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Sindbis virus (SIN) contains an in-frame opal termination codon in the nonstructural protein-coding region
separating nsP3 and nsP4 and provides a useful tool to study the readthrough phenomenon of the termination
codon in host cells and its role in viral replication. We have changed the opal codon by site-directed mutagenesis
of a full-length SIN cDNA clone to either sense amino acids (serine, tryptophan, or arginine) or the other two
translation termination codons (amber or ochre). Transcripts from all of the mutant cDNA clones were

infectious when used to transfect chicken embryo fibroblasts. The resulting progeny virus stocks were then used
to study the effects of these mutations on viral protein and RNA synthesis, growth properties, host range, and
fitness compared with the parental strain. None of the mutants showed temperature sensitivity in plaquing
efficiency or plaque morphology on chicken embryo fibroblast monolayers. Relative to the wild-type parent, the
mutants containing sense replacements overproduced nsP34 but not nsP4 and made slightly decreased levels of
nsP3, with a delay in its appearance. This indicates that the cleavage separating nsP3 and nsP4 occurs in these
mutants and also that the level of nsP4 is not regulated solely by readthrough of the opal codon. The amber and
ochre mutants produced decreased levels of nsP34, and the ochre mutant grew significantly more slowly than
the other mutants or wild-type virus. For all five mutants, RNA synthesis early in infection was inhibited
compared with that of the parental virus. This effect was apparent at multiplicities of infection of 20 PFU per
cell but not at 100 PFU per cell. Using in situ hybridization to distinguish between mutant and wild-type
plaques, we have studied the behavior of the serine mutant in a high-multiplicity growth competition
experiment with wild-type virus. The wild-type virus eventually outcompeted the mutant after several passages,
and these results indicate that this mutation has resulted in effects that are at least partially cis acting.
Furthermore, by studying the growth, plaque formation, and protein synthesis of the mutants in various cell
types, we have observed host range effects of the mutations, especially in mosquito and human cells. In
addition, we have demonstrated, at least indirectly, that opal, amber, and ochre termination codons in the SIN
nucleotide context can be suppressed in cultured cells of chicken, human, hamster, and mosquito origin.

Readthrough of termination codons is employed by many
RNA viruses, including Q, bacteriophage (UGA), alphavi-
ruses (UGA), retroviruses (UAG), and some plant viruses
(UAG), to regulate the synthesis of some essential viral
proteins (14, 34, 35, 40, 42, 44, 50, 53, 54). In most of these
viruses except Qfi phage, the in-frame termination codons
are located upstream of the putative viral RNA replicases or
reverse transcriptases. Therefore, readthrough plays an im-
portant role in allowing virus replication to occur. In this
report, we have used Sindbis virus (SIN) as a model system
to examine the readthrough of termination codons in animal
cells. We have also studied the regulatory function of the
SIN in-frame opal termination codon in terms of production
of viral nonstructural protein readthrough products and their
effects on subsequent RNA amplification.
SIN is an enveloped positive-strand RNA virus (for a

recent review, see reference 45) that infects a variety of
vertebrate and invertebrate hosts (4, 8, 28, 47). It is the type
virus of the Alphavirus genus which belongs to the family
Togaviridae. The SIN genomic 49S RNA serves as an

mRNA for production of four nonstructural proteins (called
nsPl to -4) numbered in order of their location in the genome

* Corresponding author.

(44). Although their roles in RNA replication have not been
firmly established, the nonstructural proteins are believed to
be components of the RNA replicase-transcriptase machin-
ery that initiates viral RNA replication by the synthesis of a

minus-strand 49S RNA complementary to the incoming
genomic plus-strand 49S RNA. This minus-strand in turn
serves as the template for the synthesis of additional plus-
strand genomic 49S RNA and a 3' coterminal subgenomic
26S RNA that acts as the mRNA for the production of the
SIN structural proteins.
The translation of SIN nonstructural proteins starts from a

single AUG codon at the beginning of nsPl, and the four
nonstructural proteins are produced by cotranslational and
posttranslational proteolytic cleavages (16). The last non-
structural protein, nsP4, is highly conserved among alpha-
viruses and shares homologous amino acid sequences with
the RNA-dependent RNA replicase of poliovirus and non-
structural proteins of other positive-strand plant and animal
RNA viruses (17, 22, 37). Therefore, it has been postulated
that nsP4 is the replicase subunit containing the elongating
activity for the SIN RNA-dependent RNA polymerase (22).
This contention is supported by the existence of an SIN
RNA-negative temperature-sensitive (ts) mutant, ts6 (5),
which grows well at 30°C but upon shift to 40°C shuts off all
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RNA synthesis (2, 23, 39). This lesion has been mapped to
the nsP4-coding region (15). In the SIN genome, however,
there is an in-frame opal termination codon separating nsP3
and nsP4 (43, 44). Therefore, the nsP4-coding region can be
translated only by a readthrough mechanism to produce
nsP4 and nsP34 (16, 45). Among alphaviruses, Middelburg
virus (43) and Ross River virus also contain in-frame opal
termination codons in positions analogous to that of SIN
(42). In contrast, Semliki Forest virus (SFV) (46) and 0'-
Nyong-nyong virus (42) do not contain the opal codon and
instead have an arginine codon at that position.
The in vitro transcripts from some full-length cDNA

clones of SIN are able to initiate a complete infectious cycle
upon transfection into appropriate host cells (36). By di-
rected mutagenesis of such cDNA clones, we have begun a
study of the structure-function relationships of SIN non-
structural proteins and RNA sequences. To investigate the
regulatory function of the opal codon and the effect of
altered levels of nsP3, nsP4, and nsP34 on viral RNA
replication, we have constructed a series of mutations of the
opal codon preceding nsP4. In this paper, we report the
characterization of these mutants.

