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Both the 5� end of the Sindbis virus (SIN) genome and its complement in the 3� end of the minus-strand RNA
synthesized during virus replication serve as parts of the promoters recognized by the enzymes that comprise
the replication complex (RdRp). In addition to the 5� untranslated region (UTR), which was shown to be
critical for the initiation of replication, another 5� sequence element, the 51-nucleotide (nt) conserved se-
quence element (CSE), was postulated to be important for virus replication. It is located in the nsP1-encoding
sequence and is highly conserved among all members of the Alphavirus genus. Studies with viruses containing
clustered mutations in this sequence demonstrated that this RNA element is dispensable for SIN replication
in cells of vertebrate origin, but its integrity can enhance the replication of SIN-specific RNAs. However, we
showed that the same mutations had a deleterious effect on virus replication in mosquito cells. SIN with a
mutated 51-nt CSE rapidly accumulated adaptive mutations in the nonstructural proteins nsP2 and nsP3 and
the 5� UTR. These mutations functioned synergistically in a cell-specific manner and had a stimulatory effect
only on the replication of viruses with a mutated 51-nt CSE. Taken together, the results suggest the complex
nature of interactions between nsP2, nsP3, the 5� UTR, and host-specific protein factors binding to the 51-nt
CSE and involved in RdRp formation. The data also demonstrate an outstanding potential of alphaviruses for
adaptation. Within one passage, SIN can adapt to replication in cells of a vertebrate or invertebrate origin.

The Alphavirus genus of the Togaviridae family contains
nearly 30 known members, including a number of human and
animal pathogens (reviewed in reference 12). The majority of
alphaviruses are transmitted by mosquitoes to higher verte-
brates that serve as amplifying hosts. In insect vectors, alpha-
viruses cause persistent life-long infections and do not greatly
affect the viability of their hosts (3). Accordingly, they establish
persistent infections in cultured mosquito cells (2). In verte-
brates, alphaviruses usually cause acute infections that often
result in disease (14), and the infection of susceptible cultured
vertebrate cells leads to a progressive cytopathic effect (CPE)
and cell death (8, 20).

Sindbis virus (SIN) is a prototype member of the Alphavirus
genus, and it has always been a highly valuable source of
information about the mechanisms of alphavirus replication
and virus-host cell interactions (reviewed in reference 44). This
virus can productively replicate in a wide variety of cell lines of
insect and vertebrate origins. Like other alphaviruses, SIN
enters cells via receptor-mediated endocytosis (4). The fusion
of viral and endosomal membranes leads to the release of
nucleocapsids into the cytoplasm (10), and after their ribo-
some-mediated disassembly, viral genomes become capable of
translation and replication (42, 49).

The SIN genome is a single-stranded RNA of positive po-
larity that is almost 12 kb long (43). It is capped at the 5� end
and contains a poly(A) tail at the 3� end. The genome serves
directly as a template for the synthesis of nonstructural pro-

teins (nsPs) that form the enzyme complex (RdRp) required
for viral genome replication and transcription of the sub-
genomic RNA. The 26S RNA corresponds to the 3� one-third
of the genome and encodes all of the viral structural proteins
(36). Both replication of the viral genome and transcription of
the subgenomic RNA are highly regulated. Viral nonstructural
proteins are synthesized as two polyproteins, P123 and P1234.
The latter is cleaved in cis by a papain-like protease, nsP2 (5,
13), to generate P123 and nsP4. In the early stages of infection,
this partially processed protein complex, P123/nsP4, can effi-
ciently synthesize full-length minus-strand genome intermedi-
ates, but it was shown to be inefficient for positive-strand RNA
synthesis (17, 18). Further processing of P123 to nsP1, nsP2,
and nsP3, also mediated by the nsP2 protease (40, 41), leads to
transformation of the replicative enzyme complex into mature
RdRp (containing nsP1, nsP2, nsP3, and nsP4) with a strongly
increased ability to synthesize positive-sense genomes and sub-
genomic RNAs (19, 41). SIN replicative enzymes are highly
selective and utilize only viral genomes, not cellular mRNAs,
as templates, in spite of the presence of mRNAs in high con-
centrations. Moreover, the viral subgenomic RNA, whose se-
quence is identical to the 3� end of the viral genome, is also
excluded from replication, even though it accumulates to high
levels in infected cells. This specificity of RNA replication is
achieved via the recognition of cis-acting promoter elements
that are present both in the viral genome and in the minus-
strand genome intermediate.

Most of the cis-acting elements were previously identified as
sequences that are conserved for all members of the Alphavirus
genus, and the significance of their roles in RNA replication
was later confirmed by reverse genetic experiments. First, the
24-nucleotide (nt) conserved sequence element (CSE) was
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identified upstream of the start of the subgenomic RNA (22,
28). The complement of this sequence in the negative-strand
RNA was characterized as a transcriptional promoter. The
second CSE, the 3� 19-nt sequence followed by the poly(A)
tail, was proposed as a core promoter for the synthesis of the
genome-length negative-strand RNA (30). The activity of the
3� CSE is also dependent on the 5� untranslated region (UTR),
and the interaction between the 3� and the 5� ends is critical for
the initiation of minus-strand RNA synthesis (7). However, the
complement of the 5� UTR in the minus-strand RNA is also a
promoter for the synthesis of positive-sense genomes (26, 29).
Another cis-acting element that is essential for replication, the
51-nt CSE, is also found at the 5� end of the SIN genomic RNA
in the nsP1-encoding gene. Both the primary sequence of this
CSE and its two-stem-loop secondary structure, in particular,
are highly conserved among the alphaviruses (27). During SIN
replication in mammalian cells, this element serves as a repli-
cation enhancer (7), but the exact mechanism of its functioning
still remains obscure.

