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Our recent study (C. L. Fata, S. G. Sawicki, and D. L. Sawicki, J. Virol. 76:8632–8640, 2002) found
minus-strand synthesis to be temperature sensitive in vertebrate and invertebrate cells when the Arg183
residue of the Sindbis virus nsP4 polymerase was changed to Ser, Ala, or Lys. Here we report the results of
studies identifying an interacting partner of the region of the viral polymerase containing Arg183 that
suppresses the Ser183 codon mutation. Large-plaque revertants were observed readily following growth of the
nsP4 Ser183 mutant at 40°C. Fifteen revertants were characterized, and all had a mutation in the Asn374 codon
of nsP1 that changed it to either a His or an Ile codon. When combined with nsP4 Ser183, substitution of either
His374 or Ile374 for Asn374 restored wild-type growth in chicken embryo fibroblast (CEF) cells at 40°C. In
Aedes albopictus cells at 34.5°C, neither nsP1 substitution suppressed the nsP4 Ser183 defect in minus-strand
synthesis. This argued that the nsP4 Arg183 residue itself is needed for minus-strand replicase assembly or
function in the mosquito environment. The nsP1 His374 suppressor when combined with the wild-type nsP4
gave greater than wild-type levels of viral RNA synthesis in CEF cells at 40°C (�140%) and in Aedes cells at
34.5°C (200%). Virus producing nsP1 His374 and wild-type nsP4 Arg183 made more minus strands during the
early period of infection and before minus-strand synthesis ceased at about 4 h postinfection. Shirako et al. (Y.
Shirako, E. G. Strauss, and J. H. Strauss, Virology 276:148-160, 2000) identified amino acid substitutions in
nsP1 and nsP4 that suppressed mutations that changed the N-terminal Tyr of nsP4. The nsP4 N-terminal
mutants were defective also in minus-strand synthesis. Our study implicates an interaction between another
conserved nsP1 region and an internal region, predicted to be in the finger domain, of nsP4 for the formation
or activity of the minus-strand polymerase. Finally, the observation that a single point mutation in nsP1 results
in minus-strand synthesis at greater than wild-type levels supports the concept that the wild-type nsP
sequences are evolutionary compromises.

Sindbis virus (SIN) is the type member of the Alphavirus
genus of the Togaviridae family of viruses (reviewed in refer-
ences 33 and 45). The 11,703-nucleotide (nt)-long SIN genome
is of plus-sense polarity and possesses a 5� methyl cap and a 3�
poly(A) tail. The four alphavirus nonstructural proteins (nsPs)
are numbered according to their gene order and are translated
from the 5� two-thirds of the genome as polyprotein P123 or
P1234. The polyproteins undergo a stepwise series of cleavages
that in turn regulate their pattern of RNA synthetic activities
(23, 25–27, 29, 37, 42, 47). As initially shown for SIN, inter-
mediate polyproteins and then the cleaved, mature nsPs, to-
gether with host factors, are used to assemble viral replicases
synthesizing genome-length minus and plus strands and a viral
transcriptase synthesizing the 26S subgenomic mRNA that
codes for the structural proteins. Only the minus-strand repli-
case activity is short lived and dependent on the continued
translation of P1234 polyproteins to enable minus strands to be
produced over the 4- to 5-h early part of the infectious cycle.
After this time, minus-strand synthesis usually is not observed,
at least in infected vertebrate cells.

In the N-terminal third of the nsP4 sequence is a highly

conserved stretch of amino acids. Substitution of amino acids
in this region produces mutants that show defects in critical
virus-host interactions (24) or in polymerase elongation (3, 13)
and, as described in the accompanying paper (9), in minus-
strand synthesis. In the latter study (9), substitution of Ala, Ser,
or Lys for the highly conserved Arg183 within the 5-amino-acid
sequence Pro180-Asn-Ile-Arg-Ser in SIN nsP4 produced vi-
ruses that had temperature-sensitive (ts) minus-strand synthe-
sis. Although the mutants were viable, their capacity to pro-
duce minus strands, and in turn plus strands and virus, at 40°C
varied in chicken embryo fibroblast (CEF) cells depending on
which amino acid replaced Arg183. Substitution of Arg183
with Lys caused only 40 to 50% of the wild-type level of
minus-strand synthesis, indicating that a positive charge was
important at this position. In Aedes albopictus cells, however,
these same mutants were equally defective at 34.5°C, which
indicated that minus-strand synthesis depended on the envi-
ronment of the host cell. Similar results for nsP4 Pro187 mu-
tant viruses were found by Lemm et al. (24), who concluded
that it was the interaction with host cell factors and not the
catalytic activity of the polymerase that was altered. Recently,
regions of the SIN polymerase have been implicated in minus-
strand synthesis: the absolutely conserved N-terminal Tyr res-
idue (41) and residues Gln191 and Glu315, whose substitution
formed suppressors able to rescue N-terminal nsP4 mutant
polymerases (41). The substitution of Leu for Gln349 in nsP1
also formed a suppressor of the N-terminal nsP4 mutants. This
amino acid in nsP1 is adjacent to the causal mutation in SIN
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ts11, a ts RNA-negative mutant specifically ts for minus-strand
synthesis (14, 48).

We used the Ser (UCA)-183 virus to select second-site sup-
pressors of the nsP4 Arg183 mutants, as it had the most severe
ts defects in RNA synthesis. It also would require changes in
two (CGA) or all three codon positions to restore an Arg
codon (CGC, CGU, or CGG), favoring single compensatory
changes if any could occur elsewhere in the genome. Large-
plaque revertants were readily observed following growth at
40°C, and a total of 15 were characterized from six indepen-
dent sets of 40°C passages.