MATERIALS AND METHODS

Enzymes and plasmids. All restriction enzymes, T4 DNA
ligase, Escherichia coli exonuclease III, and E. coli DNA
polymerase I and its large fragment (Klenow) were obtained
from New England BioLabs, Inc., Bethesda Research Lab-
oratories, Inc., Boehringer Mannheim Biochemicals, or
Promega Biotec. Avian myeloblastosis virus reverse tran-
scriptase was from Life Sciences, Inc., and dCTPaS was
from New England Nuclear (Dupont). All radioactive mate-
rials were purchased from either Amersham Corp. or ICN
Pharmaceuticals Inc. Plasmid pGC2 (32) and phage M13kO7
(48) were generous gifts from Douglas Berg (Department of
Microbiology and Immunology, Washington University
School of Medicine). The monospecific antisera against nsP1
to -4 of SIN (16) were kindly provided by W. Reef Hardy and
James H. Strauss (Biology Division, California Institute of
Technology).

Cell cultures and viruses. Chicken embryo fibroblasts
(CEF), BHK-21 cells (from ATCC via Robert E. Johnston,
North Carolina State University), SW-13 cells (human ade-
nocarcinoma cells from ATCC), and C7-10 cells (Aedes
albopictus cell line, from.Victor Stollar, University of Med-
icine and Dentistry of New Jersey) were propagated as
previously described (10, 21, 41; T. J. Chambers, D. W.
McCourt, and C. M. Rice, Virology, in press). All virus
stocks were derived from either the full-length SIN cDNA
clone TotolOOO or its mutagenized derivatives by in vitro
transcription of plasmid DNA with SP6 polymerase followed
by RNA-mediated transfection of CEF cells (36). In this
paper, wild-type or parental virus refers to the virus stock
derived from SIN cDNA clone TotolOOO, while serine,
tryptophan, arginine, amber, and ochre mutants refer to the
virus stocks derived from mutagenized Toto cDNA clones
TotolOOO.S, TotolOOO.W, TotolOOO.R, TotolOOO.Am, and
TotolOOO.Oc, respectively (see below for plasmid construc-
tion details).

Plaque assays. Virus stocks were grown and the titers were
determined on CEF monolayers as described previously
(41). Plaque assays with CEF, BHK-21, and SW-13 cells
were conducted under the same conditions (41), while
plaque formation on C7-10 cells at 34.5°C was assayed by a
method described by Durbin and Stollar (10).

SP6

BssHII (9804)

'-.._ . ~M13 origin

FIG. 1. Plasmid constructions. Shown are plasmids used for the
production of infectious RNA transcripts (TotolOOO) and in vitro
mutagenesis (pTerm). Details of the construction of the TotolOOO
opal substitution mutants are described in Materials and Methods.
The BamHI-EcoRI restriction fragment containing the opal termi-
nation codon between nsP3 and nsP4 ( ) was subcloned from
TotolOOO to the polylinker region of pGC2 (32) to produce pTerm.
After mutagenesis, the SpeI-EcoRI restriction fragment from each
of the mutagenized pTerm constructs was recloned back into
TotolOOO in a three-fragment ligation reaction, using the EcoRI-
BssHII and BssHII-SpeI fragments of TotolOOO. The positions of
the restriction sites in the SIN genome (44) used for these construc-
tions are indicated. In TotolOOO, the SIN cDNA sequence ( ; )
and the SP6 polymerase promoter sequence used for production in
vitro of RNA transcripts (_) are shown.

Plasmid constructions and site-directed mutagenesis. A
schematic of TotolOOO showing the restriction sites used for
mutagenesis and subcloning is shown in Fig. 1. Briefly, the
Ba,HI-EcoRI fragment from TotolOOO, which contains the
in-frame opal termination codon, was subcloned into pGC2
(32), resulting in the plasmid called pTerm (Fig. 1). pTerm
contains the M13 replication origin, and with the helper
phage M13kO7, single-stranded pTerm DNA was packaged
and isolated as previously described (48). Five mutagenic
oligonucleotides (Fig. 2) were chemically synthesized and
used to change the opal codon to a serine, tryptophan,
arginine, amber, or ochre codon.

Serine and tryptophan mutations were generated by using
a standard in vitro site-directed mutagenesis procedure as
described previously (58), while arginine, amber, and ochre
mutations were produced by a modified method developed
by Nakamaye and Eckstein (33). Clones containing the
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FIG. 2. Nucleotide and amino acid sequences in the mutagenized
region. The nucleotide sequence (from nt 5739 to 5771 in SIN
genome) and the deduced amino acid sequence for the wild-type
virus and the five opal substitution mutants are shown. Opal,
Wild-type virus derived from SIN cDNA clone TotolOOO; serine,
tryptophan, arginine, amber, and ochre mutants derived from cor-

responding mutagenized Toto clones. The viral RNA sequences

were determined by a modified dideoxy-chain termination method
(55). The line above the nucleotide sequence of opal denotes the
location of the five oligonucleotides (20-mer) used for mutagenesis
which are complementary to each mutant sequence shown. The
mutant codons are underlined. The start of SIN nsP4 is assigned
tentatively by homology with SFV nsP4 (46).

desired mutations were identified by colony hybridization
(29) and DNA sequencing (38).
The SpeI-EcoRI restriction fragments containing the mu-

tagenized region were isolated and purified on low-melting-
temperature agarose gels (51) and were recloned back to
TotolOOO in a three-fragment ligation reaction. The EcoRI,
BssHII, and SpeI restriction sites of TotolOOO were used to
generate the other two fragments (EcoRI-BssHII and
BssHII-SpeI) for this construction as shown in Fig. 1. The
five mutagenized TotolOOO derivatives were named
TotolOOO.S, TotolOOO.W, TotolOOO.R, TotolOOO.Am, and
TotolOOO.Oc with respect to the substitutions of the opal
codon by serine, tryptophan, arginine, amber, and ochre
codons, respectively.