To further elucidate the role(s) of the 51-nt CSE in RNA
replication and its interaction with the proteins involved in
replication, we designed SIN viruses with clustered mutations
in this sequence. These mutations destabilized the putative
secondary structure of the RNA without changing the encoded
amino acid sequence, and they affected virus replication in
mosquito cells rather than in mammalian cells. Pseudorever-
tants of the virus with a mutated 51-nt CSE that were capable
of growing in mosquito cells were selected and characterized.
Adaptive mutations were identified in the genes encoding the
viral nonstructural proteins and in the 5� UTR. Our data fur-

ther define the interaction of SIN-specific and host cell pro-
teins with cis-acting elements of the viral genome.

MATERIALS AND METHODS

Cell cultures. BHK-21 cells were obtained from Charles M. Rice (Rockefeller
University, New York, N.Y.). These cells were propagated in alpha minimal
essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) and
vitamins. Mosquito C710 cells were obtained from Henry Huang (Washington
University, St. Louis, Mo). They were propagated in Dulbecco’s modified Eagle’s
medium supplemented with 10% heat-inactivated FBS and 10% tryptose phos-
phate broth.

Plasmid constructs. The parental pToto1101 plasmid encoding the infectious
wild-type SIN (SINwt) viral genome was described elsewhere (35). The pSIN43
plasmid, encoding the SIN43 viral genome with clustered silent mutations, was
designed by standard recombinant DNA techniques. The introduced mutations
are shown in Fig. 1. All other plasmids encoding SINwt and SIN43 genomes with
adaptive mutations were prepared by standard PCR-based mutagenesis and
cloning methods. All of the PCR fragments were initially cloned into the pRS2
plasmid and sequenced to exclude the possibility of spontaneous mutations. The
details of the designed constructs are described in Results and the figure legends.

The double subgenomic SIN replicons SINwt/GFP/Pac and SIN43/GFP/Pac
had the same design as the previously described SINrep19/GFP replicon (1), but
they did not have the P7263L mutation in nsP2 that makes replicons less
cytopathic. The SIN43/GFP/Pac replicon also contained all of the clustered
mutations present in the 5� end of SIN43 (Fig. 1A).

RNA transcription. Plasmids were purified by centrifugation in CsCl gradients.
Prior to transcription, the viral genome-encoding plasmids were linearized with
XhoI. RNAs were synthesized by SP6 RNA polymerase in the presence of a cap
analog (35). The yield and integrity of the transcripts were monitored by gel
electrophoresis under nondenaturing conditions. For electroporation, aliquots of
reactions containing 1 �g of full-length transcripts were used without additional
purification (23).

RNA transfections and infectious center assays. In standard experiments, 1 �g
of an in vitro-synthesized, full-length RNA transcript was used per electropora-
tion. Tenfold dilutions of electroporated BHK-21 or C710 cells were seeded in

FIG. 1. Mutations in 51-nt CSE of SIN43 virus genome (A) and computer-predicted (m-fold) secondary structures of 5� ends of SINwt and
SIN43 virus genomes (B). The proposed stem-loops in the SINwt structure are indicated as SL1 to -4. SL3 and SL4 represent the 51-nt CSE.
Arrows indicate the positions of the initiating AUG codons.
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six-well tissue culture plates containing 5 � 105 naïve BHK-21 or 106 C710 cells
per well. After 2 h of incubation at 37°C (for BHK-21 cells) or 30°C (for C710
cells) in a 5% CO2 incubator, cells were overlaid with 2 ml of 0.6% Ultra-Pure
agarose (Invitrogen) containing MEM supplemented with 2% FBS or with 2 ml
of 0.6% tragacanth gum (ICN) containing MEM supplemented with 5% heat-
inactivated FBS and 10% tryptose phosphate broth, for BHK-21 or C710 cells,
respectively. Plaques were allowed to develop at 37°C (in BHK-21 cells) or 30°C
(in C710 cells) and were stained with crystal violet after 1.5 days of incubation in
BHK-21 cells or 2.5 days of incubation in C710 cells. The remaining electropo-
rated cells were usually seeded into 35-mm-diameter dishes for radioactive la-
beling of RNAs and proteins, the generation of viral stocks, or virus growth
analysis (see below).

Selection of SIN43 mutants capable of efficient growth in C710 cells. The
original stock of SIN43 virus was generated by the transfection of BHK-21 cells.
Six plaques were isolated from the agarose overlay, viruses were eluted in 1.5 ml
of alpha MEM supplemented with 1% FBS for several hours, and 0.5 ml was
used to infect 5 � 105 BHK-21 cells in 35-mm-diameter dishes. After a compar-
ison of growth rates in BHK-21 and C710 cells, one of the isolates was used for
sequencing, and the same virus was also passaged three times in C710 cells at a
multiplicity of infection (MOI) of �10 PFU/cell. Three plaques were randomly
selected in C710 cells from the final stock (agarose was used for this experiment
instead of tragacanth gum). These variants were additionally plaque purified in
C710 cells, and then 5-ml stocks were generated in the same cells and used for
further characterization and sequencing.

