted in pCAT DNA in
two orientations such that it was represented in RNA
transcripts in a plus or minus sense. When it was inserted in
the plus-sense orientation, binding was enhanced fivefold
over that of unmodified CAT RNA. This level of binding was
about 80% of that observed with DI25 RNA (Fig.4). In
contrast, when the insertion was in the opposite orientation,
there was no increase in binding over the background value.
These data support the conclusion that the region identified
by deletion analysis contains a major capsid recognition
sequence.

Capsid binding by DI RNAs containing CAT sequences. The
domain in 49S RNA associated with specificity of binding to
capsid protein is present in DI25 RNA in two copies (Fig.
5A). The first copy is located between nucleotides 823 and
1302; the second begins at nucleotide 1730 and terminates at
nucleotide 2208 (19, 22). They correspond to nucleotides 746
to 1226 in the 49S virion RNA. A derivative of DI2S5,
CTS253, in which foreign sequences were substituted for a
large internal region of DI cDNA (Fig. SA) had been con-
structed previously (18). The foreign sequences include CAT
and simian virus 40 sequences. CTS253 retains the following
two regions from DI2S: the first 240 nucleotides at the 5’ end
and the last 428 nucleotides at the 3’ end. This latter region
contains 279 nucleotides from the 3’ region of the capsid-
binding domain. CTS253 RNA is amplified on passaging and
therefore is encapsidated (18). If in vivo assembly of this DI
RNA requires sequences within the 279-nucleotide domain,
DI RNAs which completely lack these sequences should not
be packaged. To test this prediction, we constructed a
cDNA derivative of CTS253 (CTS1) in which the 279 nucle-
otides of the binding domain were deleted (Fig. SA). The first
938 nucleotides of CTS1 were derived from CTS253, and the
remaining 1,359 were from the extreme 3’ terminus of 49S
RNA. A similar cDNA clone, designated CTS14, which
contained a 5’ insertion of the 572-nucleotide Hhal fragment
(nucleotides 683 to 1255 of virion RNA) was also constructed
(Fig. S5A).

DI RNAs transcribed from these modified cDNAs were

% control
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FIG. 4. The effect of insertion of 572 nucleotides from 49S virion
RNA (the region from nucleotides 639 to 1255 in 49S virion RNA)
into CAT RNAs. RNA-capsid binding was performed as described
in Materials and Methods. Lanes: 1, unmodified CAT RNA tran-
script; 2, CAT RNA containing the 572-nucleotide insert in the
inverse orientation; 3, CAT RNA containing the 572-nucleotide
insertion in the correct orientation.

examined for the ability to bind to capsid protein (Fig. 5B).
CTS253 bound weakly to capsid protein. Binding of CTS1
was no better than that of CAT RNA, but CTS14 bound to
capsid protein almost as well as did DI2S.

Requirement of nucleotides in the capsid-binding domain
for encapsidation of DI RNAs. The three DI RNA transcripts,
CTS253, CTS1, and CTS14, that had been analyzed in the
binding assay were tested in vivo for the ability to be
packaged in cotransfection experiments. They were each
cotransfected with 49S virion RNA into CEF. Cotransfected
cells were labeled with [*H]uridine in the presence of dacti-
nomycin, and RNA was extracted and analyzed by agarose
gel electrophoresis. All three DI RNAs were detected in
passage 1 (Fig. 6). The medium harvested from the trans-
fected cells (passage 1) was used for infection of new cells,
and RNAs from this passage 2 infection were analyzed (Fig.
6). In passage 2, CTS253 and CTS14 RNAs were clearly
evident, but CTS1 RNA was not. An additional passage
(passage 3) led to amplification and enrichment of both
CTS253 and CTS14 but not CTS1. These results demon-
strated that CTS1 was lost on passaging and provide strong
evidence that the binding domain we identified is required
for packaging in vivo.

A quantitative analysis of the RNAs synthesized in pas-
sage 1 showed that the amounts of each species of RNA in
lanes 1 and 2 were identical and that in each case the DI
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FIG. 5. Binding of CAT-containing DI RNAs to capsid protein.
(A) Structures of the DI RNAs tested. The name and length of each
transcript is given on the right. The black bars indicate regions
defined as capsid-binding domains. The 3’ 26S RNA domain fused to
CAT in CTS1 and CTS14 was derived from nucleotides (nt) 10381
through 11740 in Toto1102 cDNA. CTS14 has the 572-nucleotide
insertion derived from nucleotides 639 to 1255 of 49S virion RNA.
(B) Efficiency of binding of various 3?P-labeled DI RNAs containing
CAT sequences. Binding was normalized to that of DI25 RNA
(2,358 nucleotides), which was set at 100%.