MATERIALS AND METHODS

Cells, virus, and plasmids. CEF cells, prepared from 10-day-old embryos of
leukosis-free (specific-pathogen-free-COFAL/Marek-negative) flocks (Spafas,
Roanoke, Ill.), were grown as described in the accompanying paper (9). The A.
albopictus C7-10 cell line was kindly provided by V. Stollar and adapted to grow
in Dulbecco’s modified Eagle’s medium supplemented with fetal calf serum and
tryptose phosphate broth at 30°C.

The infectious clone of SIN HR, pToto1101, was constructed by Rice and
coworkers (34) and was a generous gift from C. Rice (Washington University, St.
Louis, Mo.). The construction of nsP4 Ser183 virus and its phenotype are de-
scribed in the accompanying paper (9).

Isolation of Ser183 second-site revertants. The stock of nsP4 Ser mutant virus
used for the experiments described in this paper had a titer of 1010 PFU/ml at
30°C and an efficiency of plaquing (EOP; the titer at 40°C divided by the titer at
30°C) of 0.03 and produced small plaques (�1 mm) at 40°C. Three methods were
used to isolate large-plaque revertants from a single stock of the Ser183 mutant.
CEF cells were infected at 30°C with a multiplicity of infection (MOI) of 0.1
PFU/cell, and 1 h later the virus inoculum was removed, growth medium pre-
warmed to 40°C was added, and the infected cultures were incubated at 40°C for
2 days (40°C P-1). The second method was performed similarly to the first except
that the nsP4 Ser183 virus stock was diluted 10�5 and four dishes were infected.
The nsP4 Ser183 virus gave only small plaques at 40°C when dilutions of 10�5 or
greater were plaque assayed directly (without growth at 40°C). Each dish was
harvested separately, and virus from each was treated as a separate clonal pool
(CP). The 40°C P-1 stock was used to infect another culture of cells in the same
manner (40°C P-2). The 40°C P-1 and P-2 stocks were screened for large-plaque
viruses at 40°C by plaque assay on CEF cells. Large plaques were picked, and the
virus was twice plaque purified on CEF cells at 40°C. RNA was obtained fol-
lowing phenol-chloroform extraction and ethanol precipitation either from the
virus in one plaque or from the virus in a stock made from the plaque-purified
virus. For the third method, virus from five well-separated Ser183 virus plaques
formed at 30°C (�106 PFU/plaque) was used to infect CEF cells and the virus
was grown at 40°C for 2 days. These stocks of virus were assayed at 40°C for the
formation of large plaques. Large-plaque revertant viruses were isolated from
well-separated plaques �5 mm in diameter. They were twice plaque purified
before the viral RNA was sequenced. Statistical analysis using the Kruskal-Wallis
test (44), a nonparametric method for single classification analysis of variance,
gave a maximum value for H of 2.789, indicating that the reversion rate among
the three groups (inocula prepared from cells infected with Ser183 mutant stock
at an MOI of 0.1, the 10�5 dilution, or five individual 30°C plaques) was not
significantly different. This argues against a contaminant being present in the
mutant stock.

For selection of revertant viruses arising in Aedes cells, cultures of C7-10 cells
were infected with nsP4 Ser183 virus (MOI of 50) at 34.5°C and maintained for
2 days at 34.5°C. Plaque assays were performed at 40°C on CEF monolayers, and
virus from large plaques was harvested and plaque purified a second time on
CEF cells at 40°C. SIN did not produce discrete plaque on these C7-10 cell
monolayers. Small stocks of some of the twice-plaque-purified viruses were made
in CEF cells at 40°C, and these gave 1- to 2-mm plaques at 40°C. Ten of 15
isolates had EOPs greater than 0.2 (ranging from 0.21 to 0.59); the other 5
isolates had EOP values of 0.04 to 0.12. Four isolates from the first plaque
purification were sequenced.

The RNA encoding the nsP4 Ser183 region was copied into cDNA by reverse
transcription and amplified by PCR with the Access reverse transcription-PCR
(RT-PCR) system according to the instructions of the manufacturer (Promega
Corporation). The cDNA was sequenced with Thermo Sequenase radiolabeled
terminator cycle sequencing reagents (United States Biochemical Corporation).

Identification of compensatory second-site mutations. The method that we
used to map causal mutations with the infectious clone Toto1101 has been
described previously (6). Briefly, revertant genome RNA was purified, copied
into cDNA, amplified by RT-PCR with specific primers, and digested with SstI
(nt 1) and Eco47III (nt 1401), which correspond to �90% of the nsP1 gene. This
region was swapped into a cDNA copy of the Ser183 genome that had been cut
with the same restriction enzymes and purified of the corresponding wild-type
SstI-Eco47III fragment, by incubating both fragments with T4 DNA ligase
(Gibco Technologies). Ligation products were transformed into competent
MC1061 cells, colonies were screened for plasmid size, and the Toto1101-sized
plasmid DNA was isolated with a QIAprep Miniprep kit (Qiagen). The mutant
cDNAs were linearized at a unique XhoI restriction site immediately down-
stream of the viral sequence and transcribed with MEGAscript SP6 polymerase
(Ambion), with the addition of 1.6 mM m7G(5�)ppp(5�)G cap. The transcription
products were diluted in phosphate-buffered saline containing 50 �g of DEAE-
dextran/ml and used to transfect CEF cells. Following transfection, the cultures
were incubated at 30°C. Cytopathic effect was seen usually within 2 to 3 days, at
which time the medium was harvested. Virus was screened for plaque size at
40°C, and the entire SstI-to-Eco47III region of all large-plaque isolates was
sequenced.

Recombinants that contained the nsP1 Asn374-to-His or -Ile substitution
(abbreviated as Asn3743His or -Ile) together with the wild-type nsP4 Arg183
gene were made by swapping the SstI-to-Eco47III region of the revertant ge-
nome into the wild-type Toto1101 background, as described above.