Sequencing of viral genomes. For sequencing, viruses were purified by ultra-
centrifugation through 20% sucrose at 55,000 rpm for 2 h in an SW-60 rotor at
4°C. Pellets were suspended in 100 �l of phosphate-buffered saline (PBS) con-
taining 1% FBS, and RNAs were isolated by use of TRIzol according to the
procedure recommended by the manufacturer (Invitrogen). Ten overlapping
(approximately 1-kb long) fragments representing the entire viral genome were
synthesized by a reverse transcription-PCR procedure, purified by agarose gel
electrophoresis, and sequenced by using the same primers as those used for PCR
(the sequences of the primers will be provided upon request). DNA fragments
representing the 5�- and 3�-terminal sequences were synthesized by use of a
commercially available FirstChoice RLM-RACE kit according to the procedure
recommended by the manufacturer (Ambion). Fragments were purified by aga-
rose gel electrophoresis and cloned into the plasmid pRS2. Multiple independent
clones were sequenced to determine possible variations in the 5� and 3� ends of
the genomes.

Virus growth analysis. BHK-21 and C710 cells were seeded at concentrations
of 5 � 105 and 106 cells/35-mm-diameter dish, respectively. After 4 h of incu-
bation at an appropriate temperature, monolayers were infected at the MOIs
indicated in the figure legends for 1 h, washed three times with PBS supple-
mented with 1% FBS, and overlaid with 1 ml of complete medium. At the
indicated times postinfection, the medium was replaced with fresh medium, and
virus titers in the harvested samples were determined by plaque assays on
BHK-21 or C710 cells, as indicated in the figure legends.

In many experiments, to exclude the effect of accumulation of additional
adaptive mutations, we analyzed virus growth directly after the transfection of 1
�g of RNA into C710 or BHK-21 cells. One-fifth of the electroporated cells were
seeded into a 35-mm-diameter dish and incubated at 37°C (BHK-21 cells) or
30°C (C710 cells) for 1 h. The medium was then replaced with 1 ml of fresh
medium and continued to be replaced at the indicated times postelectroporation.
Virus titers in the harvested samples were determined by plaque assays with
BHK-21 cells or C710 cells, as indicated in the figure legends. It should be
mentioned that the SINwt virus has a lower infectivity for C710 cells, and titers
of the same viral stocks determined in BHK-21 cells were 20- to 50-fold higher
than those in C710 cells.

RNA analysis. One-fifth of the C710 cells that were electroporated with 1-�g
samples of different RNAs were seeded into 35-mm-diameter dishes and incu-
bated at 30°C. At 18.5 h posttransfection (when the virus was growing exponen-
tially), SIN virus-specific RNAs were labeled with [3H]uridine as described in the
legend to Fig. 7. RNAs were isolated from the cells by use of the TRIzol reagent,
as recommended by the manufacturer (Invitrogen), denatured with glyoxal in
dimethyl sulfoxide, and analyzed by agarose gel electrophoresis using previously
described conditions (7).

Analysis of protein synthesis. One-fifth of the C710 cells that were electropo-
rated with 1-�g samples of different RNAs were seeded into 35-mm-diameter
dishes and incubated at 30°C. At 18.5 h posttransfection (when the virus was still
growing exponentially), the cells were washed three times with PBS and then
incubated for 1 h at 37°C in 1 ml of RPMI medium that lacked methionine and
was supplemented with 0.1% FBS and 20 �Ci of [35S]methionine. After the
incubation, the cells were scraped from the dish into PBS, pelleted by centrifu-

gation, and dissolved in 150 �l of standard loading buffer. Aliquots of the
samples (10 �l) were analyzed in sodium dodecyl sulfate–10% polyacrylamide
gels. After electrophoresis, the gels were dried and analyzed by autoradiography.

RESULTS

The 51-nt CSE is critical for SIN replication in mosquito
cells. As a part of our previous studies (7, 9), we performed
extensive mutagenesis of the fragment located downstream of
the 5� UTR (which includes the 51-nt CSE) in the genome of
SINwt (Toto1101). The clustered silent mutations (Fig. 1A) in
the SIN43 virus strongly modified the sequence of the CSE and
the corresponding computer-predicted secondary structure
(Fig. 1B) but did not change the encoded protein sequence. In
the infectious center assay with BHK-21 cells, the in vitro-
synthesized SIN43 and SINwt RNAs had the same infectivities
(1 � 106 to 2 � 106 PFU/�g), and both rescued viruses were
capable of replicating in BHK-21 cells at comparable rates and
to similar final titers (Fig. 2A). However, the SIN43 virus
demonstrated a very different ability to propagate in mosquito
C710 cells compared to SINwt (Fig. 2B). The increase in viral
titers was detected only if the infection was performed at an
MOI of �0.1 PFU/cell and after a 24-h or longer delay. The
growth rate of the SIN43 virus in C710 cells infected at an MOI
of 10 PFU/cell was very similar to that of a SINwt infection
performed at a 3-to-4-order of magnitude lower MOI (0.01 to
0.001 PFU/cell). This fact suggested that either the SIN43 virus
stock harvested directly after RNA transfection of BHK-21
cells contained a small fraction of viruses (most probably pseu-
dorevertants) capable of replicating in mosquito cells or those
pseudorevertants were generated with a low efficiency during
SIN43 replication.

