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At the 5' end of the rubella virus genomic RNA, there are sequences that can form a potentially stable
stem-loop (SL) structure. The complementary negative-strand equivalent of the 5'-end SL structure of
positive-strand rubella virus RNA [5' (+) SL structure] is thought to serve as a promoter for the initiation of
positive-strand synthesis. We screened the negative-strand equivalent of the 5' (+) SL structure (64
nucleotides) and the adjacent region of the negative-strand RNA for their ability to bind to host cell proteins.
Specific binding to the 64-nucleotide-long potential SL structure of three cytosolic proteins with relative
molecular masses of 97, 79, and 56 kDa was observed by UV-induced covalent cross-linking. There was a

significant increase in the binding of the 97-kDa protein from cells upon infection with rubella virus. Altering
the SL structure by deleting sequences in either one of the two potential loops abolished the binding interaction.
The 56-kDa protein also appeared to bind specifically to an SL derived from the 3' end of positive-strand RNA.
The 3'-terminal structure of rubella virus negative-strand RNA shared the same protein-binding activity with
similar structures in alphaviruses, such as Sindbis virus and eastern equine encephalitis virus. A possible role
for the host proteins in the replication of rubella virus and alphaviruses is discussed.

Rubella virus consists of a single-stranded polyadenylated
genomic RNA of positive polarity, encapsidated by a capsid
protein and contained within a lipid bilayer envelope in
which the two virus-specific glycoproteins, El and E2, are
embedded (9, 20, 27). In infected cells, a subgenomic RNA
derived from the 3' end of the genomic RNA is synthesized
(20). The complete nucleotide sequence of the rubella virus
genomic RNA has been recently determined, and it is 9,757
nucleotides long (4). The genomic RNA contains two long
open reading frames, a 5'-proximal open reading frame of
6,615 nucleotides which encodes the nonstructural proteins
and a 3'-proximal open reading frame of 3,189 nucleotides
which encodes the structural proteins (4). The sequence of
the 3'-terminal region of both the wild-type and the vaccine-
type virus genomic RNA has been previously reported (3, 5,
6, 15, 17, 24, 26, 28).

Little is known about the replication of rubella virus.
However, the organization of the genome of rubella virus is
similar to that of alphaviruses and thus implies a similarity in
the replication strategy (4, 16, 20). Sequence comparison of
rubella virus genomic RNA with the alphavirus genomic
RNA does not reveal significant homology (4). However,
sequences similar to three regions of alphaviruses are found
in the rubella virus genomic RNA (4). The three regions,
which are highly conserved among alphaviruses, include
sequences at the 5' end of the genome, a 51-nucleotide
conserved sequence near the 5' end of the genomic RNA,
and a 20-nucleotide conserved sequence at the junction of
the genomic and subgenomic RNA (4). Functional analysis
of the three conserved sequences in Sindbis virus RNA by
Strauss and coworkers (10, 18, 19, 23) showed that these
sequence elements are important for virus replication. Pre-
sumably, each performs a different function in virus replica-
tion (10, 18, 19). Previously, Schlesinger and colleagues (11,
12, 25) had arrived at a similar conclusion about the func-
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tions of the conserved sequences while studying Sindbis
virus defective interfering RNA replication.
While the conserved sequences of Sindbis virus RNA

were being analyzed, it became evident that they can fold
into stem-loop (SL) structures (22). Because of the possible
role of SL structures as protein recognition sites, we were
intrigued by the observation made by Frey and coworkers
(4) that the sequence at the 5' end of the rubella virus
genome can form a potential stable SL structure. Primer
extension analysis of the 5' end of the rubella virus genomic
RNA revealed that there are strong stop bands both at the
beginning of the potential rubella virus SL structure and at
the 5' end of genome RNA (4). Potential for formation of SL
structures also has been observed at the 3' end of rubella
virus RNA (6, 17, 26, 28).