Infection and RNA labeling. In all experiments CEF or C7-10 A. albopictus
monolayers were infected with virus at an MOI of 100 and 300, respectively, as
previously described (38). CEF cultures were shifted to 40°C by first rinsing them
with 40°C medium, refeeding them with 40°C medium, and incubating the cul-
tures at 40°C. A. albopictus C7-10 cells were shifted to 34.5°C in a similar
manner. Cells were pulse-labeled with [3H]uridine (50 �Ci/ml unless otherwise
indicated) for 1 h in Dulbecco’s modified Eagle’s medium containing 20 �g of
actinomycin D/ml, 6% fetal calf serum, and 20 mM HEPES, pH 7.4. At the end
of the labeling period, the cells were washed with ice-cold phosphate-buffered
saline and lysed with 5% lithium dodecyl sulfate in LET buffer (0.1 M LiCl, 1 mM
EDTA, 10 mM Tris-HCl, pH 7.4) containing 200 �g of proteinase K/ml. DNA in
the cell lysates was sheared by passage through a 27-gauge needle before the
acid-insoluble incorporation was determined.

Isolation of replicative-form (RF) RNA and quantitation of minus strands.
Minus-strand synthesis was determined as described in references 10 and 39 and
in the accompanying paper (9). For accumulation experiments, all infected cul-
tures were incubated in the presence of 200 �Ci of [3H]uridine/ml plus 2 �g of
actinomycin D/ml beginning immediately after adsorption.

RESULTS

Isolation of Ser183 second-site revertants. The nsP4 Ser183
virus gave an EOP of 0.03 and formed only small plaques (�1
mm) at 40°C compared to the wild-type Toto1101 virus, which
gave an EOP of 0.9 and formed plaques of 5 mm in diameter
at 40°C (9). This original stock of mutant virus was used for all
studies. No revertants producing large, wild-type-sized plaques
(5 mm) were detected at dilutions of 10�5 to 10�10. Because
the Ser183 virus is viable at 40°C, dilutions of 10�4 or lower
produced extensive cell killing that prevented visualization of
individual plaques. To isolate revertants of the Ser183 mutant
virus, and particularly pseudorevertants, i.e., viruses that pos-
sessed compensatory changes elsewhere in the genome other
than in codon 183 of nsP4, we used two 40°C selection strate-
gies (Table 1). The first involved growing the Ser183 mutant at
40°C at an MOI of 0.1, and the second used a 10�5 dilution of
the Ser183 stock. The infected CEF cells were maintained at
40°C for 2 days (P1-40°C), and then 1 �l (MOI of �0.1) of the
resultant P1-40°C stock was used to infect a new CEF culture
that was maintained at 40°C for 2 days (P2-40°C). Large-
plaque variants arose readily at 40°C, as can be seen from the
frequency of large plaques in Table 1. Progeny from the first
40°C passage were �50% or greater large-plaque viruses;
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progeny from the second 40°C passage were essentially all
large-plaque viruses. Large-plaque revertants were picked, and
each revertant was plaque purified twice before its genome
RNA was sequenced through the region encoding residue 183
of nsP4. All revertants maintained the Ser183 UCA codon.
Therefore, no true revertants or viruses possessing single-nu-
cleotide changes in codon 183 were observed.

Infection of CEF cells with a 105-fold dilution of the Ser183
mutant was done to determine if growth at high temperature
provided an essential selective pressure. One milliliter each of
the 10�5 dilution was used to infect four CEF cultures (CP7 to
CP10) that were grown at 40°C for 2 days. Progeny from CP7,
CP8, and CP9 but not CP10 produced large plaques after one
passage at 40°C (Table 1). When the 10�5 dilution of the
Ser183 mutant virus stock was assayed directly at 40°C for the
presence of large plaques, 10 of 10 replicate petri plates of
CEF cells revealed only small plaques. Because the 10 dishes
with each dish being infected with 1.2 � 104 PFU had no large
plaques, the reversion frequency was lower than 10�5.

We also analyzed virus derived from five well-separated
Ser183 virus plaques isolated at 30°C and used to infect CEF
cells which were grown for 2 days at 40°C (CP11, CP12, CP13,
CP14, and CP15). Virus from each 30°C plaque retained the
nsP4 Ser183 small-plaque, low-EOP phenotype (data not
shown). After growth at 40°C, large-plaque variants arose, and
15 to 74% of the 40°C plaques were large, which indicated that
growth at 40°C selected relatively quickly for the emergence of
revertants. The results support the idea that growth at 40°C
was needed for the selection of the pseudorevertants and that
the pseudorevertants arose independently.

All of the large-plaque revertants retained the sequence
coding for Ser at codon 183 of nsP4. The 3� nontranslated
regions (NTRs) of two revertant genomes were analyzed, and
both had sequences identical to Toto1101 (data not shown),
leading to the conclusion that the suppressor was located
within the coding region of the genome or possibly within the
5� NTR. It proved more difficult to isolate revertants of the
nsP4 Ser183 virus from Aedes cells infected at 34.5°C because
of the need to assay plaque size on CEF cells. It was apparent
that large-plaque variants arose during growth at 34.5°C in
C7-10 cells but that these accumulated additional mutations
and exhibited a small-plaque phenotype when plaque purified
in CEF cells more than once (data not shown).