SIN replicons with clustered mutations in the 51-nt CSE
replicate inefficiently in mosquito cells. Our previous data
suggested that the 51-nt CSE served as a replication enhancer
during the replication of virus-specific RNAs in vertebrate cells
(7). In order to test whether the clustered mutations in the
CSE completely abolished the replication of viral RNA in cells
of a mosquito origin (and the detected virus release was only
due to pseudorevertants generated during the in vitro tran-
scription) or downregulated it to a low level, we designed SIN
replicons encoding two subgenomic promoters driving the ex-
pression of the green fluorescent protein (GFP) and Pac genes
(Fig. 3). The SINrep43/GFP/Pac genome contained the entire
cluster of the above-described mutations in the 51-nt CSE, and
the control SINrepwt/GFP/Pac replicon had the same design,
but with the authentic sequence of the 51-nt CSE. Upon trans-
fection into the cells, these replicons were expected to express
both GFP and Pac. Pac expression was employed to detect low
levels of RNA replication, because in our previous studies, we
noticed that even inefficient expression of this gene makes cells
resistant to puromycin (1, 6). GFP expression was used to
evaluate the level of viral RNA replication. The in vitro-syn-
thesized RNAs were electroporated into C710 cells, and puro-
mycin selection was applied at 12 h posttransfection. The trans-
fection of 1 �g of RNA made approximately 30% of the cells
in both samples resistant to puromycin (the naïve C710 cells
died within 24 h of puromycin selection) (Fig. 3A). However,
Purr cells transfected with SINrep43/GFP/Pac expressed a very
low level of GFP that was barely detectable by both flow
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cytometry and fluorescence microscopy compared to the very
efficient expression observed for the cells transfected with
SINrepwt/GFP/Pac (Fig. 3B). Similarly, BHK-21 cells trans-
fected with 1 �g of SINrep43/GFP/PacRNA demonstrated a
lower level of GFP expression than SINrepwt/GFP/Pac-trans-
fected cells (Fig. 3C) at an early time posttransfection. How-
ever, by 12 h the difference was no longer obvious (data not
shown).

Together, these data indicate that the 51-nt CSE is likely to
function as an enhancer of the replication of SIN-specific
RNAs not only in mammalian cells but in mosquito cells as
well. However, in contrast to the case for BHK-21 cells, its
integrity is critical for SIN virus replication and release from
C710 cells.

SIN genomes with mutated 51-nt CSE accumulate adaptive
mutations during replication in C710 cells. To study the ad-
aptation of the SIN43 mutant for replication in C710 cells and
to identify the mutations that accumulated in the viral genome
during virus adaptation, we intended to select efficiently rep-
licating variants. To exclude from the analysis mutations that
were randomly generated during in vitro transcription by SP6
RNA polymerase (6), we selected the variants from the homo-
geneous isolates of the SIN43 virus. For this purpose, six
plaques formed by the SIN43 virus in BHK-21 cells were ran-
domly selected. All of them contained viruses that replicated
very inefficiently in C710 cells, and at 36 h postinfection with an
MOI of 10 PFU/cell, virus titers reached only 106 PFU/ml,
compared to �1010 PFU/ml observed for SINwt (data not
shown). In contrast to SINwt, they were also incapable of
causing CPE and forming plaques in this cell line (data not
shown). This was an indication that these variants were most
likely the same and represented the major fraction in the
population. One of the plaque-purified isolates, SIN43/1, was
used further for selection of the variants that were adapted for
growth in C710 cells. The stock of SIN43/1 virus, generated in

BHK-21 cells, was passaged three times in C710 cells (see
Materials and Methods for details), and variants that attained
the ability to cause CPE and form plaques in this cell line were
isolated. Three randomly selected plaques (SIN43/1/1, SIN43/
1/2, and SIN43/1/3) were used for further characterization and
sequencing of the viral genomes.

All three variants demonstrated efficient replication in C710
cells, and their final titers reached values that were similar to
those observed for SINwt and were 4 orders of magnitude
higher than the titer of the parental SIN43/1 variant (Fig. 4A).
In contrast to the original SIN43 or SIN43/1 viruses, which
were incapable of causing CPE in C710 cells, the selected
variants efficiently formed plaques in this cell line (Fig. 4B).
Importantly, the accumulated mutations that adapted SIN
for replication in C710 cells strongly affected the ability of
viruses to propagate and to cause CPE in BHK-21 cells (Fig.
4B). SIN43/1/1 generated easily detected, but heterogeneous,
plaques, indicating a significant level of genetic instability.
Plaques of SIN43/1/2 were very small, and the pinpoint plaques
of SIN43/1/3 developed only after a �3-day incubation. Thus,
all three viral isolates adapted for growth in mosquito cells
were distinguishably different, and two of them demonstrated
strongly reduced replication in mammalian cells.

Mutations adapting SIN43 for replication in a mosquito-
derived cell line. To identify the adaptive mutations, we deter-
mined the consensus sequences of the entire genome of
SIN43/1, the original virus used for selection of C710-adapted
mutants, and the genomes of the SIN43/1/1, SIN43/1/2, and
SIN43/1/3 derivatives. The SIN43/1 sequence corresponded to
the original SIN43 construct designed for this study. The mu-
tations discovered in the C710-adapted plaque isolates are
shown in Fig. 5. First, no additional changes were found in the
51-nt CSE of the selected variants compared to the original
SIN43/1 (and SIN43) genome. Second, all of the variants had
a common single-amino-acid substitution in the N-terminal