Understanding the mechanism ofRNA virus replication is
of prime significance because it is central to the pathogenic-
ity of a large group of viruses. Despite its importance, very
little is known about the details of this replication process in
higher eukaryotic cells. Often, host factors are also required
for RNA replication. The host factors may play a variety of
roles in this process, including enzymatic, structural, and
regulatory functions. In most cases, the host factors are not
well characterized, nor are their functions well defined.
Specific interaction of cellular proteins with RNA recogni-
tion elements might be one of the crucial steps involved in
RNA replication. Such binding sites may be defined by a
linear sequence or a particular sequence structure in the
RNA. SL structures of RNA have been implicated to be
important for translation, transcription, and replication. Spe-
cifically, the SL structure at the 5' end of the poliovirus RNA
has been shown to play a role in organizing viral and cellular
proteins involved in positive-strand production (1). Simi-
larly, it has been proposed that a cellular RNA-binding
protein plays a role in mediating Tat-dependent long terminal
repeat activation of human immunodeficiency virus (7).

Previously, we have shown that host proteins interact
specifically with a potential SL structure found in the distal
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3' end of the genomic RNA of rubella virus and that the
increase in their binding activity after infection coincided
temporally with the appearance of the negative-strand RNA
synthesis (16). In this study, we examined the 3'-terminal SL
structure of the negative-strand RNA [3' (-) SL] for the
ability to bind to protein(s) present in host cells.

MATERIALS AND METHODS

Viral infection of cells. Vero 76 cells were grown in T75
tissue culture flasks and infected with a plaque-purified stock
of the wild-type rubella virus, M33 strain (5 PFU per cell).
The viral titration and the period of infection were deter-
mined as described earlier (16).

Preparation of cell lysates. Cell lysates from both unin-
fected and infected cells were prepared according to the
protocol described previously (16). Protein concentration
was determined by the bicinchoninic acid assay (Pierce).

In vitro synthesis of RNA transcripts. Synthesis of oligo-
nucleotide template along with the 17-base T7 promoter and
its purification was performed as previously described (16).
T7 polymerase was obtained from David Haile (Cell Biology
and Metabolism Branch, National Institute of Child Health
and Human Development). Both labeled and unlabeled
transcripts were generated as previously described (13). The
oligonucleotide sequence for the template of the rubella
virus 3' (-) SL RNA structure was 5'-ACCTCGCTTAGG
ACTCCCATTCCCATGGAGAAACTCCTAGATGAGGT
CCTATAGTGAGTCGTATTA-3'; for Sindbis virus the tem-
plate was 5'-GATTGGCGGCGTAGTACACACTATTGAA
TCAAAACAACCGACCAATTGCACTACCCTATAGTGA
GTCGTA1TA-3'; and for eastern equine encephalitis virus
the template was 5'-GATAGGGTATGGTGTAGAGGCAG
CCACCCGACCTATCCTATCCTATAGTGAGTCGTAT
TA-3'. The RNA for the 3'-end SL of the rubella virus
positive-strand RNA [3' (+) SL] was synthesized as de-
scribed previously (16). The iron response element (IRE)
probe was synthesized as described in reference 21.
Poly(I C) was purchased from Boehringer Mannheim Bio-
chemicals, Inc.

Gel retardation assays. Gel retardation assays were per-
formed by using 500 to 700 pmol of 32P-labeled RNA probe
(approximately 20,000 cpm) and 20 ,ug of protein in 20-,ul
volumes containing cytolysis buffer and RNase inhibitor
(Inhibit-ACE; 5 Prime-3 Prime, Inc., Boulder, Colo.) (8).
Binding was performed at room temperature for 20 min. The
complexes were resolved on a 6% polyacrylamide nondena-
turing gel for 1.5 h with Tris-borate-EDTA buffer as previ-
ously described (21). After electrophoresis, the gels were
fixed and dried.

In vitro UV-induced cross-linking and SDS-PAGE analysis
of cross-linked proteins. Cell lysates (20 ptg) from uninfected
and infected cells were incubated with 700 pmol of a high-
specific-activity SL RNA probe (70,000 cpm/ng) for 30 min
at 4°C. RNA-protein complexes were cross-linked at room
temperature in a water bath with a UV Stratalinker 2400
(Stratagene Co.) for 30 min at 1,200 ,uJ x 100. Samples were
then treated with RNase T1 (1 U) for 10 min at room
temperature. Samples were boiled in Laemmli sample buffer
and analyzed by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) (17).