Identification of nsP4 Ser183 compensatory changes. The
strategy used to locate the suppressor in the first two CEF
cell-selected revertants is outlined in Fig. 1. Briefly, the causal
mutations were mapped by amplifying specific regions of the
viral genome by RT-PCR and digesting the resulting cDNAs
with appropriate restriction enzymes. Then, the mutant-de-
rived fragments were substituted for the corresponding region
of an infectious Ser183 mutant cDNA. After linearization of
the infectious cDNA, RNA transcripts were made and trans-
fected into CEF cells, and the resulting progeny was screened
for plaque size at 40°C in CEF cells. Recombinant cDNAs
containing a revertant SstI-to-Eco47III fragment, which corre-
sponds to nt 1 to nt 1401 of the nsP1 gene, produced large
plaques at 40°C. When sequenced, this region contained single,
unique changes. One revertant possessed an A-to-C change at
nt 1179, predicting a change of Asn to His at amino acid 374 of
nsP1; the second revertant had an A-to-T change at nt 1180,
predicting a change of nsP1 Asn374 to Ile (Table 1). Given
these results and as an initial screening approach, the entire
SstI-to-Eco47III regions of the genome RNA of 13 other CEF
cell-selected, large-plaque isolates were sequenced directly,
without cloning. Four 40°C P-1 isolates had the nt 1179 A-to-C
substitution that would change nsP1 Asn374 to His (Asn3743

FIG. 1. Schematic representation of the strategy used to construct
hybrid genomes. cDNA copies of the SstI-to-Eco47III region of rever-
tant genomes (hatched boxes) were exchanged for the corresponding
fragment in the nsP4 Ser183 (crosshatched boxes) or the Toto1101
(open boxes) genomic backgrounds.

TABLE 1. Isolation and characterization of nsP4 Ser183
large-plaque mutantsa

Selection
method

Frequency
of lp (%)

Plaque size
(30°C/40°C)

Location of
second-site mutation

Protein (no.
analyzed)

Amino
acid

Passage at 40°C
Expt 1

CP1 40°C-P1 64 lp/lp nsP1 (1) Asn3743His
CP2 40°C-P2 88 lp/lp nsP1 (1) Asn3743Ile

Expt 2
CP3 40°C-P1 70 lp/lp nsP1 (1) Asn3743His
CP4 40°C-P1 66 lp/lp nsP1 (1) Asn3743His
CP5 40°C-P1 54 lp/lp nsP1 (1) Asn3743His
CP6 40°C-P1 54 lp/lp nsP1 (1) Asn3743His

Passage of 10�5

dilution at 40°C
10�5 dilution P0 0 (10/10, sp) lp/sp

CP7 40°C-P1 68 lp/lp nsP1 (3) Asn3743Ile
CP8 40°C-P1 83 lp/lp nsP1 (3) Asn3743Ile
CP9 40°C-P1 92 lp/lp nsP1 (3) Asn3743Ile
CP10 40°C-P1 0 lp/sp

30°C plaques pas-
saged at 40°C

CP11 40°C-P1 19 lp/lp NDb ND
CP12 40°C-P1 44 lp/lp ND ND
CP13 40°C-P1 28 lp/lp ND ND
CP14 40°C-P1 15 lp/lp ND ND
CP15 40°C-P1 74 lp/lp ND ND

a lp is a large plaque of 5-mm diameter; sp is a small plaque of 1-mm diameter.
b ND, not done.
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His), while nine 40°C P-1 isolates shared the nt 1180 A-to-T
change, altering nsP1 Asn374 to Ile (Asn3743Ile). No addi-
tional mutations were identified in this region, and all rever-
tants possessed a change within the SstI-to-Eco47III region.

Following selection in Aedes C7-10 cells at 34.5°C and
plaque purification on CEF cells at 40°C, four of four large-
plaque isolates were found that possessed the Asn3743His
change (data not shown), which was identical to one of the
suppressors selected at 40°C in CEF cells. It is possible that
novel suppressors may have arisen in C7-10 cells but that
growth in the vertebrate host led to their being selected against
in favor of suppressors that were more efficient in CEF cells.

Recombinants whose genomes encoded the nsP1 Asn3743
His or 3Ile change together with wild-type nsP2, nsP3, and
nsP4 (Arg183) proteins also were constructed (Fig. 1). To sim-
ply the nomenclature, recombinant viruses will be identified
by the nature of the nsP1 and nsP4 proteins (e.g., the nsP1
Asn3743His plus nsP4 Arg1833Ser double mutant [pseudor-
evertant] virus is referred to as 1His:4Ser).

Plaque phenotype on CEF cells. Mutant, pseudorevertant,
and nsP1 recombinant plaque sizes and titers were compared
with Toto1101, which has an EOP closer to 1 and produces
5-mm plaques at 40°C. Viruses 1His:4Ser, 1His:4Arg, 1Ile:
4Ser, and 1Ile:4Arg produced wild-type-sized plaques and
wild-type titers at 30°C (Table 2). At 40°C, they gave 5-mm
plaques after 2 days and EOP values ranging from 0.54 to 1.2.
Interestingly, the 1His:4Arg virus consistently gave an EOP
greater than 1.0. Thus, a change of Asn374 of nsP1 to either Ile
or His compensated for the defects of the nsP4 Ser183 mutant
that cause overall growth and plaque formation in CEF cells at
40°C.

RNA phenotype in CEF cells. Viral RNA synthesis by the
pseudorevertants and recombinants was analyzed in vertebrate
cells. CEF cultures were labeled with [3H]uridine in the pres-
ence of actinomycin D for 1-h periods at 30 or 40°C in cultures
shifted up to 40°C at 1 h postinfection (p.i.). The nsP4 Ser183
mutant and its pseudorevertants had the same maximum viral
transcription rates at 30°C, which were about half the rates
observed for Toto1101 (Table 3). At 40°C, both pseudorever-
tants synthesized RNA at 10- to14-fold-greater levels than the
nsP4 Ser183 mutant, confirming that the suppressive activity
resided within nsP1 and functioned in vertebrate cells. But
their higher transcription levels at 40°C were only half that
observed for Toto1101 virus with the nsP4 Arg183 polymerase.
The pseudorevertants also retained the enhanced synthesis of
26S mRNA relative to genome RNA at 40°C of the nsP4
Ser183 mutant (Table 4). The nsP1 recombinant viruses, 1His:
4Arg and 1Ile:4Arg, achieved the same levels of viral transcrip-

tion as Toto1101 at 30°C. It is particular noteworthy that the
1His:4Arg virus synthesized RNA at about 25 to 40% greater
rates than wild-type virus at 40°C, and it was only this virus that
consistently gave an EOP value greater than 1.0 (Table 3).