FIG. 2. Growth curves of SINwt and SIN43 viruses in BHK-21 and C710 cells. BHK-21 and C710 cells were infected at the indicated MOIs as
described in Materials and Methods. The medium was harvested and replaced at the indicated time points. Released virus titers were measured
by a plaque assay on BHK-21 cells. These data represent one of four reproducible experiments.
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region of the SIN nonstructural protein nsP2 (Fig. 5A). They
contained a Lys substitution for Glu at nsP2 residue 118. In
addition, the SIN43/1/1 virus also had a mutation, a substitu-
tion of Thr for Ile at residue 286, in another nonstructural
protein, nsP3 (Fig. 5B), and both SIN43/1/2 and SIN43/1/3 had
mutated 5� UTRs in the viral genomic RNA, in which the very
5�-terminal 9 nt were replaced with nt 1 to 52 of the SIN
subgenomic RNA (Fig. 5C). Surprisingly, this insertion also
included the initiating AUG codon of SIN 26S RNA and
created an alternative, 23-codon open reading frame that was
not in frame with the SIN nsP1-coding sequence (Fig. 5C).
However, the initiation of translation from this additional
AUG apparently did not profoundly affect virus replication in
mosquito cells. Compared to SIN43/1/2, the SIN43/1/3 virus
contained an additional mutation in the subgenomic RNA.
The insertion of three adenosines into the A7 sequence present
in the E2 glycoprotein coding sequence led to the appearance
of an additional Lys at position 147 of this protein. This amino
acid most likely also altered the ability of the virus to form
plaques in BHK-21 cells, and SIN43/1/3 developed pinpoint
plaques only after a prolonged incubation. However, there was
a very small chance that the mutation in the SIN E2 glyco-

protein had any compensatory effect on the mutations in the
51-nt CSE, and its role was not further investigated.

Adaptive mutations function synergistically. To evaluate the
effects of the observed mutations on the ability of the SIN43
mutant to replicate in C710 cells, we incorporated them into an
infectious SIN43 cDNA (Fig. 6). Constructs contained either
the single site mutation in nsP2, nsP3, or the 5� UTR (SIN43/
nsP2, SIN43/nsP3, and SIN43/26SUTR, respectively) or both
mutations found in the selected adapted pseudorevertants
(SIN43/nsP23 and SIN43/26SUTRnsP2). In order to deter-
mine the mutations that were critical for the adaptation of
SIN43 for replication in C710 cells, we compared the infectiv-
ities of all of the in vitro-synthesized RNAs in infectious center
assays performed with C710 cells. Because of the very high rate
of SIN evolution during replication, the levels of RNA repli-
cation of all mutants, their growth rates, and their ability to
cause CPE (plaque formation) were tested directly after RNA
transfection. The results of these experiments, shown in Fig.
6A, demonstrate that the point mutation in nsP2 and the re-
placement of the 5� UTR increased the infectivities of the
RNAs to a nearly SINwt level, but the effect of the mutation in
nsP3 alone was less obvious (the infectivity of SIN43/nsP3

FIG. 3. Schematic representation of double subgenomic SINrepwt/GFP/Pac and SINrep43/GFP/Pac replicons and their replication in C710
cells. (A) C710 cells were transfected with 1 �g of in vitro-synthesized RNAs. At 12 h posttransfection, puromycin selection (10 �g/ml) was applied,
and at 16 h postelectroporation (before the Pur selection was completed), GFP expression was analyzed by flow cytometry (B) and fluorescence
microscopy. �, transfection of 1 �g of SINrepwt/GFP/Pac or SINrep43/GFP/Pac replicon RNA produced about 30% C710 cells that were resistant
to puromycin. The SINrep43/GFP/Pac-transfected cells expressed very low levels of GFP (�/�) compared to the GFP levels detected in the
SINrepwt/GFP/Pac-transfected cells (���). (C) BHK-21 cells were transfected with 1 �g of in vitro-synthesized RNAs. At 6 h posttransfection,
GFP expression was evaluated by flow cytometry.
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RNA became only 10-fold higher than that of SIN43). How-
ever, two mutations were required to make viruses cytopathic
for C710 cells (Fig. 6B). Only SIN43/nsP23 and SIN43/
26SUTRnsP2 caused rapid CPE development in C710 cells, as
did the original SIN43/1/1 and SIN43/1/2 variants. As seen in
the original plaque isolates, the SIN43/nsP23 mutant retained
the ability to form plaques in BHK-21 cells and the plaques of
SIN43/26SUTRnsP2 were hardly detectable. This was most
likely a result of the insertion of the 26S UTR into the genomic
5� end, because the single mutant SIN43/26SUTR also devel-
oped pinpoint plaques in BHK-21 cells and both 5� end mu-
tants rapidly generated large-plaque-forming pseudorevertants
(data not shown), which were not further studied.

An analysis of virus growth rates in C710 cells did not reveal
strong differences between the designed mutants (Fig. 7A).
However, viruses containing only the nsP2 mutation or both
the nsP2 and nsP3 mutations initiated virus release from the
cells earlier than other mutants. Both the SIN43 and SIN43/
nsP3 variants generated pseudorevertants, and in agreement
with results of the infectious center assay, SIN43/nsP3 made
them more efficiently and hence demonstrated faster growth.

The level of RNA replication and the synthesis of viral
proteins correlated better with the observed differences in CPE
development (Fig. 7B and C). Variants containing any single
mutation in the genome were less efficient in RNA replication,
transcription of the subgenomic RNA, and synthesis of virus-
specific proteins than viruses with two adaptive mutations. The
single-site mutants, SIN43/26SUTR and SIN43/nsP2, grew as
efficiently as SIN43/26SUTRnsP2 and SIN43/nsP23, respec-
tively. However, they caused slower CPE development and
formed smaller plaques in C710 cells (Fig. 6A and B). This fact
indicated that mutations found in the genomes of the SIN43
variants adapted for growth in C710 cells functioned synergis-
tically and were likely more important in terms of an increase
in cytopathogenicity of viruses with the mutated 51-nt CSE
than just for their replication in mosquito cells.