RESULTS

Identification of cellular proteins that bind to SL structure
at 3' end of rubella virus negative-strand RNA. To look for
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FIG. 1. (A) Schematic representation of rubella virus positive
(+)- and negative (-)-strand RNAs; 5' (+) SL, 5'-end SL structure
of the positive strand; 3' (+) SL, 3'-end SL structure of the positive
strand; 3' (-) SL, 3'-end SL structure of the negative strand;
46NT(+) or (-), 46-nucleotide conserved sequence of either the
positive- or the negative-strand rubella virus RNA. (B) Proposed SL
structure of the 3' (-) SL of rubella virus RNA. (C) Proposed SL
structure of the 3' (-) SL of Sindbis virus RNA.

the proteins which might interact with the 3' SL of negative-
strand RNA, we synthesized an RNA molecule encompass-
ing the 64 bases of the possible SL structure (Fig. 1A). The
radiolabeled RNA was used as a probe to search for RNA-
binding proteins by the use of the gel mobility shift assay and
UV cross-linking technique from both uninfected and in-
fected cytosols (Fig. 2). Using lysates from infected and
uninfected cells with several RNA probes as competitors,
we showed that the two band-shift complexes (I and II)
observed are specific for the 3' (-) SL RNA (Fig. 2A). When
the proteins from the lysates were UV cross-linked in the
presence of the RNA probe and resolved by SDS-PAGE,
two protein bands of 56 and 79 kDa were observed from
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FIG. 2. (A) Gel retardation assay of the rubella virus 3' (-) SL RNA. Lysates (20 ,ug) from uninfected (Uninf.) and infected (Inf.) cells

were incubated with 700 pmol of RNA probe alone or in the presence of a 500-fold excess of specific [3' (-) SL] or nonspecific [IRE or

poly(I* C)] RNA. (B) SDS-PAGE analysis of the RNA-protein complexes formed by UV cross-linking with the 3' (-) SL probe. The amount
of cell lysate and the quantity of the probe is the same as in panel A. The RNA samples used for the competition are shown. Arrows point
to complexes at the indicated molecular masses.

uninfected lysates (Fig. 2B, lane 1), whereas an additional
protein band of 97 kDa was observed from infected lysates
(Fig. 2B, lane 5). The weak binding seen at 97 kDa in the
uninfected extracts was not greater than the nonspecific
background (Fig. 2B, lanes 1 to 4). An excess unlabeled
RNA of identical sequence and polarity could specifically
block the binding activity (Fig. 2B, lanes 2 and 6), whereas
unrelated RNAs, such as an IRE or poly(I * C), did not block
the activity (Fig. 2B, lanes 3, 4, 7, and 8). The slight
competition of p56 between the labeled rubella virus probe
and the IRE probe is not significant as was evidenced by
quantitating the bands by scanning densitometry. Further-
more, when molar ratios of specific and nonspecific compet-
itors to the probe were decreased, the specificity was readily
apparent and the IRE no longer showed any effect. The
specificity of the binding activity was confirmed by the
absence of competition in the presence of an RNA probe
upstream of the SL structure (see Fig. 7A and B, lanes 5).
To address the specificity of the interactions, we made

several variants of the SL RNA of rubella virus (Fig. 1B).
The results of cross-linking experiments are shown in Fig. 3.
Computer-based modeling (29) predicts that the 3' SL of the
negative-strand RNA can form a long stem with two loops
designated A and B (Fig. 1B). When sequences which can

potentially form either one of the two loops were deleted,
there was drastic reduction in the protein-binding activity
from both uninfected and infected cell lysates (Fig. 3, lanes
3 to 8). The weak binding of cellular proteins to the truncated
RNA probes was not greater than the nonspecific back-
ground (Fig. 3, lanes 3 to 8). However, altering the se-

quences in the possible stem region so that the base-paired
structure was no longer present did not change the binding
activity (data not shown). The intensity of the protein-RNA

complexes observed both in the gel shift assay and in
UV-induced cross-linking varied from experiment to exper-
iment.