Enhanced RNA synthesis by nsP1-374 variants at 40°C. To
probe whether greater-than-wild-type rates of transcription at
40°C by the 1His:4Arg virus were due to the synthesis of more
plus strands from each template or to the production of more
minus-strand templates, CEF cultures were infected in tripli-
cate with each virus and labeled continuously with [3H]uridine
from 1 to 8 h p.i. The accumulated incorporation in viral plus
strands (as total RNA), in purified cores of the replicative
intermediates (RIs), and in viral minus strands was determined
(Fig. 2). Compared to the average values obtained for similar
triplicate CEF cultures infected with Toto1101, the 1His:4Arg-
infected cultures accumulated �40% more total RNA (Fig.
3A) and �40% more RF RNA (Fig. 2B) and minus-strand
RNA (Fig. 2C). This is precisely the pattern expected if greater
numbers of minus strands were being produced and used as
templates.

To measure the relative amounts of plus strands made from
each minus-strand template, the single-stranded 49S and 26S
species and the viral RIs were electrophoretically separated.
The individual bands were cut out of the gel, and the radioac-
tivity in each was determined. As seen in Fig. 2D, the accumu-

TABLE 2. Plaque phenotype of recombinant viruses on CEF cells

Virus 30°C titer
(PFU/ml)

EOPa (PFU/ml at
40°C/PFU/ml at 30°C)

Diam of 40°C
plaques (mm)

Toto1101 6.6 � 109 0.90 5
Ser183 1.0 � 1010 0.03 1
1His:4Ser 3.4 � 109 0.66 5
1His:4Arg 4.2 � 109 1.3 5
1Ile:4Ser 1.5 � 109 0.54 5
1Ile:4Arg 1.5 � 109 0.69 5

a EOP value represents the averages of two independent plaque assays.

TABLE 3. Relative efficiency of viral RNA synthesis
in CEF cells at 30 and 40°C

Virus 30°Ca 40°Ca 40°C/30°Cb

Toto1101 1.00 1.00 1.00
Ser183 0.65 0.04 0.06
1His:4Ser 0.52 0.57 1.10
1His:4Arg 0.93 1.39 1.49
1Ile:4Ser 0.53 0.40 0.75
1Ile:4Arg 0.89 1.16 1.30

a CEF cells were infected at 30°C at an MOI of 100 and maintained at 30°C or
shifted to 40°C 1 h p.i. Cultures were labeled for 1-h pulses with 50 �Ci of
[3H]uridine/ml in the presence of 20 �g of actinomycin D/ml between 6 and 9 h
p.i., a period in the replication cycle when the rate of viral RNA synthesis was
maximal. The average, acid-precipitable incorporation for the three time periods
is expressed relative to that for parental Toto1101 virus.

b The relative level of RNA synthesis at 40°C was divided by the relative level
of RNA synthesis at 30°C.

TABLE 4. Relative 49S and 26S mRNA synthesis by nsP Ser183
pseudorevertants and the nsP1 recombinantsa

Virus

Molar ratio of
49S/26S RNA 40°C/30°C ratio

30°C 40°C

Toto1101 0.11 0.43 3.9
1His:4Ser 0.09 0.23 2.6
1Ile:4Ser 0.07 0.23 3.3
1His:4Arg 0.09 0.40 4.4
1Ile:4Arg 0.08 0.39 4.9

a CEF monolayers were infected at an MOI of 100 and maintained at 30°C or
shifted to 40°C at 1 h p.i. Cultures were labeled with [3H]uridine (50 �Ci/ml) for
1-h pulses between 6 and 9 h p.i. The RNA was obtained and analyzed by
electrophoresis on 0.8% agarose gels. The incorporation in each species was
expressed as moles by dividing by the difference in molecular weights of the 49S
and 26S RNAs. The molar ratios shown are the average values of the three 1-h
samples for each virus.
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lated incorporation in 49S plus 26S RNA relative to that in the
RIs was similar for both 1His:4Arg virus and Toto1101. The
same relative amounts of 49S and 26S plus-strand RNA were
produced by the two viruses (Table 4). Thus, while more minus
strands were made, the activities of the 1His:4Arg plus-strand
replicase and transcriptase were not altered detectably.

Increased numbers of minus strands could have arisen be-
cause minus strands were synthesized continuously, i.e., cessa-
tion did not occur at the end of the early phase. To determine
whether the normal kinetics of minus-strand synthesis and
cessation occurred, 1His:4Arg- or 1Ile:4Arg-infected CEF cells
were shifted to 40°C at 1 h p.i. and radiolabeled at 40°C for 1-h
periods until 7 h p.i. As shown in Fig. 3, transcription rates
during the first 3 h p.i. increased rapidly and �50% of the total
labeled RI and RF core RNA was in minus strands, as ex-
pected when 90% or more of the intermediates are newly
formed each hour. Beginning at about 4 h p.i., minus-strand
synthesis in both 1His:4Arg- and Toto1101-infected cells began
to decline, essentially ceasing after 7 h p.i. Addition of cyclo-
heximide to the culture medium at 2 h p.i. stopped minus-
strand synthesis (Fig. 3B), indicating that the 1His:4Arg and

1Ile:4Arg minus-strand replicase activities turned over with
time as did that of the wild-type virus (40). Thus, the increased
numbers of minus strands arose from enhanced activity or
efficiency of the 1His:4Arg minus-strand replicase and not
from a change in its longevity (37).