Nucleotide sequence analysis. Prior to in vitro transcrip-
tion, the sequence of the entire region between the SpeI-
EcoRI DNA sites of plasmids TotolOOO.S, TotolOOO.W,
TotolOOO.R, TotolOOO.Am, and Totol00O.Oc was verified
by either the chemical sequencing method (30) or the chain
termination method (38). The existence of the original mu-

tations in in vivo-replicated RNAs was confirmed by direct
sequencing of virus-specific RNAs (55) that were isolated
from virus-infected CEF cells (52) and purified by oligo(dT)
cellulose chromatography.
Growth rates in CEF cells. The secondary CEF monolay-

ers in 35-mm dishes were infected with the virus stocks at a

multiplicity of infection (MOI) of either 20 or 100 PFU per

cell in 200 pul of phosphate-buffered saline containing 1%
fetal calf serum (FCS). The plates were incubated at 37°C,
and virus samples were collected at 3, 6, 9, and 12 h
postinfection, and the titers were then determined on sec-

ondary CEF monolayers.
In vivo protein analysis, immunoprecipitation, and sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). All incubations were done at 37°C except where
otherwise indicated. Secondary CEF monolayers in 35-mm

dishes were infected with wild-type virus or mutants in 200
,ul of phosphate-buffered saline containing 1% FCS at an
MOI as indicated. The plates were incubated at 4°C for 1 h
with occasional rocking. The infection mixture was then
removed, and 2 ml of Eagle minimal essential medium-Earle
salts containing 3% FCS was added and incubated for the
indicated periods. The medium was then replaced with 2 ml
of Eagle minimal essential medium-Earle salt (3% FCS)
lacking methionine. After incubation for 30 min, the medium
was removed and 0.5 ml of Eagle minimal essential medium
(3% FCS)-Earle salts lacking methionine but containing
[35S]methionine at a final concentration of 40 ,uCi/ml was
added. The plates were then labeled and chased at 37°C for
the indicated periods. After being washed with ice-cold
phosphate-buffered saline twice, the cell monolayers were
lysed with 200 ,ul of 1% SDS containing 40 ,ug of phenyl-
methylsulfonyl fluoride per ml, heated to 90°C for 5 min, and
stored at -70°C. The lysates were either directly analyzed
by 10% SDS-PAGE (26) or were used for an immunoprecip-
itation assay (1, 16). Immunoprecipitates were denatured by
being heated at 95°C for 3 min and were then separated by
6% SDS-PAGE. Gels were treated for fluorography (27),
dried, and exposed to X-ray film.
RNA analysis by RNase protection. Secondary CEF cells in

60-mm dishes were infected as described above with wild-
type virus or mutants at 20 or 100 PFU per cell in 400 ,u1 of
phosphate-buffered saline containing 1% FCS. At different
times postinfection, the cytoplasmic RNAs were isolated
(52) and analyzed in an RNase protection assay with a
virus-specific RNA probe (56). An RNA probe 243 nucleo-
tides (nt) in length, including a 215-base sequence comple-
mentary to the junction region of SIN 49S genomic RNA (nt
7501 to 7716) (see Fig. 6C), was made by in vitro transcrip-
tion of a SspI-linearized plasmid called pGem-J1 (M. Jones,
unpublished data), using SP6 polymerase and [oe32P]CTP as
a label (31).
The assay was conducted as follows. A 100-ng sample of

isolated cytoplasmic RNAs was hybridized with >20-fold
excess RNA probe (5 x 105 cpm) by being heated at 90°C for
10 min and then incubated at 55°C for 18 h in 20 ,ul of
annealing buffer containing 40 mM PIPES [piperazine-N,N'-
bis(2-ethanesulfonic acid), pH 6.4]-400 mM NaCl-1 mM
EDTA-80% deionized formamide. Upon completion, the
annealing reaction was quickly diluted into 200 ,ul of RNase
solution (10 mM Tris [pH 7.5]-5 mM EDTA-300 mM NaCl-
40 p.g of boiled RNase A per ml) and was incubated at 37°C
for 20 min. SDS and proteinase K were then added to final
concentrations of 0.1% and 150 jig/ml, respectively, and
incubation was continued at 37°C for 15 min. After phenol-
chloroform extractions and ethanol precipitation, the pellet
was suspended in 20 IlI of sample buffer (80% deionized
formamide-50 mM Tris borate-1 mM EDTA [pH 8.3]-0.1%
xylene cyanol-0.1% bromophenol blue), was heated to 95°C
for 2 min, and was run on 5% polyacrylamide-urea sequenc-
ing gels (30). After electrophoresis, gels were fixed in 10%
acetic acid-12% methanol for 10 min and were dried. Virus-
specific protected RNA bands were localized by autoradiog-
raphy, cut out from the gel, and quantitated by liquid
scintillation counting.

Competition assay and in situ hybridization to SIN plaques.
Wild-type virus and the serine mutant were mixed at an
equal MOI, and the virus mixture was passaged on second-
ary CEF monolayers (37°C) in 35-mm dishes at either a high
MOI (100 PFU per cell) or a low MOI (0.01 PFU per cell) for
six serial passages. Wild-type virus and the serine mutant
alone were passaged in parallel as negative and positive
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controls, respectively. At each passage, the culture super-
natant was harvested at 12 h postinfection and used for the in
situ hybridization assay.
The hybridization of SIN plaques described below is

adapted from a method of Villarreal and Berg (49) for
hybridization to plaques formed by a DNA virus (simian
virus 40). Secondary CEF monolayers in 100-mm dishes
were infected by the virus mixtures obtained from each
passage at dilutions sufficient to produce about 400 to 500
plaques per plate. The agarose overlay was removed care-
fully, and a dry nitrocellulose filter was laid on top of the cell
monolayer. The filter was moistened by blotting with a paper
towel wetted with 50 mM Tris hydrochloride (pH 7.5)-0.15
M NaCl. The filter, with adherent cells, was then peeled off
the plate with forceps. Lysis of the cell monolayer and
released virus and immobilization of the RNA on the filter
were accomplished by placing the nitrocellulose filter in a
puddle (0.8 ml) of 0.5% Brij 35-0.5% deoxycholate (3) on
plastic wrap for 1 min (cell side up) and blotting the filter
briefly on a paper towel. After this step was repeated, the
filter was then placed onto the same volume of 1.5 M
NaCl-0.5M Tris hydrochloride (pH 7.5) for 5 min and finally
was equilibrated twice with 20x SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) (for 5 min) by the same
procedure. The filter was then air dried for 30 min at room
temperature and then baked at 80°C for 2 h in a vacuum
oven. The membrane was prehybridized in 6 ml of 1Ox
Denhardt solution-6x SSC-0.2% SDS-100 p.g of salmon
sperm DNA per ml at 42°C for at least 6 h in a sealed
polypropylene bag. The 5'-32P-labeled mutagenic oligonucle-
otide (opal-serine) probe (5 x 106 cpm/ml) was added. The
bag was resealed and incubated at 42°C for another 12 to 18
h. After hybridization, the filter was first washed at low
stringency (2x SSC, room temperature) for 30 min followed
by autoradiography of the moist filter; all plaques gave a
positive signal under these washing conditions. The same
filter was then washed twice at higher stringency (1 x SSC at
42°C; 15 min per wash) and was reexposed. Under these
conditions, only serine mutant plaques (homologous hybrid-
ization) were positive.