Adaptive mutations have no enhancing effect on SINwt rep-
lication. To further elucidate the role(s) of the identified adap-
tive mutations on SIN RNA replication, we tested them in the
context of the SINwt genome backbone (Fig. 8). All of the in
vitro-synthesized viral RNAs had very similar infectivities in
C710 cells, indicating that neither the adaptive amino acid
changes in nsP2 and nsP3 nor the insertion of the 26S RNA
sequence into the 5� UTR of the SIN genome was lethal for
SIN replication in this cell line. However, the single-site mu-
tants SINwt/nsP3 and SINwt/26SUTR and the double mutants
SINwt/26SUTRnsP2 and SINwt/nsP23 had significantly slower
growth rates than SINwt. In particular, SINwt/nsP23 produced

FIG. 4. Single-step growth curves of plaque-purified SIN43/1
isolates adapted for growth in C710 cells and analysis of plaque

morphology of different viruses in C710 and BHK-21 cells. (A) C710
cells were infected with SINwt, SIN43/1, and the selected SIN43/1/1,
SIN43/1/2 and SIN43/1/3 viruses at an MOI of 1 PFU/cell. At the
indicated times, the medium was replaced and the virus titers were
determined on BHK-21 cells. (B) Plaque morphology of indicated
viruses compared by titration of the same viral stocks on BHK-21 and
C710 cells. The stocks of SINwt and SIN43/1 viruses were prepared in
BHK-21 cells, and the stocks of the SIN43/1/1, SIN43/1/2, and SIN43/
1/3 variants were generated in C710 cells.
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pinpoint plaques in C710 cells and replicated 2 orders of mag-
nitude slower than SINwt.

All of the single and double mutants made in the context of
the SINwt genome were also tested for the ability to propagate
in BHK-21 cells. It was not surprising to find that the position-
ing of the 26S 5� UTR to the 5� end of the SINwt genome
strongly diminished virus replication. Both SINwt/26SUTR
and SIN43/26SUTRnsP2 were slower growing (data not shown),
formed very small plaques, and rapidly reverted to a large-
plaque-forming phenotype.

DISCUSSION

In spite of a great deal of progress that has been made in our
understanding of the regulation of alphavirus RNA replica-
tion, critical details about the interaction of viral nonstructural
proteins with cis-acting elements of their genomes and with
host factors involved in the replication process remain obscure.
Particularly poorly understood is the functioning of the 51-nt
CSE. This highly conserved RNA sequence is located between
nt 154 and 205 in the SIN genome and is predicted to form two
stem-loop structures with very similar conformations among all
studied members of the Alphavirus genus. The conservation of
this sequence in distantly related alphaviruses (27) and in the
naturally occurring SIN and Semliki Forest virus defective
interfering RNAs (16, 24, 25) suggested its importance for the
replication of the virus-specific RNAs, and the most attractive
hypothesis to explain this importance was that this element
determines the selective replication of the alphavirus genomes,
but not the subgenomic RNAs.

In our earlier work, we demonstrated that the SIN 51-nt
CSE is not a part of the core promoter for either plus- or
minus-strand SIN genome synthesis in mammalian cells (7). It
served as a replication enhancer, and multiple mutations in this
fragment that destabilized the secondary structure did not
abolish the replication of SIN genome RNA, but downregu-
lated RNA synthesis between 5- and 10-fold. Accordingly,
some decreases in replication rates and final titers of mutant
viruses were detected both after infection of mice and in some

cell lines (9). However, the detected differences were within
the 10-fold range. Similarly, the clustered silent mutations in
the 51-nt CSE of the Venezuelan equine encephalitis virus
genome also do not significantly attenuate the virus (Scott
Weaver, personal communication).

Previously, it was shown that point mutations that destabilize
the predicted secondary structure of the 51-nt CSE downregu-
late SIN replication more strongly in C636 cells than in mam-
malian cells (27). In agreement with these data, we demon-
strated here that clustered mutations in the SIN 51-nt CSE had
a deleterious effect on virus replication in mosquito C710 cells.
The defect was not on the level of viral particle formation
but was in the replication of SIN-specific RNAs, because the
SINrep43/GFP/Pac replicon with a mutated 51-nt CSE was
capable of making cells resistant to puromycin, but produced a
very low level of GFP. In the case of viral SIN43 RNA, this
replication level was not sufficient to develop a productive
infection, and the release of the SIN43 virus from C710 cells
was below 1 PFU/cell (compared to the 1 � 104 to 5 � 104

PFU/cell production observed for SINwt in this cell line). Ac-
cordingly, the mutant was also incapable of causing CPE or
plaque formation. These data strongly suggested that the in-
tegrity of the sequence located downstream of the SIN 5� UTR
(which includes the 51-nt CSE) was critical for SIN RNA
replication in C710 cells.