Host restriction in C7-10 cells is not rescued. The nsP1
pseudorevertants selected in vertebrate cells did not compen-
sate for the ts PFU and RNA synthesis phenotypes of the nsP4
Ser183 mutant in C7-10 cells (Table 5). At 30°C, all viruses
caused the release of full yields of virus (108 PFU/ml). At
34.5°C, the nsP4 Ser183 mutant and pseudorevertants 1His:
4Ser and 1Ile:4Ser released 15- to 50-fold fewer PFU than
Toto1101 and 1His:4Arg and 1Ile:4Arg recombinant viruses.
Thus, the presence of nsP1 His or Ile374 did not restore wild-
type growth in C7-10 cells to nsP4 Ser183 viruses.

Nor did it restore full viral RNA synthesis in C7-10 cells
(Table 6). At 30°C, the same approximately twofold-lower level

FIG. 2. RNA accumulation at 40°C by Toto1101 and 1His:4Arg at
40°C. Triplicate CEF cultures were infected with Toto1101 (open
boxes) or 1His:4Arg (shaded boxes) at an MOI of 100 at 30°C and were
shifted to 40°C at 1 h p.i. Cultures were labeled continuously with 100
�Ci of [3H]uridine/ml in the presence of 20 �g of actinomycin D/ml
from 1 to 8 h p.i., when the cells were harvested. (A) Total RNA.
Aliquots of each total cell lysate were analyzed for acid-insoluble
incorporation. (B) RF RNA. RF RNA cores of the viral RIs were
isolated as described in Materials and Methods, and their incorpora-
tion of radiolabel was determined. (C) Minus-strand RNA. The
amount of radiolabeled RF RNA that was in minus strands was de-
termined in nuclease protection assays. (D) Synthesis of plus-strand
49S and 26S RNA relative to RI RNA. The migration positions on
agarose gels of RI RNA and 49S and 26S plus-strand RNA were
visualized by electrophoresis and autoradiography of total cell lysates
as described in Materials and Methods. After the gel areas containing
each species were cut and counted, the ratio of the incorporation in
49S plus 26S plus-strand RNA to the incorporation in RI RNA was
calculated and is shown.

FIG. 3. Kinetics of Toto1101 and 1His:4Arg minus-strand synthe-
ses at 40°C. (A) CEF cultures were infected with Toto1101 (F), 1Ile:
4Arg (Œ), or 1His:4Arg (■ ) at an MOI of 100 at 30°C and were shifted
to 40°C at 1 h p.i. Cultures were labeled for 1-h pulses from 1 to 7 h p.i.
with 200 �Ci of [3H]uridine/ml in medium containing 20 �g of acti-
nomycin D/ml. Cells were harvested at the end of the pulse period.
Viral RF RNA was isolated, and the percentage of radiolabeled RF
RNA in minus strands was determined as described in Materials and
Methods. (B) Cycloheximide treatment prevents minus-strand synthe-
sis by nsP1 recombinant viruses. Cultures infected as described for
panel A were incubated in the absence of cycloheximide (solid lines) or
with 100 �g of cycloheximide/ml (dashed lines) beginning at 2.5 h p.i.
and during the labeling period. Incorporation in the minus-strand
RNA component of the viral RI and native RF was determined as
described in Materials and Methods.
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of RNA synthesis compared to Toto1101 was observed for the
nsP4 Ser183 mutant and its pseudorevertants. While lower, the
level of viral RNA synthesis was sufficient to produce full yields
of PFU. Of the two recombinant viruses, only in 1His:4Arg
virus-infected cells was viral RNA synthesized as efficiently as
in Toto1101-infected cells at 30°C. At 34.5°C, neither pseudo-
revertants nor the 1Ile:4Arg virus synthesized RNA as effi-
ciently, indicating that the ability to rescue the nsP4 Ser183
defective function was host restricted. Only nsP4 proteins con-
taining Arg at residue 183 functioned fully in mosquito cells
when combined with nsP1 proteins containing Asn or His at
position 374. In mosquito cells, the presence of Ile at position
374 of nsP1 was inhibitory at either temperature. Enhanced
RNA synthesis by 1His:4Arg virus was also seen in C7-10 cells
at 34.5°C, where levels were 200% that of Toto1101-infected
cells. Thus, transcription enhancement occurred in both verte-
brate and invertebrate cell environments with 1His:4Arg virus
and was observed at elevated temperature for a particular host
cell (i.e., 40°C for CEF cells and 34.5°C for C7-10 cells).

DISCUSSION

Minus-strand synthesis is the first transcription event that
initiates plus-strand virus replication. With alphaviruses, mi-
nus-strand synthesis requires a newly formed replicase whose
activity apparently requires its association with membranes;
polyprotein processing to free the nsP4 core polymerase; rec-
ognition of the genome as a template; and perhaps its recruit-
ment from the translation machinery, assembly of the polymer-
ase complex and host cell cofactors on the template, and
completion of the first phosphodiester bond of the nascent 5�
poly(U) sequence. In this process, interactions likely form be-
tween different domains of the nsP4 protein as well as between
nsP4 and other nsPs, essential host cofactors, and the viral
template RNA. Our accompanying study (9) identified amino
acid 183 of nsP4 as important in the efficient synthesis of minus
strands. This amino acid is likely to be outside the polymerase
palm domain and perhaps part of the finger domain region
(31). We report here the first evidence for an interaction be-
tween the region containing amino acid 183 of nsP4 and a
region of nsP1 including amino acid 374. Together, the results
emphasize the importance of interactions of nsP4 with nsP1,
especially in the minus-strand synthesis that involves nsP1 as
part of the uncleaved P123 intermediate. These interactions
affected only plus-strand synthesis because they caused an in-
crease or decrease in the numbers of minus-strand templates