RESULTS

Infectivities and growth rates of the mutants compared with
those of the parental virus. TotolOOO derivatives containing
mutations changing the opal codon preceding nsP4 to serine,
tryptophan, arginine, amber, or ochre were constructed and
checked by sequence analysis as described in Materials and
Methods. After restriction digestion of the plasmid DNAs
with SstI to produce runoff transcripts, SP6 polymerase was
used to produce 5'-capped in vitro transcripts. RNA tran-
scripts from all five mutagenized Toto cDNA clones were
infectious upon diethylaminoethyl-dextran-mediated trans-
fection of secondary CEF monolayers, as determined by
cytopathic effects and plaque assays. The specific transfec-
tivities of the transcripts from TotolOOO and its mutagenized
derivatives were not significantly different (about 10 to 20
PFU/ng). The wild-type virus and the mutants also had
similar plaque morphologies on CEF monolayers (data not
shown).
For the growth rate assays, secondary CEF monolayers

were infected with wild-type virus or the mutants at either 20
or 100 PFU per cell. Samples of the culture medium were
harvested at the indicated times, and titers were determined
by plaque assay. All mutants grew to titers of >109 PFU/ml
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FIG. 3. Viral growth rate in CEF. CEF monolayers were in-
fected with wild-type virus (opal) and the five mutants at either 20
(A) or 100 (B) PFU per cell. Virus samples were collected at the
indicated times, and titers were determined by plaque assay on CEF
monolayers. The data shown are average numbers from two inde-
pendent experiments.

(-1,000 PFU per cell), and the mutations appeared to be
stable as confirmed by sequencing virus-specific RNAs
isolated from virus-infected cells after three serial passages
(data not shown). The formal possibility of second-site
reversion(s) or low levels of same-site reversion (<10 to
20%) could not be ruled out by these analyses. At 20 PFU
per cell, the mutants, especially the ochre mutant, grew
more slowly than the wild-type virus at early times after viral
infection (Fig. 3A), suggesting that the mutations have
negative effects on virus replication. In contrast (Fig. 3B),
there was no significant difference between the wild-type and
mutant growth rates at 100 PFU per cell.

Since the opal codon was replaced by either sense or other
termination codons, we expected that the sense mutants
might overproduce the readthrough product nsP4 (as well as
nsP34) and decrease the amount of nsP3 to some extent,
depending on the cleavage efficiency between nsP3 and
nsP4. The amber and ochre mutants might also change the
level of nsP4, depending on their readthrough efficiencies.
These altered levels of the nonstructural proteins or changes
in their activity due to amino acid replacements at the opal
codon could then lead to changes in the efficiency of RNA
replication.

Immunoprecipitation assays of viral nonstructural proteins.
We examined differences in nonstructural protein patterns
between the wild-type and the mutant viruses (Fig. 4 and 5).
These experiments were conducted at a high MOI (100 PFU
per cell) to avoid the differences in the rate of wild-type virus
versus mutant replication which were apparent at lower
MOIs. After infection of secondary CEF monolayers with
either the wild-type virus or the mutants, the accumulation
of viral proteins was examined in a long labeling period (Fig.
4), and the production and stability of the nonstructural
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FIG. 4. Immunoprecipitation of viral nonstructural proteins in a

steady-state labeling experiment. CEF monolayers were infected
with the wild-type virus and the five mutants at 100 PFU per cell. At
2 h postinfection, the cells were labeled with [35S]methionine for 3 h
and were then lysed with 1% SDS. The lysates were immunopre-
cipitated with SIN polyclonal antibodies monospecific for nsPl,
nsP2, nsP3, and nsP4 and were analyzed by 6% SDS-PAGE. nsP4
was not detected because of the low levels found in SIN-infected
cells (16). The reactivity of the nsP4 antisera with the nsP4 domain
in these experiments can be seen by the efficient precipitation of
nsP34 (see also the discussion in the text). The protein samples in
lanes M, 1, 2, 3, 4, 5, and 6 were isolated from cells which were

mock infected or infected with wild-type, serine mutant, tryptophan
mutant, arginine mutant, ochre mutant, or amber mutant virus,
respectively. Molecular mass standards (in kilodaltons) are indi-
cated on the left, and the positions of the SIN nonstructural proteins
are indicated on the right.

proteins were examined in a pulse-chase experiment (Fig. 5).
Nonstructural proteins were identified by immunoprecipita-
tion with region-specific antisera for each nonstructural
protein (16). After 3 h of continuous labeling from 2 to 5 h
postinfection, the levels of nsP34 produced by the serine,
tryptophan, and arginine mutants were about five- to eight-
fold higher than that of the wild-type virus, while the levels
of nsP3 of these three mutants were two- to threefold lower.
The amber and ochre mutants, on the other hand, underpro-
duced nsP34 but not nsP3 (Fig. 4). The levels of nsPl and
nsP2 were similar for the wild-type virus and all the mutants

and therefore served as internal controls for comparing the

levels of nsP3 and nsP34 (Fig. 4). In a pulse-chase experi-
ment (Fig. 5), the serine mutant again showed the overpro-

duction of nsP34 and a delay in the appearance of nsP3 by

more than 15 min. The amber and ochre mutants showed

reduced levels of nsP34 compared with the wild-type virus.