The presence of multiple mutations in the 51-nt CSE of
SIN43 essentially eliminated the occurrence of true revertants.
However, variants capable of efficient growth in C710 cells
were generated. These viruses accumulated adaptive muta-
tions in the amino-terminal part of nsP2 (E1183K), in nsP3
(T2863I), and in the 5� UTR. In other independent selection
experiments, all of the randomly picked pseudorevertants of
the SIN43 virus with increased replication efficiencies in C710
cells also contained mutations in the amino-terminal part of
the nsP2 (E2123G, E1553A, or E1313K) (data not shown).
The exact role of these mutations was not sufficiently charac-
terized. However, we can hypothesize that changes in the ami-
no-terminal fragment of nsP2, which is not conserved among
alphaviruses and has not been shown before to have any par-

FIG. 5. Sequence alignments and mutations found in SIN43/1/1, SIN43/1/2, and SIN43/1/3 variants adapted for growth in C710 cells. (A) Align-
ment of nsP2 residues 100 to 139 (SIN numbering) for several alphaviruses. The adaptive mutation found in all three variants is indicated.
(B) Alignment of nsP3 residues 273 to 292 (SIN numbering). The mutation found in the SIN43/1/1 variant is indicated. Aura, Aura virus (39);
ONN, O’nyong nyong virus (21); SFV, Semliki Forest virus (45); VEE, Venezuelan equine encephalitis virus (15); EEE, Eastern equine
encephalitis virus (48). Residues identical to those in the SIN sequence are indicated by dashes. (C) Sequence alignment of the SIN43/1/2 and
SIN43/1/3 5� UTRs with the SINwt 5� UTR and SIN subgenomic 26S 5� UTR. The sequence representing an alternative open reading frame in
the genomes of adapted variants is underlined.
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ticular functions, were essential for the replication of SIN43
RNAs in mosquito cells.

During the last few years, the number of known nsP2 activ-
ities has been continuously growing. This protein acts as an
RNA helicase and has ATPase, GTPase, and RNA 5�-triphos-
phatase activity (11, 37, 47). Moreover, the carboxy-terminal
domain of nsP2 possesses the proteinase activity (5, 13) that

orchestrates the sequential processing of the nonstructural
polyprotein, which is required for the switch of the activity of
the replicative complex from the minus to the plus strand and
subgenomic RNA synthesis (19, 41). nsP2 appears to be also
directly involved in the initiation of subgenomic RNA synthesis
(31). In addition, alphavirus nsP2 is produced in a 10- to 20-
fold excess compared to nsP4, the catalytic subunit of the

FIG. 6. Replication of SIN43 virus variants, containing different adaptive mutations in the genomes, in C710 and BHK-21 cells. (A) Schematic
representation of viral genomes, infectivities of in vitro-synthesized RNAs in C710 and BHK-21 cells in the infectious center assay, and sizes of
plaques formed on both cell lines in the same test. Filled boxes indicate the positions of the introduced adaptive mutations and the presence of
clustered mutations in the 51-nt CSE. NA, nonapplicable, because of a lower infectivity of the RNAs and heterogeneous plaque sizes, indicating
a pseudorevertant appearance. The data represent one of three reproducible experiments. (B) Presentation of different levels of CPE development
at 48 h postelectroporation of 1 �g of in vitro-synthesized RNAs into C710 cells.
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RdRp, and is equally distributed all over the cell, including the
nucleus (38). The data presented in this paper suggest that
nsP2 is also involved in the binding of the replicative complex
to SIN RNA, and the mutations in the fragment that includes
the 51-nt CSE require adaptive mutations in the nsP2 coding
sequence in order to promote virus replication in mosquito
cells.

The E1183K mutation in nsP2 alone was not sufficient to
make the SIN43 mutant cytopathic for C710 cells. The addi-
tional change in nsP3 (T2863I) had a strong synergistic effect
on RNA replication, the synthesis of viral structural proteins,
and the development of CPE (and plaque formation), despite
its effect on SIN43 replication in the absence of the nsP2
E1183K substitution being nearly undetectable.

The replacement of nt 1 to 9 in the 5� UTR of some pseu-
dorevertants with nt 1 to 52 of the subgenomic RNA was a
second way to strongly enhance the effect of the nsP2 E1183K
mutation. The addition of nt 1 to 52 to the 5� end of SIN43
(SIN43/26SUTR) made the virus replicate more efficiently.
However, together the mutations in nsP2 and the 5� UTR
increased the replication of SIN43 (SIN43/26SUTRnsP2 vari-
ant) in C710 cells to a level comparable to that of SINwt,
suggesting that nsP2 may play a role in the proper positioning
of the RdRp during replication of the genome with a new 5�
UTR. Previously, the presence of the 26S UTR was detected in
one of the naturally occurring SIN DI RNAs (46), but the
overall sequence and the computer-predicted secondary struc-
ture of the 5� end of that DI RNA were very different from
those found for SIN43/1/2 and SIN43/1/3. In addition, that DI
RNA was generated in mammalian cells, and the complete
data about the sequence of the nonstructural proteins of
helper SIN are unavailable.

The results of the present work correlate with the previously
published hypothesis that the activity of the promoter elements
located in the 5� end of the SIN genome and, particularly, in
the 3� end of the minus-strand intermediate depends on bind-
ing of the protein factors of both cellular and viral origin (32,
33). It was shown that the 5�-terminal 425 nt of the plus-strand
RNA bind proteins that are essential for minus-strand RNA
synthesis (7), and the works of Pardigon et al. unambiguously
demonstrated that the 3�-terminal 250 nt of the SIN negative-
strand RNA contain at least four binding sites for the mosquito
homolog of the La autoantigen (32, 34). The clustered muta-
tions present in the original SIN43 genome strongly changed
the sequences of binding domains 2 and 3. Binding domain 1 in
the SIN/43/1/2 variant also contained a replacement of the
3�-terminal nt 1 to 9, the most critical for La autoantigen
binding. In spite of these extensive changes, SIN could adapt
for replication in C710 cells by changing two amino acids (nsP2
E1183K and nsP3 T2863I) or by mutating the same amino
acid in nsP2 when nt 1 to 52 of the SIN 26S RNA were inserted