RNA represented 10% of the total radioactivity. CTS14
RNA (lane 3) made up 40% of the total radioactivity. The
molar ratios of DI RNA to 49S RNA were 1.7, 1.6, and 8.4
for CTS253, CTS1, and CTS14 RNAs, respectively. The
higher level of CTS14 RNA in the transfected cells suggested
that the 572-nucleotide insert affected replication as well as
encapsidation. An alternative explanation is that CTS14 was
packaged efficiently and, after being released from trans-
fected cells, was able to infect new cells that would also be
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FIG. 6. Analysis of Sindbis virus RNAs after transfection or
after passaging. (A) Electrophoretic analysis of Sindbis virus RNAs
synthesized in cells transfected with 499S RNA and DI RNAs.
Secondary CEF were cotransfected with 49S virion RNA and DI
RNA transcripts and labeled with [*H]uridine in the presence of
dactinomycin for 18 h at 30°C. The isolated RNA was denatured
with glyoxal and electrophoresed through a 1% agarose gel as
previously described (19). Lanes: 1 to 3, RNAs from cells trans-
fected with 49S RNA and CTS253 (lane 1), CTS1 (lane 2), or CTS14
(lane 3); 4 to 6, transcripts of CTS253 (lane 4), CTS1 (lane 5), and
CTS14 (lane 6). (B) Electrophoretic analysis of viral RNAs synthe-
sized in passages 2 and 3. One-fourth of the medium harvested either
from transfected cells or from passage 2 was used to infect new
monolayers. The labeling conditions were the same as those de-
scribed for panel A for passage 1. Lanes: 1 and 4, CTS253; 2 and S,
CTS1; 3 and 6, CTS14; 7, CTS253 transcript; 8, CTS14 transcript.
The viral RNA bands in lanes 1 and 3 in passage 2 are lower in
intensity than the bands in these lanes in passage 1 (transfected
cells) because the autoradiogram was exposed for less time than the
one in panel A. Longer exposures of the passage 2 autoradiogram
showed no CTS1 band in lane 2.

infected by helper virus. We were able to distinguish be-
tween these possibilities in two ways. First we repeated the
cotransfection experiment with anti-Sindbis virus antibodies
which prevented the spread of both infectious virus and DI
particles. With these antibodies, the titer of newly synthe-
sized virus was reduced to less than 200 PFU/ml. The ratios
of DI RNAs to 49S and 26S RNAs were similar to those
shown in Fig. 6, with CTS14 again representing a higher
percentage of the total radioactivity than either of the other
two DI RNAs (data not shown). A second and more defini-
tive experiment was to use as the helper an RNA lacking the
structural genes. This RNA (referred to as TRCAT) is a
self-replicating vector in which the Sindbis virus structural
protein genes were replaced with the gene for the bacterial
enzyme CAT (43). Cells transfected with TRCAT synthesize
a subgenomic RNA that is translated to produce CAT
protein. No viral structural proteins are produced, and no
viral particles are formed. Each of the DI RNAs was
transfected into CEF with TRCAT RNA, and the virus-
specific RN As synthesized were analyzed. CTS14 RNA was
present at a level significantly above that of the other two DI
RNAs (Fig. 7). It represented 41% of the total radioactivity;
CTS253 and CTS1, respectively, represented 14 and 25% of
the total radioactivity. These results demonstrated that in
transfected cells, CTS14 was replicated to a greater extent
than either of the other DI RNAs.

DISCUSSION

The data presented in this report show that there is a
specific interaction between Sindbis virus RN A and the viral
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-TRCAT
s DI RNAs
-Subgenomic
RNA

FIG. 7. Analysis of Sindbis virus DI RNAs after transfection
with TRCAT RNA as the helper. CEF were cotransfected with
TRCAT and CTS253 RNA (lane 1), CTS1 RNA (lane 2), or CTS14
RNA (lane 3). A 0.5-pug sample of each RNA was used. Transfec-
tions and labeling conditions were identical to those described in the
legend to Fig. 6. The bands referred to as DI RNAs on the
autoradiogram were identified by comparison with the appropriate
transcripts run in adjacent lanes but not shown. The bands indicated
as subgenomic RNAs have been identified as the subgenomic RNA
produced when cells are transfected with TRCAT RNA (43).