Similarities in binding activities between 3' SL structures of
negative-strand and positive-strand rubella virus RNA. We
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FIG. 3. Effect of mutations in the 3' (-) SL RNA of rubella virus
on the RNA-protein interaction. SDS-PAGE analysis of RNA-
protein complexes from uninfected (Uninf.) and infected (Inf.) cell
lysates which were incubated with equal amounts of RNA probes.
SL Rubella, 3' (-) SL RNA; A loop A, deletion of nucleotides 32 to

48; A loop B, deletion of nucleotides 49 to 52; A loops A and B,
deletion of nucleotides 32 to 52. Arrows point to complexes at the
indicated molecular masses.
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FIG. 4. Similarities in the protein-binding activity between the 3' (-) SL and the 3' (+) SL RNA structures. SDS-PAGE analysis of

RNA-protein complexes from uninfected (Uninf.) and infected (Inf.) cell lysates which were incubated with equal amounts of either the 3' (-)
SL or the 3' (+) SL RNA probe. A 100-fold excess of cold RNA of the 3' (-) SL RNA or the 3' (+) SL RNA was used in the competition
assay. Arrows point toward complexes at the indicated molecular masses.

determined whether the binding activity of the 3' SL of
negative-strand RNA [3' (-) SL] has any common compo-
nent(s) with the binding activity of the 3' SL of positive-
strand RNA [3' (+) SL] that we have previously studied and
characterized (16). As shown in Fig. 4A, lanes 3 and 6, the
binding activity of the 3' (+) SL RNA from uninfected and
infected cell lysates was blocked by an excess of 3' (-) SL
RNA. However, the reverse was not true. When cold 3' (+)
SL RNA was used for competition, only the binding activity
of 56-kDa protein was blocked (Fig. 4B, lanes 2 and 5). p79
and p97 binding to the 3' (-) SL probe was enhanced when
3' (+) SL RNA was added to the reaction (Fig. 4B, lanes 2
and 5). A nonspecific RNA probe did not function as a
competitor for 3' (-) RNA SL complex formation (Fig. 2A,
lanes 4, 5, 8, and 9).

3' (-) SL RNA-binding activity of rubella virus is shared by
other alphaviruses. Comparison of the possible 3' SL struc-
ture of negative-strand RNA of rubella virus with the poten-
tial 3' SL of negative-strand RNAs of alphaviruses such as
Sindbis virus showed striking similarities in the overall
secondary structure even though there is little homology in
the nucleotide sequence (Fig. 1C). We turned to UV-induced
cross-linking of cellular proteins with 3' (-) SL RNAs to
examine whether SL RNAs from alphaviruses have binding
activity similar to that observed with rubella virus. Using
cell lysates from uninfected and infected cells, we observed
proteins cross-linked with the 3' (-) SL RNA of Sindbis
virus RNA that were similar in molecular weight to the
proteins observed cross-linked with the rubella virus 3' (-)

SL RNA, with the exception of the 56-kDa protein (Fig. 5,
compare lanes 9 and 13 with lanes 1 and 5). The RNA-
protein complexes with rubella virus and Sindbis virus 3' (-)

SL RNA were blocked by their homologous and heterolo-
gous 3' (-) SL RNAs (Fig. 5, lanes 2, 3, 6, 7, 10, 11, 14, and
15). Similar results were observed when the 3' (-) SL of
eastern equine encephalitis virus RNA was used in the
competition assay (Fig. 5, lanes 4, 8, 12, and 16). The
specificity of the RNA-protein interaction with the Sindbis

virus and eastern equine encephalitis virus 3' (-) SL RNA
was demonstrated by lack of competition in the presence of
nonspecific RNAs (data not shown). To further confirm that
similar protein-RNA complexes are recognized by both
rubella virus and Sindbis virus SL structures, we made
variants of Sindbis virus 3' (-) SL RNA. The results of the
cross-linking experiment showed that deletion of sequences
which can potentially form loop B resulted in significant
reduction of the binding activity of 97- and 79-kDa proteins
(Fig. 6, lanes 3 and 4). The effect was not so prominent with
p56 binding; possibly, there is a lower rate of binding in this
experiment. We observed variability in binding of p56 in
many other experiments as well.