The tryptophan mutant (and presumably the arginine mutant

also, although this was not tested) had the same pulse-chase

pattern as the serine mutant (data not shown). Although the

serine, tryptophan, and arginine mutants overproduced the
readthrough product nsP34, we were not able to detect a
significant increase in the amount of nsP4. We do not believe
that this result was due to the inability of the nsP4 antisera to
recognize the cleaved nsP4 product, for several reasons.
First, low levels of nsP4 have been detected in SIN-infected
cells with this antisera when larger fractions of the lysate
were immunoprecipitated (16). Second, the nsP4 antisera
reacted efficiently with nsP34. Finally, we have shown that
this antisera readily immunoprecipitated nsP4 from SFV-
infected lysates (results not shown; similar concentrations of
the antisera were used for both experiments).

In the pulse-chase experiment, multiple forms of SIN nsP3
were observed (see also reference 16). During a 10-min
pulse, the nsP3 appeared as a single labeled band on 6%
SDS-PAGE. The amount of this species decreased with time
and was gradually chased into two larger forms (by approx-
imately 2 and 30 kilodaltons) within 2 h (Fig. 5). These larger
forms of nsP3 have been shown to be due to posttransla-
tional phosphorylation (G. Li et al., manuscript in prepara-
tion).

Analysis of RNA and protein synthesis early in infection. To
study whether the imbalanced production of nsP3 and nsP34
by the mutants had detectable effects on viral RNA and
protein synthesis early in the infectious cycle, we isolated
virus-specific intracellular RNAs and proteins at different
times postinfection. We used an RNase protection assay to
determine the levels of SIN 26S and 49S RNAs because of
the relative insensitivity of this method to degradation prob-
lems which are often encountered when isolating large RNA
molecules from infected cells. Compared with the parental
virus, the mutants showed reduced levels of both 26S
subgenomic RNA and 49S genomic RNA when the cells
were infected at 20 PFU per cell (Fig. 6A). At 2 h postinfec-
tion, the 26S and 49S RNA levels of wild-type virus were
about twofold higher than those of the sense mutants,
fourfold higher than those of the amber mutant, and >10-fold
higher than those of the ochre mutant. However, the mu-
tants were nearing wild-type levels of both 26S and 49S
RNAs at 5 h postinfection. At an MOI of 20 PFU per cell, the
mutants also showed a lag in virus-specific protein synthesis
that correlated well with the reduced levels of viral RNAs
(Fig. 7). The alterations in RNA and protein synthesis
demonstrated by the mutants could be compensated for by
infecting the cells at 100 PFU per cell (see Fig. 6B for RNA
patterns; data are not shown for protein analyses). These
results were reproducible and consistent with the results of
the growth rate assay.

Competition assay between wild-type virus and serine mu-
tant. Although at input MOIs of 100 PFU per cell the
mutants showed similar growth rates, levels of 26S and 49S
RNAs, and protein synthesis patterns, we wished to know
whether, even under these conditions, the mutant or the
wild-type virus would have a selective growth advantage in
mixed infections. The serine mutant was chosen since two
bases are changed relative to the wild-type sequence and
therefore reversions to the wild type would be less frequent.
In addition, the mutant plaques would be more easily distin-
guished from wild-type plaques by differential hybridization.
We developed an in situ plaque hybridization technique to
detect specific RNA sequences in the viral genome with
5'-32P-labeled oligonucleotide probes. By using the opal-
serine mutagenic oligonucleotide as a probe (20-mer; Fig. 2),
the serine mutant plaques could be distinguished from the
wild-type plaques in mixed populations. The wild-type virus
showed a growth advantage over the serine mutant even at
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FIG. 5. Immunoprecipitation of viral nonstructural proteins in a pulse-chase experiment. CEF monolayers were infected with wild-type
virus (opal) or serine, ochre, or amber mutant virus at 100 PFU per cell. At 4 h postinfection, the cells were pulse-labeled with [35S]methionine
for 10 min and chased in the presence of excess unlabeled methionine for 0 (A), 15 (B), 45 (C), or 120 (D) min and were analyzed by 6%
SDS-PAGE. The samples in lanes 1, 2, 3, and 4 were immunoprecipitated with SIN antibodies specific to nsP1, nsP2, nsP3, and nsP4,
respectively. nsP4 was not detected because of the low levels found in SIN-infected cells (16). Molecular mass standards (in kilodaltons) are

indicated on the left, and the positions of the SIN nonstructural proteins are indicated on the right.

100 PFU per cell, and the percentage of serine mutant in the
mixed population decreased by about 7 to 8% with each
passage (Fig. 8). The serine mutant alone was passaged in
parallel as a control, and no significant decrease in positive
plaques was found after six passages, suggesting that the
mutation was stable upon passaging in CEF. This experi-
ment was also done at a low MOI (0.01 PFU per cell), and
again the wild-type virus outcompeted the serine mutant.
After six passages, the proportion of serine mutant had
decreased from 49 to 4% (data not shown).

Infectivity on different host cell types. To investigate the
abilities of different hosts to allow translational readthrough
of opal, amber, and ochre codons and to examine other
possible host range effects, we tested the abilities of these
mutants to grow or form plaques on several different cell
types. Cells were infected at 100 PFU per cell (as determined
on CEF monolayers), and the media were harvested at either
12 h (for BHK and SW-13) or 24 h (for C7-10) postinfection.
All mutants grew on BHK-21 (37°C), SW-13 (37°C), and
C7-10 (mosquito cells, 30°C) cells and produced essentially
the same yields as that of wild-type virus when titers were

determined on CEF cells (data not shown). Although we

have not done direct RNA sequencing to confirm that the
viruses recovered from amplification in different cell types
were the original mutants instead of revertants, some mu-

tants could be distinguished from the wild type by plaque
formation and plaque morphologies on these cell types (see
below). Furthermore, the wild type and the mutant viruses

had no significant difference in plaquing efficiency on each
cell type (Table 1), suggesting that it was unlikely that
mutant growth was actually due to the presence of revertants
in the original stocks.
Both the wild-type virus and each of the five mutants had

similar plaque morphologies on BHK-21 cells. The ability to
form plaques and the plaque morphologies on the other two
cell types, however, were different (Table 2). On mosquito
cells (C7-10) at 34.5°C (since SIN shows cytopathic effects in
these mosquito cells only at 34.5°C, all of the plaque assays