capsid protein immobilized on nitrocellulose and that the
specificity of binding is associated with a small region of the
genome. This same region is required for a DI RNA to be
packaged into particles released from infected cells. It lies
between nucleotides 683 and 1255 of the virion RNA and is
in the gene for the nonstructural protein nsPl. Deletion
mapping of the virion cDNA demonstrated that almost 90%
of the genome, those sequences downstream from nucleo-
tide 1255, could be deleted without affecting the degree of
binding of the RNA transcript. In contrast, deletions imme-
diately upstream from that site inhibited binding of the RNA
to capsid protein. These same sequences, whose absence in
Sindbis virus RNAs prevented them from binding to the
capsid, were able to impart binding activity to an RNA-the
CAT RNA transcript—that had previously served to estab-
lish the nonspecific background value. There are almost 600
nucleotides in this region, but the actual sequence(s) re-
quired for recognition may be much smaller. Deletion of the
5’ 177 nucleotides decreased binding in vitro by 40% (Table
2), suggesting that at least some of these sequences are
involved in binding recognition.

We had previously studied DI RNAs of Sindbis virus to
identify the cis-acting sequences in their genomes that are
essential for their amplification on passaging in the presence
of helper virus (19). A major advantage of analyzing DI
RNAs is that they are only one-fifth the size of the virion
RNA and can be manipulated more easily than virion RNA.
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Most importantly, for these studies, it was possible to make
deletions and insertions in the DI cDNAs and then analyze
the RNA transcripts not only for binding to capsid protein
but also for the ability to be replicated and packaged. We
compared four DI RNAs. The first DI RNA transcript tested
was DI25, the prototype of the DI RNAs and one that had
been analyzed previously. This DI RNA, which has a 5’
terminus that is similar to that of tRNA“*P and distinct from
that of virion RNA (21), bound capsid protein as well as
virion RNA. The other three DI RNAs had some of the
Sindbis virus sequences replaced by foreign sequences. Only
one of these (CTS14) contained the entire capsid-binding
domain. This DI RNA not only bound to the capsid protein
with almost the same efficiency as DI25, but it also was
packaged into extracellular particles as measured by its
amplification on passaging. The DI RNA (CTS1) that lacked
this domain did not bind the capsid and was not detected in
infected cells in subsequent passages. The significant point is
that CTS1 did replicate in transfected cells as well as did
another DI RNA (CTS253) that is amplified on passaging (18;
Fig. 6). In our previous study, we had demonstrated by S1
nuclease analysis that the CTS253 RNA detected in passage
3 is identical to the original transcript (18).

CTS14, the DI RNA into which the segment required for
binding and for in vivo packaging was inserted, was present
in cotransfected cells at higher levels than the DI RNAs that
lacked all or part of this region, suggesting that a cis-acting
replication-enhancing sequence also lies within this region.
There are thus two regions near the 5’ terminus of the DI
RNA that are not essential for but do stimulate RNA
replication. The other region is a stretch of 51 nucleotides
beginning about 150 nucleotides from the 5’ terminus of the
virion genome that is highly conserved among alphaviruses
(23). Our previous deletion mapping of DI25 RNA showed
that DI RNAs are amplified without this conserved se-
quence, but not as well as when they are present (19, 27).
The original analysis did not distinguish between effects on
replication and those on encapsidation. Since DI RNAs that
lack the 51 nucleotides showed no decrease in the ability to
bind the capsid, we believe that they function in replication.
The 572-nucleotide segment functioned both in encapsida-
tion and replication, but further mapping will be necessary to
determine whether the sequences that affect the two func-
tions are identical.

CTS253 was something of an anomaly. It contains only
279 nucleotides at the 3’ end of the encapsidation domain
and did not bind capsid protein as well as did DI25 or CTS14.
The binding, however, was greater than that of either CTS1
or nonspecific CAT RNA. The inefficient binding could be
due to absence of the complete recognition sequence or to its
improper location at the 3’ terminus of the molecule. Binding
of CTS253 was similar to that of 26S RNA, but only CTS253,
and not 26S RNA, is packaged in vivo, even though 26S
RNA is able to interact with capsid protein to form capsid-
like structures in vitro (H. Nitschko et al., unpublished
data). Other factors may be involved in the in vivo discrim-
ination. 26S RNA is translated much more efficiently than
CTS253 (18), and in infected cells, a greater percentage of it
than of CTS253 RNA may be sequestered in polyribosomes
and thus be unavailable for interaction with capsid protein.
In experiments analyzing cells infected with Semliki Forest
virus, Ulmanen et al. (36) could not find 26S RNA bound to
capsid protein, although they were able to isolate a complex
between capsid protein and the 60S ribosomal subunit. To
account for the packaging specificity in vivo, Wengler et al.
(39, 40) proposed that corelike particles containing heterol-
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ogous RNAs are much less stable than particles containing
virion RNA and that capsids containing 26S RNA may be
unstable. Another possibility is that the interaction between
26S RNA and capsid protein has some function other than
that involved in assembly. The capsid protein is not required
for replication of Sindbis virus RNA, since viral RNA
transcripts in which the structural genes have been replaced
by a foreign gene are replication competent (43). Interactions
between 26S RNA and capsid protein, however, could have
some regulatory role in an infection.