FIG. 7. Phenotypes of SIN43-derived viruses containing single or
double adaptive mutations in genomes. (A) Single-step viral growth
curves after electroporation of 1 �g of in vitro-synthesized RNAs into
C710 cells. At the indicated times, the medium was replaced and virus
titers were determined in C710 cells, as described in Materials and
Methods. Protein synthesis (B) and viral RNA replication (C) are
shown for C710 cells transfected with 1 �g of the RNAs. At 18.5 h
posttransfection, the cells were labeled with [35S]methionine and

analyzed in a sodium dodecyl sulfate–10% polyacrylamide gel as de-
scribed in Materials and Methods. For RNA analysis, at 18.5 h post-
transfection, the medium in other wells was replaced with 1 ml of alpha
MEM supplemented with 10% FBS, dactinomycin (1 �g/ml), and
[3H]uridine (20 �Ci/ml). After 3 h of incubation at 30°C, RNAs were
isolated from the cells and analyzed by agarose gel electrophoresis as
described in Materials and Methods.
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into the 5� UTR. Those mutations functioned in cell- and
virus-specific modes. They increased the replication of SIN43,
but not SINwt, and the profound stimulatory effect was ob-
served only in mosquito cells, not in mammalian cells. Thus,
the adaptive mutations were critical only if the 51-nt CSE was
significantly altered and, most likely, incapable of binding one
or more copies of the mosquito cell-specific protein involved in
RdRp formation. We can speculate that nsP2 is a protein

factor that binds to a host protein(s) that is essential for the
assembly of the replicative complexes on SIN RNA. The elim-
ination of a number of protein-binding sites in the 3� end of the
minus-strand RNA and/or in the 5� end of the viral genome
might lead to selection of the mutated form of nsP2 with an
increased affinity for the residual C710-specific protein factors
(interacting, for instance, with domain 4 located between nt
190 and 250 in the 3� end of the genome intermediate). Alter-

FIG. 8. Replication of SINwt variants containing different adaptive mutations in genomes in C710 and BHK-21 cells. (A) Schematic repre-
sentation of viral genomes, infectivities of in vitro-synthesized RNAs in C710 and BHK-21 cells in the infectious center assay, and sizes of plaques
formed on both cell lines. Filled boxes indicate the positions of the introduced mutations found in SIN43 variants adapted for growth in C710 cells.
(B) Single-step viral growth curves after electroporation of 1 �g of in vitro-synthesized RNAs into C710 cells. At the indicated times, the medium
was replaced and virus titers were determined on BHK-21 cells, as described in Materials and Methods.
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natively, it is also possible that mutations in the 51-nt CSE
require a change in the positioning of the nsP2 in RdRp that is
achieved through its conformational change and the replace-
ment of the 5� UTR or the nsP3 mutation. Viral genomes (or
their minus-strand counterparts) with the wt sequence of the
51-nt CSE bind a complete set of protein factors, and as a
result, the introduced adaptive mutations had no stimulatory
effect on the replication of SINwt. In the case of SINwt/nsP23,
the mutations even downregulated virus replication in C710
cells. This was not surprising, because any advantageous mu-
tation in the nsPs could undoubtedly be selected during pre-
vious SIN evolution under natural conditions, and our modi-
fications altered the structure of wt RdRp. The discovered
mutations also did not promote SINwt replication in mamma-
lian BHK-21 cells, and the replication of SIN43 viruses with a
mutated 5� UTR (SIN43/26SUTR and SIN43/26SUTRnsP2)
in this cell line was strongly affected. Taken together, the data
suggest that (i) the 26S 5�UTR is highly beneficial for virus
replication only in mosquito cells, in the presence of mosquito
cell-specific protein factors that likely bind to this sequence,
and (ii) mutated forms of nsP2 and nsP3 promote the replica-
tion of viral genomes only with a mutated 51-nt CSE in mos-
quito cells. Our understanding of the structure of the SIN
replicative complex remains incomplete, and based on the
available data, it is difficult to interpret the nsP2-nsP3 interac-
tion, or particularly, the costimulatory effects of the nsP2 mu-
tation and the replacement of the 5� terminus of the SIN43
genome. However, the new 51-nt CSE mutants and selected
pseudorevertants open up the possibility for us to analyze the
spectrum of cellular proteins binding to the positive and neg-
ative strands of the SIN 5� end, but not to the SIN43 derivative,
and to identify the host factor(s) that is critical for RNA rep-
lication. The study of multiple protein-protein and RNA-pro-
tein interactions, another element of our research, is now in
progress.

In conclusion, we have shown that a SIN virus with a mu-
tated sequence located downstream of the 5� UTR and includ-
ing the 51-nt CSE replicates efficiently in mammalian cells and
is incapable of productive replication in cells of a mosquito
origin. This virus accumulates adaptive mutations in the ge-
nome fragment encoding the nonstructural proteins. The mu-
tations in the amino-terminal fragment of the nsP2 gene ap-
pear to be most important for promoting SIN43 genome
replication in C710 cells. However, a mutation in nsP3 or the
replacement of the 5� terminus of the genomic 5� UTR with
the 5� UTR of the subgenomic 26S RNA has additional stim-
ulatory effects. The accumulated mutations function in cell-
and virus-specific manners. They are critical only for SIN43
replication in mosquito cells and can have a deleterious effect
on the replication of viruses with a mutated 51-nt CSE in
mammalian cells. Besides enhancing our understanding of the
51-nt CSE, the results have possible practical applications.
They suggest the possibility of developing attenuated vaccine
strains of alphaviruses with a restricted host range.
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