Interaction of 46-nucleotide conserved sequence with bind-
ing activity of 3' (-) SL RNA. It was observed (4) that there
is a stretch of 46 nucleotides located 224 nucleotides from
the 5' end of the rubella virus genome (Fig. 1A) which has
50% overall homology with the 51-nucleotide conserved
sequence of alphaviruses. The 51-nucleotide sequence of
Sindbis virus has been implicated in viral replication (19).
We therefore asked whether the 46-nucleotide region in the
rubella virus RNA plays a role in viral replication similar to
that of the 3' (-) SL RNA via RNA-protein interaction. The
results (Fig. 7) showed that the negative strand of the
46-nucleotide conserved sequence of rubella virus blocked
the binding activity of the 3' (-) SL RNA (Fig. 7A, lane 4)
and that the same was true when the 3' (-) SL RNA was
used as a competitor in the binding assay for the negative
strand of the 46-nucleotide conserved sequence (Fig. 7B,
lane 4). However, the 51-nucleotide conserved sequence of
negative-strand RNA of Sindbis virus did not compete with
this interaction except for the 56-kDa protein (Fig. 7A and B,
lanes 6). Quantitation of the p56 band by scanning densitom-
etry revealed that the competition by the 51-nucleotide
sequence from Sindbis virus is significant. To prove the
specificity of this interaction, we found that RNA from the
adjoining region of the 46-nucleotide sequence did not com-
pete with the activity (Fig. 7A and B, lanes 5).
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FIG. 5. Similarities in the protein-binding activity between the 3' (-) SL RNAs of rubella virus and alphaviruses (Sindbis virus and eastern

equine encephalitis virus [EEV]). SDS-PAGE analysis of RNA-protein complexes formed in the presence or absence of unlabeled 3' (-) SL
RNAs of rubella virus, Sindbis virus, and eastern equine encephalitis virus with equal amounts of probes. The molecular masses of the
complexes are shown. Uninf., uninfected; Inf., infected.

DISCUSSION

The rubella virus genomic RNA is predicted to form
potentially stable SL structures at both the 5' and the 3' ends
(4, 6, 28). These secondary structures in the RNA have been
implicated in viral replication (4). Similar structures in the
Sindbis virus RNA have been shown to be important for the
replication of Sindbis virus and its defective interfering
particles (10, 12, 18, 19).

Previously, we have shown that host cell proteins interact
specifically with the possible 3' (+) SL of the genomic RNA
of rubella virus and that the increase in protein-binding
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FIG. 6. Effect of mutations in the 3' (-) SL RNA of Sindbis virus
on the protein-RNA interaction. SDS-PAGE analysis of RNA-
protein complexes from uninfected (Uninf.) and infected (Inf.) cell
lysates. A loop B, nucleotides 25 to 37 were deleted in the 3' (-) SL
RNA. Arrows depict the molecular masses of the complexes.

activity coincided with the appearance of negative-strand
RNA synthesis (16). In this study, we demonstrated the
existence of another group of cellular proteins which interact
specifically with the potential 3'-end SL structure of the
negative-strand rubella virus RNA [3' (-) SLI. The interac-
tion of these proteins is specific as demonstrated by the lack
of inhibition by unrelated RNA. Mutational analysis of the 3'
(-) SL structure showed that the sequences which can form
two potential loop structures are involved in the protein-
binding activity (Fig. 3). The cellular protein interaction with
the 3' (-) SL RNA suggests an involvement of these
proteins in the replication process. Recently, we were able
to demonstrate the initiation of negative-strand RNA syn-
thesis from a chloramphenicol acetyltransferase RNA which
had rubella virus 5'- and 3'-end possible SL structures (14).
The initiation of negative-strand RNA synthesis was

achieved only after viral infection (14). Mutations in the first
44 nucleotides at the 5' end of the Sindbis virus RNA, which
are capable of forming an SL structure, showed that this
region has a role to play in viral replication since some of the
mutations were either lethal or resulted in poor viral growth
in different cell types (19). This led these investigators to
suggest that there is an interaction of host factors with the
Sindbis virus SL structures.
While analyzing the interaction of the cellular proteins

with the possible 3' (-) SL structure, we realized that one of
the proteins, i.e., the 56-kDa protein, has a molecular mass

(61 'kDa) approximately similar to that of the 3' (+) SL
RNA'-binding protein from uninfected cells (16). We there-
fore reasoned that the two proteins may be the same.