were performed at this temperature), the amber and ochre
mutants were unable to form plaques. Under the same

conditions, the three sense mutants (serine, tryptophan, and
arginine mutants) which overproduced nsP34 could still
produce plaques that were indistinguishable from those of
the wild-type virus. As mentioned above, the amber and
ochre mutants grew well in mosquito cells at 30°C, and the
recovered viruses also failed to form plaques on this cell type
at 34.5°C, suggesting the retention of the original amber and
ochre mutations (data not shown). We then tried to grow
amber and ochre mutants at 34.5°C. The resulting virus
stocks produced plaques on mosquito cell monolayers with
plaquing efficiencies similar to that of the wild-type virus.
This result indicated that the amber and ochre mutants grew
poorly at this temperature and that variants arose during
growth at 34.5°C.
On SW-13 cells, the serine and tryptophan mutants formed

plaques larger than those produced by the wild-type virus
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monolayers were infected with the wild-type virus and the mutants
at 20 PFU per cell. At 1.5, 2.5, 3.5, and 4.5 h postinfection, the cells
were labeled with [35S]methionine for 30 min and were then lysed at
2, 3, 4, and 5 h postinfection, respectively. The lysates were
analyzed by 10% SDS-PAGE, and the samples in lanes M, 1, 2, 3,
and 4 were isolated from cells which were mock infected or infected
with wild-type, serine mutant, amber mutant, or ochre mutant virus,
respectively. The positions of predominant SIN-specific proteins are
indicated on the right.

120ntv- 6 0 M

pMI%i life tion 2hr
N1oI 20

c

FIG. 6. Viral RNA syni
layers were infected with A

PFU per cell (A) or 100 PF
The cytoplasmic RNAs we

mutants or as small as the ones produced by the wild-type
virus and the arginine mutant. After growth in SW-13 cells,
each mutant retained its own plaque morphology (the ochre

*|f* ...,.*#_*,,-26S mutant again produced heterogeneous plaques), indicating
that the mutations were fairly stable in this cell type. Protein

:2hr {ihr analysis showed that the nonstructural protein patterns of
100 100 the mutants were similar to those in CEF cells, i.e., over-

production of nsP34 by the serine, tryptophan, and arginine
-_-.. mutants and underproduction of nsP34 by the amber and

...............ochre mutants (data not shown). Among the heterogeneous
plaques of the ochre mutant, the larger plaques were about

10% of the population and were isolated by plaque purifica-r,-.',: i''tion. Sequencing of virus-specific RNAs revealed that the

larger plaques were produced by reversions of the ochre
codon (UAA) to a glutamine (CAA) or tyrosine (UAU)
codon (data not shown). Since the ochre mutant and the
wild-type virus had similar plaquing efficiencies on SW-13

ithesis during early infection. CEF mono- cells (for the ochre mutant, both large and small plaques
wild-type virus and the five mutants at 20 were counted), the data indicate that the original stock of
U per cell (B) (independent experiments). ochre mutant probably already contained a small portion of
ere isolated at 2, 3, and 5 h postinfection, variants.

and the levels of 49S and 26S RNAs were determined by an RNase
protection assay. The RNA samples in lanes M, 1, 2, 3, 4, 5, and 6
were isolated from cells which were mock infected or infected with
wild-type, serine mutant, tryptophan mutant, arginine mutant, am-

ber mutant, or ochre mutant virus, respectively. Major protected
RNA fragments for the 49S and 26S RNAs of SIN were 216 and 120
nt, respectively, and are indicated. The minus sense RNA probe
(243 nt) was produced by in vitro transcription of SspI-linearized
pGem-Jl as illustrated in panel C. pGem-J1 was constructed by
inserting the SIN junction region into the polylinker region of
pGem-1 (M. Jones, unpublished data).

and the arginine mutant (plaques formed by the wild-type
virus and the arginine mutant were similar in size). The
plaque size of the amber mutant was intermediate whereas
the ochre mutant stock, on the other hand, produced a

heterogeneous population of plaques that were either as

large as the ones produced by the serine and tryptophan

DISCUSSION

The in-frame opal termination codon separating the nsP3-
and nsP4-coding regions is an interesting feature of the SIN
genome and requires that readthrough must occur to trans-
late the nsP4-coding region. On the basis of the mapping of
several RNA- temperature-sensitive mutations to nsP4 (15)
and also from the observation that this polypeptide contains
amino acid sequences homologous to the RNA-dependent
RNA replicase of poliovirus and other putative viral RNA
replicases (17, 22, 37), nsP4 sequences appear to be essential
for SIN RNA replication. In this report, we investigated the
function of the opal codon by studying the phenotypes of
SIN mutants in which the opal codon was replaced by either
sense amino acid codons (serine, tryptophan, and arginine)
or the other two termination codons (amber and ochre). The
amino acid at the position corresponding to this opal codon

B
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FIG. 8. Competition assay between the wild-type virus and the serine mutant. Mixtures containing equal portions of the wild-type virus
and the serine mutant were passaged on CEF monolayers at 100 PFU per cell for six cycles. The titers of the virus stocks obtained from each
passage (after 12 h) were determined on CEF monolayers and the plaque lifts were used for in situ hybridization as described in Materials
and Methods. The oligonucleotide used for the opal-to-serine mutagenesis was end labeled with 32P and used as a probe. The serine mutant
(A) (>500 plaques, positive control), the wild-type virus (B) (>500 plaques, negative control), and viruses from the second passage of mixed
infection (C) (499 plaques) are shown. The percentage of serine mutant in the mixed population is illustrated as a function of the passage
number (D).

in the cleaved form of nsP3 or the readthrough product
nsP34 has not been identified. Of the many possible amino
acid replacements, these particular mutations were chosen
because (i) serine and tryptophan opal suppressor tRNAs
have been isolated from animal cells (see below) and (ii) an
arginine residue is found at the location homologous to the
opal codon in two other alphaviruses, SFV and O'Nyong-
nyong virus (42, 46). Mutants which replaced the opal codon
with each of the other two nonsense triplets were made with
the thought that these termination codons might modulate

TABLE 1. Relative plaquing efficiency on different host cells'

Cell type Plaquingefficiencyb
CEF...100
BHK.. 20
C710C... 1-1.5
SW-13.. 0.2-0.3

the level of the nsP4 domain (either as nsP4 or nsP34) by
altering or abolishing readthrough. In vitro transcription of
full-length SIN cDNA clones containing these alterations
and transfection of CEF monolayers demonstrated that all of
these mutant RNAs were infectious with specific infectivi-
ties similar to that of the transcripts from the wild-type
parental clone.