made. Substituting His or Ile in place of the wild-type Asn374
in nsP1 suppressed the nsP4 Ser183 mutant in vertebrate
(CEF) cells but not in invertebrate (Aedes) cells. In CEF cells,
the pseudorevertants containing His- or Ile374 in nsP1 to-
gether with Ser183 in nsP4 restored minus-strand synthesis at
40°C to wild-type levels. In replication complexes made of
wild-type nsP4 proteins, the presence of modified nsP1 His374
caused the production of 140% of wild-type numbers of minus
strands at 40°C in CEF cells. Because plus-strand synthesis at
34.5°C in Aedes cells was 200% of that caused by wild-type
virus, we think that a similar enhancement of minus-strand
synthesis would occur in the mosquito environment. The low
level of overall transcription in mosquito cells hindered the
direct determination of minus strands. We favor the interpre-
tation that such modified nsP1 proteins enhance the efficiency
of initiation of minus-strand synthesis.

We do not know if these domains in nsP4 and nsP1 interact
physically or through another partner(s). Both the nsP4 Ser183
ts defect and its suppression by the nsP1 His- or Ile374 protein
were host-dependent processes. Therefore, a host factor(s) is
likely to play some role in nsP1-nsP4 interactions that are
required for minus-strand replicase activity. Only those viruses
producing nsP4 containing Arg183 replicated efficiently in in-
vertebrate cells at 34.5°C, and thus, the presence of an Arg
residue at this position would appear to be a requirement for
Aedes host factor interactions during the formation of the
minus-strand replicase. Interactions of host factors that appear
to be essential for the formation of the minus-strand replicase
showed less dependence on the presence of an Arg at position
183 of nsP4 in CEF cells (9). When the virus made nsP4 with
Arg183 and nsP1 with His374, it had enhanced overall tran-
scriptional levels in Aedes cells at 34.5°C. Based on these re-
sults, we hypothesize that the formation of the minus-strand
replicase requires the interaction of the host factor(s) with
nsP4 before nsP1 associates with nsP4. The host factor may
function to bring nsP4 to nsP1 or act as a chaperone to fold
nsP4 into a conformation that will permit its interaction with
nsP1.

Our present results extend the experimental data that sup-
port a role for a region of nsP1 in minus-strand synthesis.
Asn374 of nsP1 is located in the carboxy-terminal half of the
protein (Fig. 4). It is in a domain conserved among alpha-

TABLE 5. Virion release by C7-10-infected cells at 30 and 34.5°Ca

Virus 30°C titer
(PFU/ml)

34.5°C titer
(PFU/ml)

34.5°C titer/
30°C titer

Toto1101 9.4 � 108 6.3 � 108 0.67
Ser183 7.4 � 108 1.1 � 107 0.01
1His:4Ser 6.0 � 108 1.2 � 107 0.02
1His:4Arg 9.3 � 108 6.7 � 108 0.72
1Ile:4Ser 1.4 � 108 3.5 � 107 0.25
1Ile:4Arg 4.2 � 108 2.3 � 108 0.55

a C7-10 cells were infected at 30°C at an MOI of 300 and maintained at 30°C
or shifted to 34.5°C after a 1-h adsorption period. At 22 h p.i., the medium was
harvested and assayed for virus titer on CEF cells at 30°C.

TABLE 6. Viral RNA synthesis in C7-10 cells at 30 and 34.5°C

Virus 30°Ca 34.5°Ca 34.5°C/30°Cb

Toto1101 1.00 1.00 1.00
Ser183 0.65 MLc ML
1His:4Ser 0.48 0.16 0.33
1His:4Arg 0.88 2.0 2.3
1Ile:4Ser 0.31 ML ML
1Ile:4Arg 0.49 0.3 0.61

a C7-10 cells were infected at 30°C at an MOI of 300 and maintained at 30°C
or shifted to 34.5°C at 1 h p.i. Cultures were labeled for 1-h pulses with 50 �Ci
of [3H]uridine/ml in the presence of 20 �g of actinomycin D/ml between 17 and
20 h p.i., a time after infection when RNA synthesis was at a constant, maximal
rate. The average, acid-insoluble incorporation for the three time periods was
obtained and expressed relative to the incorporation by cells infected with pa-
rental Toto1101.

b The efficiency of RNA synthesis relative to Toto1101 at 34.5°C was divided
by the efficiency of RNA synthesis relative to Toto1101 at 30°C.

c ML, incorporation was at mock-infected cell levels.
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viruses and associated with the methyltransferase domain of
alphavirus-like viruses (19); it is predicted to be outside of the
catalytic region (A. Gorbalenya, personal communication).
The viral capping mechanism of action differs from that of
cellular capping, as the alphavirus activity first binds and
methylates the GTP to form a 7-methyl-GTP moiety and then
transfers it to the 5� terminus of nascent 49S and 26S plus
strands (2, 21, 30). The nsP1 protein is the N-terminal polypep-
tide in the two viral nsPs (P1234 and P123) initially translated
from the 49S genome. Its cleavage from nascent P1234
polyproteins is thought to occur in trans and only after cleavage
in cis forms P123 and nsP4 (7, 16, 17). Combinations of
P123�nsP4 and nsP1�P23�nsP4 are active polymerases, and
both can function as minus-strand replicases (23, 27, 43, 47).
Fully cleaved nsP1�nsP2�nsP3�nsP4 complexes normally ex-
press solely plus-strand replicase and transcriptase activities.
Thus, theoretically, a suppressor in nsP1 could act to restore
high levels of transcription by restoring minus-strand replicase
activity of Ser183 nsP4 or by increasing the synthesis of capped
plus strands from each template. Our results support the
former possibility.