Competition analysis of the binding activity between the two
SL structures showed that indeed the two proteins recognize
similar structures. Recognition of the 56-kDa protein by both
the positive-strand and negative-strand SL RNAs suggests
that this protein is involved in two processes, one to initiate
the negative-strand synthesis and the other to initiate the
positive-strand synthesis. Occurrence of multiple nonidenti-
cal RNA-binding domains in a single protein has been

Probe
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FIG. 7. Involvement of the 46-nucleotide conserved sequence (46NT. Cons.) in the 3' (-) SL RNA-protein interaction. (A) SDS-PAGE
analysis of RNA-protein complexes from uninfected (Uninf.) and infected (Inf.) cell lysates with the 3' (-) SL RNA. The competition assay
was done in the presence of a 500-fold excess of specific and nonspecific RNAs. (B) SDS-PAGE analysis of RNA-protein complexes from
uninfected and infected cell lysates with the negative strand of the 46-nucleotide conserved sequence. The designation of each lane is indicated
at the top. Arrows point toward the molecular masses of the complexes. 51NT Cons., 51-nucleotide conserved sequence.

observed with several RNA-binding proteins, and these
distinct domains have been postulated to have several dif-
ferent functions (2). The discrepancy in the molecular
masses of the 3' (-) SL RNA-binding protein (56 kDa)
reported in the present study and the 3' (+) SL RNA-binding
protein (61 kDa) reported earlier (16) will be the subject of
further study.
Based on the observation (4) that the 5' (+) SLs of rubella

virus and Sindbis virus have similar stable RNA secondary
structures, we reasoned that the 3' (-) SL RNA of Sindbis
virus binds to proteins similar to those which interact with
the 3' (-) SL of rubella virus RNA. Indeed, the two potential
negative-strand SL structures compete with each other for
the same cellular binding proteins, and the similarity in the
binding activity is also extended to another member of the
alphavirus family, eastern equine encephalitis virus. Reduc-
tion in the binding activities with the mutant forms of both
the Sindbis virus and rubella virus 3' (-) SL RNA structures
further suggests that the binding interaction between the two
viruses involves similar structures. However, it remains to
be seen whether exchange of the 5' (+) SL structures
between the Sindbis virus and the rubella virus RNAs can

allow initiation of replication from either of the viral ge-

nomes.
In the rubella virus genomic RNA, within 224 nucleotides

from the 5' end, there is a stretch of 46 nucleotides which has
50% overall similarity with the Sindbis virus 51-nucleotide
conserved sequence (4). This region of the Sindbis virus,
which is conserved among all alphaviruses, is located 155

nucleotides from the 5' end and is capable of forming
double-hairpin structures in a computer-based model (22).
The function of this element is not clear, but it has been
implicated in viral replication (19). Secondary structure
analysis of the first 250 bases of Sindbis virus RNA by these
investigators (19) predicted that the 51-nucleotide conserved
region is in close proximity to the 5'-terminal SL structure.
We reasoned that the 46-nucleotide conserved region in the
rubella virus RNA, which has similarity to the 51-nucleotide
conserved sequence of Sindbis virus, may have a similar role
to play in rubella virus replication. We showed that the
proteins which interact with the 3' (-) SL RNA are also
recognized by the complementary strand of the 46-nucleo-
tide element and vice versa (Fig. 7A and B), thereby
implying that common proteins are interacting with two
elements of the rubella virus RNA. This interaction is
specific for the rubella virus RNA and is different from
Sindbis virus RNA (Fig. 7). The consequences of this and
other RNA-protein interactions in viral replication are not
clear at present and need further studying.

In conclusion, we showed that the possible SL structures
at the 5' and 3' ends of rubella virus RNA, which are

necessary for viral replication, bind specifically to cellular
proteins. There is a common protein which interacts with
both elements. Similarity in the binding activity of the 3'-end
elements of the negative-strand RNA of rubella virus and
alphaviruses implies that common factors are involved in
their respective replication processes.
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