Analysis of nonstructural protein production by the mu-
tants demonstrated that all of these substitutions led to
altered levels of the readthrough product nsP34 compared
with that of the wild-type virus. In CEF cells, the mutants
with sense replacements greatly overproduced nsP34 while
the mutants with either amber or ochre codons underpro-
duced nsP34. The sense replacements also showed a delay in
the appearance of nsP3 and reduced levels of this protein.
This delay in the production of discrete nsP3 probably
reflected the slower production of the C terminus of this
protein by cleavage as opposed to translation termination.
With the sense opal replacements, we had also expected to
find elevated levels of nsP4 if the cleavage separating nsP3
and nsP4 could still occur with reasonable efficiency (as is
found with SFV, which lacks the opal codon). Since nsP3
was produced and only a two- to threefold reduction in the

a Wild-type virus and the plaque-forming mutants had similar plaquing
efficiencies on each of the cell types shown.

b Percent plaquing efficiency relative to that of CEF.
I Amber and ochre mutants did not produce plaques on C7-10 monolayers

under these conditions.
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TABLE 2. Plaque formation of wild-type and mutant viruses
on C7-10 and SW-13 cells

Plaque formation'
Virus stock" on: Plaque phenotypeVirusstock' ~~~~~~onSW-13'

C7-10 SW-13

Opal (wild type) + + Small
Serine + + Large
Tryptophan + + Large
Arginine + + Small
Amber - + Intermediate
Ochre - + Small and larged

I Virus stocks were obtained by transfecting CEF cells with in vitro
transcripts, and the mutations were confirmed by direct sequencing of
virus-specific RNA.

I +, Plaque formation; -, no formation.
' The plaque phenotypes of wild-type virus and the plaque-forming mutants

on CEF, BHK, and C7-10 cells (amber and ochre mutants did not form
plaques on C7-10 cells) were similar.

d After 48 h at 37°C, the ochre mutant stock produced both large (2.5-mm
diameter) and small plaques (1 mm). The large plaques comprised about 10%
of the population.

nsP3 level was found, we conclude that the nsP3-nsP4
cleavage does occur. Elevated synthesis of nsP4, which
must have occurred with the sense replacements, appears to
have been compensated for by the rapid turnover of nsP4. In
wild-type SIN-infected cells, only small amounts of nsP4 can
be found by using nsP4-specific antisera and the protein
appears to be quite stable (16). These apparently conflicting
results can be reconciled if only low levels of nsP4 are
required for maximal RNA replication and if excess nsP4,
not actively involved in RNA synthesis, is subject to rapid
turnover.

Although all five mutants eventually produced yields of
virus in CEF cells which were essentially the same as that of
the parental virus, it was apparent that RNA synthesis was
impaired early in infection at lower MOIs (20 PFU per cell).
The amount of both 26S and 49S RNA species was reduced,
although the ratio of these species was unchanged. Minus-
strand synthesis was not examined, and depressed RNA
synthesis could arise from direct effects on plus-strand
synthesis or could result from impaired minus-strand syn-
thesis (or both). These defects could stem from the altered
levels of nsP3, nsP34, and possibly nsP4 or could result from
the amino acid substitutions made for the opal codon by
changing the activity of nsP3 or nsP34 or both. For the three
sense mutants, the overproduction of nsP34 or the delay of
nsP3 synthesis (or reduced amounts) or a combination may
have inhibited viral RNA synthesis. The underproduction of
nsP34 (possibly of nsP4 also) may contribute to the defects
shown by the amber and ochre mutants. These two mutants
also showed the most dramatic defects in 49S and 26S RNA
synthesis. This observation is consistent with the hypothesis
that the RNA-dependent RNA polymerase of SIN resides in
nsP4 (22). Since nsP34 rather than nsP4 is the major viral
polypeptide that carries the nsP4 protein sequence in SIN-
infected cells, it has been suggested that nsP34 is the active
form of SIN RNA-dependent RNA polymerase (16, 42). In
support of this hypothesis, we have shown that the three
sense mutants have different plaque morphologies on SW-13
cells, even though the nonstructural protein patterns were
similar to those in CEF (data not shown). Since the only
difference in these three mutants is that the opal codon is
replaced by different amino acid codons, this suggests that
nsP34 could be a functional protein and that the nsP34 of the
arginine mutant somehow leads to the small-plaque pheno-

type observed in SW-13 cells. We cannot rule out, however,
the possibility that these differences were due to the effects
of the amino acid substitutions on the function of nsP3 itself.
For tobacco mosaic virus, it has been reported that the
readthrough product (putative viral RNA replicase) may
function in the form of a 183-kilodalton polyprotein (13, 17,
22, 34) and no cleaved readthrough product has ever been
observed. In addition, Ishikawa et al. (20) demonstrated that
sense replacement of the in-frame amber codon of tobacco
mosaic virus with tyrosine still produces infectious virus,
supporting the hypothesis that the 183-kilodalton polypro-
tein of tobacco mosaic virus is functional by itself. It is
possible that nsP34 of SIN could also function as the viral
RNA replicase without being cleaved into nsP4. However, it
is clear that small amounts of nsP4 can be found in SIN-
infected cells (16), and both nsP34 and nsP4 may have
functional roles in SIN RNA replication.