As seen in Fig. 4, within this same domain of nsP1 are two
residues that have been implicated elsewhere in nsP4 interac-
tions for the initiation of SIN minus-strand synthesis, Ala348
(14, 48) and Thr349 (41); the present study extends this region
to amino acid 374. Of these nsP1 changes, only the Ala348-to-
Thr and Thr349-to-Lys substitutions conferred ts minus-strand
synthesis (14, 48). Only the substitutions at amino acids 349
and 374 of nsP1 created suppressors for mutations in the gene
for the nsP4 polymerase, e.g., amino acid substitutions for the
N-terminal Tyr and for Arg183, respectively, that caused ts
minus-strand synthesis. The nsP1 Thr349-to-Lys proteins, as
well as nsP4 Asp315-to-Gly, -Val, or -Lys proteins, were effi-
cient suppressors of lethal amino acid substitutions for the
N-terminal Tyr in nsP4. Based on such results, Shirako et al.
(41) suggested that the N-terminal nsP4 suppressors were
eliminating the need for an interaction that normally occurred
between the N-terminal ring structure and a component of the
minus-strand replicase complex. Whether this involves a new,
direct interaction between the nsP1-349 region and some other
part of nsP4 is not known. It is known that the role of nsP1-348

in minus-strand initiation is distinct from any functional re-
quirements for P1234 processing and overall polymerase com-
plex assembly (47).

Suppression by nsP1 Lys349 or nsP4 Gly315 of N-terminal
nsP4 mutants occurred essentially only at 30°C; at 40°C, minus-
strand synthesis was delayed and reduced (41). This was in
contrast to findings for the Ser183 nsP4 defect (9), whose
suppression by nsP1 His374 or Ile374 occurred readily at 40°C
in CEF cells. Both nsP1 His374 and Ile374 pseudorevertants
accumulated with about equal frequency but only when the
Ser183 mutant was grown under 40°C selective pressure. Their
facile generation is expected for a single-base substitution,
given the high level of replication occurring in these cells
(producing 1010 PFU/ml or 104 PFU/cell). Either a positively
charged or a nonpolar amino acid in nsP1 suppressed the
substitution for Arg183 in nsP4. This suggests that a basic His
residue could rescue minus-strand synthesis by restoring im-
portant charge properties to the nsP1-nsP4 microenvironment,
while the Ile could do so by providing additional noncovalent,
hydrophobic, and van der Waals contacts. While His183 of
nsP1 functioned well with nsP4 Arg183 in mosquito cells, the
presence of Ile at amino acid 183 of nsP1 inhibited overall
transcription at either 30 or 34.5°C, arguing that it interfered
with assembly or activity of the polymerase in the mosquito cell
environment. Shirako et al. (41) showed that, in one case,
mutants with diverse amino acids substituted for the N-termi-
nal Tyr of nsP4 were rescued by the same amino acid substi-
tution in nsP1 (41). In our case, two different amino substitu-
tions in nsP1 suppressed the same amino acid substitution in
nsP4. We think that this suggests that the same or a related
step in minus-strand initiation is being affected in both cases.
The nsP1-374 suppressor involved a change of AAC (Asn) to
CAC (His) or AUC (Ile). These are tranversions and are less
likely to occur than transitions, supporting the notion that they
were specifically selected. Not found were other single-base
changes that would replace Asp (GAC), Tyr (UAC), Ser
(AGC), or Thr (ACC). Not finding these among the suppres-
sor population argues that such amino acids could not restore
functionality to the nsP4-nsP1 interaction.

These results and those of Shirako et al. (41) argue that
interactions between nsP4 and nsP1 are essential for minus-

FIG. 4. Alphavirus nsP1 sequence comparison in the region containing SIN amino acids 335 to 397. The relative positions of the nsP1
suppressors, the causal lesion for ts11 (14), and the suppressor for nsP4 Tyr13Ala (41) are indicated. Residues identical to the SIN sequence are
denoted by asterisks. Sources for sequence data are as follows: SIN and Semliki Forest virus (SFV), 46; Whatora virus (WHA), Ellen Strauss,
personal communication; Mayora virus (MAY), Ellen Strauss, personal communication; Venezuelan equine encephalitis virus (VEE), 18; eastern
equine encephalitis virus (EEE), 49; Aura virus, 36; O’nyong-nyong virus (ONN), 28; Ross River virus (RR), 8; and Barmah Forest virus (BF),
22.
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strand synthesis. The nsP1-nsP4 interaction identified in this
study may play one of several roles in alphavirus replication.
Only nsP1 associates with membranes when expressed in the
absence of the other nsPs, and thus, nsP1 likely directs nsP
polyprotein precursors to sites where replication complexes are
assembled and eventually function (20). The finger domain of
RNA-dependent RNA polymerases is hypothesized to deter-
mine the preference for RNA as a template (15). As shown for
other viral systems, an effect on template specificity (4, 12) or
template recruitment (1, 5) and the switch from translation to
transcription (11) are an intriguing possibility since the nsP4
Ser183 polymerase defect in minus-strand synthesis indicates
that the interaction is not one required for plus-strand syn-
thesis by either immature (nsP1-P23-nsP4) or mature (fully
cleaved, nsP1-nsP2-nsP3-nsP4) replication complexes. Thus,
suppression is a property of the P123 form of nsP1, and its
action affects the earliest polymerase complex. Another possi-
bility is that nsP1 stimulates initiation activity by nsP4 as seen
previously for poliovirus 3Dpol (32, 35) and mutations disrupt-
ing 3AB-3Dpol interaction (50). Future experiments will at-
tempt to distinguish between these possibilities and to deter-
mine the specific step blocked in the SIN Arg183 polymerase
mutants.
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