The possibility that internal sequences of the alphavirus
genome are involved in encapsidation had been suggested
several years ago by Jalanko and Soderlund (13). They
cloned a DI c¢cDNA into a simian virus 40 vector and
expressed the DI RNA in monkey kidney cells. The DI RNA
was not replicated by superinfecting helper Semliki Forest
virus nor was it able to interfere with replication of the virus.
Packaging of the virus, however, was inhibited by about
60%. The DI RNA lacks the extreme 5’ terminus of the
genomic RNA but contains repeated elements from the
nonstructural region of the virion genome. The researchers
suggest that the repeated regions might be involved in
encapsidation. The general repeat unit contains approxi-
mately 200 nucleotides from nsP2 (starting at nucleotide 2728
of the Semliki Forest virus sequence), followed by 278
nucleotides from nucleotides 39 to 317 of the Semliki Forest
virus genome (16, 17). Thus, that Semliki Forest virus DI
RNA does not have a region from nsP1 comparable to the
one we have defined in Sindbis virus DI RNAs. Semliki
Forest virus DI RNAs are packaged inefficiently (14), and it
will be interesting to know whether they contain a capsid-
binding domain. There are several domains in the nsP1-,
nsP2-, and nsP4-coding genes of Sindbis virus RNA that
show strong amino acid homology, not only with Semliki
Forest virus RNA but also with plus-stranded plant RNA
viruses (2, 11). These homologies are thought to reflect
evolutionary relatedness and conserved function of the
proteins. The alphaviruses have also conserved sequence
domains at the 5’ and 3’ termini and at the start of the
subgenomic RNA (32). There is increasing evidence that the
conserved sequences represent cis-acting regulatory or bind-
ing functions (19; R. Levis, S. Schlesinger, and H. Huang
submitted for publication; R. Kuhn, E. Strauss, and J.
Strauss, personal communication). It should now be possible
to determine whether there is any conservation in the
capsid-binding domain.

The coat proteins of a number of different positive-
stranded RNA viruses have been demonstrated to bind to
specific regions of their viral RNAs. For tobacco mosaic
virus, a coat protein disk aggregate binds to an internal
region of tobacco mosaic virus RNA (4). Encapsidation of
heterologous RNA containing this specific recognition do-
main occurs both in vitro (9, 28) and in vivo (25). Studies of
disassembly and reassembly of turnip crinkle virus suggest
that dimers of the coat protein interact with the viral RNA
and it is most likely this step that leads to the specificity of
assembly (29). Other examples of high-affinity binding of
proteins to viral RNAs may define functions that are not
necessarily associated with encapsidation. A classic exam-
ple is the coat protein of the RNA bacteriophages whose
interaction with the viral RNA serves to repress translation
(38). Alfalfa mosaic virus provides another important model.
The genomic RNAs of this virus contain high-affinity binding
sites for the viral coat protein, and binding of the coat
protein to each of the genomic RNAs is an essential step in
the abilities of these RNAs to be infectious. Binding sites
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were identified both at the 3’ terminus and at internal sites of
the largest genomic segment and the subgenomic RNA, but
the subgenomic RNA of alfalfa mosaic virus can also be
encapsidated. These sites are thought to be involved in
replicase recognition (12, 44), but one or more may also be
important in assembly. Multiple binding sites may also exist
on the RNAs of coronaviruses. Northwestern blot analysis
of the interaction of the coronavirus nucleocapsid protein
and viral RN As has demonstrated that the viral nucleocapsid
protein binds to the 3’ end of the viral leader RNA and
therefore to all of the viral mRNAs, as well as to genomic
RNA (3, 30). Stohlman et al. proposed that this interaction
plays an important role in the transcription process (30).
They also suggested that other sequences affect encapsida-
tion.

These examples, and that of Sindbis virus, define a re-
gion(s) of the viral genome that imparts specificity to the
binding of the viral capsid protein. In each case, the region
defines a sequence but also a particular structure. Experi-
ments with both tobacco mosaic virus (35) and Qp bacterio-
phage (42) that have analyzed the binding characteristics in
more detail conclude that structure plays a crucial part in
determining specificity. One goal of our future studies will be
to determine the role of structure in Sindbis virus RNA-
capsid interactions.
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