Although no definitive conclusions can be drawn from
these studies concerning the molecular mechanisms by
which altered levels of these nonstructural proteins lower
the efficiency of RNA synthesis, several observations are
worth noting. Since the specific infectivities of the mutant
transcripts were essentially similar to that of the wild-type
transcripts, these mutations have not dramatically affected
the ability of the incoming genome to switch from being
translated to initiating RNA replication. It is of interest that
the defects shown by the mutants at 20 PFU per cell can be
overcome by infecting the cells at higher MOIs (100 PFU per
cell). For the wild-type parent, increasing the MOI above 20
PFU per cell does not result in detectable increases in the
levels of virus-specific RNAs even at 2 h postinfection. This
finding indicates that the opal replacement mutations lead to
limiting amounts of one or more essential replicase compo-
nents and that increasing the number of incoming genome
RNAs per cell can partially compensate for this defect. For
the serine mutant, the defect relative to the wild-type virus
was also evident in growth competition experiments. Even
at high-input MOIs (100 PFU per cell), the serine mutant
defect was not compensated for by wild-type replicase
components. If a limited number of sites are available in the
host cell for the assembly of replication complexes, this
indicates that the serine mutant may not assemble these
complexes as efficiently as does the wild-type virus. Consis-
tent with the low complementation efficiencies typically
observed with SIN mutants temperature-sensitive for RNA
synthesis (6), these results also indicate that the nonstruc-
tural proteins of SIN do not function efficiently in trans. It
seems plausible that the nonstructural proteins translated
from an incoming viral genomic RNA might be preferentially
used for the assembly of that RNA into a replication com-
plex. It is unknown whether this cis effect simply reflects
diffusion-limited assembly of the replicase components or a
more ordered mechanism in which translated nonstructural
proteins rapidly associate with their mRNA and eventually
initiate replication of that RNA.
The opal substitution mutants also exhibited different

plaque morphologies and growth properties in different host
cell types including chicken, hamster, human, and mosquito
cells. The most dramatic effect was seen in mosquito cells
(C7-10), in which the amber and ochre mutants were tem-
perature sensitive and grew well at 30°C but not at 34.5°C.
This host-dependent temperature-sensitive phenotype may
be a direct effect of lower levels of the nsP4 domain
(although this has not been examined directly in C7-10 cells).
Alternatively, different amounts of the nsP4 domain may be
present at the two temperatures, resulting from temperature-
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dependent effects on readthrough efficiencies of the amber
and ochre codons. In future experiments, it will be of
interest to examine the nonstructural protein patterns and
the RNA phenotypes of these mutants in mosquito cells at
the permissive and restrictive temperatures. In human cells
(SW-13), the overproduction of nsP34 may contribute to the
large-plaque morphology seen for the serine and tryptophan
mutants (larger than that of the wild type). Interestingly, the
arginine mutant, which also overproduces nsP34 in this cell
type (data not shown), produced smaller plaques. As dis-
cussed above, this observation could be interpreted as
evidence for nsP34 as a functional component of the RNA
replication machinery.
The question still arises as to why some alphaviruses

possess the opal codon separating nsP3 and nsP4 (SIN, Ross
River virus, and Middelburg virus) and others do not (SFV
and O'Nyong-nyong virus). Within the limited set of SIN
mutants examined here, the wild-type virus containing the
opal codon was more efficient at virus replication than any of
the mutants in CEF, but this advantage was rather subtle and
most apparent at a low MOI. As shown in the growth
competition experiments, after multiple passages at either a
high or a low MOI, such an advantage is easily selected and
the wild-type virus quickly predominates the population.
Thus, for SIN the opal codon appears to be advantageous,
with the likely function being regulation of the level of nsP34
rather than nsP4. For the other alphaviruses, in which
arginine is found in place of the opal codon, the level of
nsP34 may be regulated by alternative mechanisms such as
nsP34 cleavage efficiency. In SFV-infected cells, higher
levels of nsP4 are found (24; unpublished data). If this
observation is of functional significance, it suggests that
different levels of nsP4 may be required by different alpha-
viruses for optimal RNA replication. It will be interesting to
examine the effect of a parallel set of mutations for SFV or
O'Nyong-nyong virus when an infectious cDNA clone be-
comes available.
Although the mechanism for the opal suppression of SIN

remains unknown, there are two classical mechanisms by
which readthrough of terminations codons can occur: (i)
suppression by specific suppressor tRNAs and (ii)
readthrough by normal cytoplasmic tRNAs through misread-
ing. Naturally occurring opal suppressor tRNAs have been
discovered in a variety of animal cells (9, 12, 19) that insert
either serine or tryptophan in response to the opal codon.
However, it has been suggested that misreading is the major
mechanism for natural suppression in higher eucaryotes,
while suppressor tRNAs may be involved in some special-
ized cellular functions (18). In this study, we have demon-
strated that both amber (UAG) and ochre (UAA) codons can
be leaky in CEF cells (as confirmed by directly sequencing
replicated viral RNAs). This also seems to be the case for
BHK-21 cells (hamster), C7-10 cells (mosquito), and SW-13
cells (human), considering the ability of amber and ochre
mutants to replicate in these cells (this assumes, as discussed
above, that the nsP4-coding region is required for SIN
replication). This appears to be the first evidence of ochre
codon readthrough in animal cells. In future studies, it will
be of interest to determine which amino acid(s) is inserted in
response to these termination codons.

In addition to those of alphaviruses, other viral mRNAs as
well as some cellular messages use readthrough of termina-
tion codons to synthesize essential translation products.
This suggests another important level in the regulation of
gene expression via translational readthrough of termination
codons. In addition to tobacco mosaic virus, some retrovi-

ruses (e.g., Moloney murine leukemia virus) use translation
of an in-frame UAG codon to produce viral reverse tran-
scriptase (13, 34, 35, 53, 54). Recently, an in-frame opal
codon has been found to encode a selenocysteine residue
essential for certain enzymatic activities found in both
procaryotic and eucaryotic organisms (7, 57). Readthrough
of termination codons can be facilitated by many factors,
including the nucleotide sequences around the termination
codons, so-called "'codon context" (11). In the SIN genome,
the opal codon is followed by a cytosine residue. According
to a compilation study (25), this nucleotide does not typically
follow termination codons in eucaryotic organisms. It will be
of interest to determine whether readthrough of the SIN opal
codon separating nsP3 and nsP4 is facilitated by this context
or other nucleotide contexts.
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