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The plus-strand RNA genome of Sindbis virus (SINV) encodes four nonstructural proteins (nsP1 to nsP4)
that are involved in the replication of the viral RNA. The ~800-amino-acid nsP2 consists of an N-terminal
domain with nucleoside triphosphatase and helicase activities and a C-terminal protease domain. Recently, the
structure determined for Venezuelan equine encephalitis virus nsP2 indicated the presence of a previously
unrecognized methyltransferase (MTase)-like domain within the C-terminal ~200 residues and raised a
question about its functional importance. To assess the role of this MTase-like region in viral replication,
highly conserved arginine and lysine residues were mutated to alanine. The plaque phenotypes of these
mutants ranged from large/wild-type to small plaques with selected mutations demonstrating temperature
sensitive lethality. The proteolytic polyprotein processing activity of nsP2 was unaffected in most of the
mutants. Some of the temperature-sensitive mutants showed reduction in the minus-strand RNA synthesis, a
function that has not yet been ascribed to nsP2. Mutation of SINV residue R615 rendered the virus noncyto-
pathic and incapable of inhibiting the host cell translation but with no effects on the transcriptional inhibition.
This property differentiated the mutation at R615 from previously described noncytopathic mutations. These
results implicate nsP2 in regulation of minus-strand synthesis and suggest that different regions of the nsP2
MTase-like domain differentially modulate host defense mechanisms, independent of its role as the viral

protease.

Sindbis virus (SINV) is the prototype alphavirus of the fam-
ily Togaviridae. Members of this family have a plus-strand
RNA genome of about 12 kb in length (68) and include im-
portant animal and human pathogens (29, 70, 78). Alphavi-
ruses are transmitted to vertebrate hosts primarily by mosquito
vectors. In vertebrate hosts an acute disease, characterized by
high-titer viremia, develops and elicits a strong immune re-
sponse (28). SINV can replicate lytically in most mammalian
cell lines while establishing a chronic infection in mosquito cell
lines (70).

Upon virus entry, the 11.7-kb SINV genome is translated by
the cellular translational machinery into nonstructural proteins
nsP1 to nsP4 encoded by the 5’ two-thirds of the genome.
These proteins, along with unknown host factors, form the
replicase/transcriptase complex responsible for replication of
the viral genome and transcription of the viral subgenomic
RNA, which is coterminal with the 3’ one-third of the genome
and codes for the structural proteins (68, 69). In mammalian
cell lines, SINV replication has been shown to lead to devel-
opment of cytopathic effects (CPE) and cell death by 24 to 48 h
postinfection (22). The CPE is a culmination of several phys-
iological and morphological changes caused by the virus infec-
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tion (34). Using replicons (viral genomes that lack structural
proteins), it has been shown that structural proteins are dis-
pensable for both genome replication and for development of
CPE (22), thereby implicating the nonstructural proteins in
cytopathogenicity.

Each of the nonstructural proteins has a defined role(s) in
viral RNA replication. nsP1 is the methyltransferase (MTase)
and guanylyltransferase involved in capping the viral RNA (3,
10, 45, 75). nsP1 is also thought to interact with nsP4, contrib-
ute to initiation of minus-strand RNA synthesis, and target the
replication complex to the plasma membrane (18, 19, 60, 64,
66, 77). Although the precise function of the phosphoprotein
nsP3 in viral RNA replication is unknown, the conserved N-
terminal region of this protein has been shown to be important
in minus-strand RNA and subgenomic RNA synthesis (11, 39,
52, 76). nsP4 is the viral RNA-dependent RNA polymerase
and has also been shown to possess terminal adenylyl trans-
ferase activity that is involved in adding the poly(A) tail at the
3’ end of the genome (73).

nsp2 is a multifunctional protein (Fig. 1). The N-terminal
half functions as the viral RNA helicase (26), RNA-dependent
5" triphosphatase, and nucleoside triphosphatase (56, 74). The
C-terminal region of nsP2 functions as a cysteine protease that
sequentially cleaves the nonstructural polyprotein into individ-
ual nonstructural proteins (13, 14, 32, 33, 42, 43). Each cleav-
age gives rise to a polyprotein intermediate with distinct roles
in minus- or plus-strand RNA synthesis (40, 41, 65). The first
cleavage at the 3/4 junction gives rise to P123 and cleaved nsP4,
and this complex functions in minus-strand RNA synthesis.
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FIG. 1. (A) Schematic for the functional organization of nsP2 in the genus Alphavirus. The temperature-sensitive mutations (zs) that have been
previously mapped to nsP2 helicase, protease, and the MTase-like domain are indicated. Mutations ts14, 516, ts21, and ts19 are located in the
helicase domain (62), and mutations #s18, 517, £5133, and #s24 map to the protease domain (30). SFV ts4 is another mutation mapped to the
extreme C terminus of nsP2 in SFV (71). (B) Location of the SINV nsP2 MTase-like domain residues chosen for mutagenesis on the VEEV
nsP2pro structure. The N-terminal protease domain (residues 468 to 603) is shown in gray. The C-terminal MTase-like domain (605 to 787) is
depicted in green. The mutated residues are labeled with VEEV numbering and SINV numbering in parentheses. The residues that were mutated
in SINV are labeled with the VEEV numbering; e.g., SINV R615 is shown as VEEV R604 (Table 1). The residues are colored based on the plaque
phenotype of the corresponding alanine mutants in SINV. Small plaque, blue; medium plaque, cyan. The ts lethal mutants are in magenta. The
protease catalytic dyad and the residue that corresponds to the previously reported (23) noncytopathic mutation in SINV (SINV P726/VEEV

P713), SIN/G, are indicated in orange.

Next, cleavage of the 1/2 junction leads to formation of plus-
and minus-strand RNA replicase. Finally, cleavage of the 2/3
site generates a replicase complex solely involved in plus-
strand RNA synthesis. A role for host proteins/factors in the
switch from early to late stages of replication of the viral RNA
has also been suggested (61, 63). Temperature-sensitive muta-
tions mapping to the N-terminal region of nsP2 have been
found to affect plus-strand RNA synthesis and are referred to
as the conversion-defective mutants (4, 12). Other tempera-
ture-sensitive mutations mapping to the C-terminal half of the
protein have been found to affect the protease activity, sub-
genomic RNA synthesis, and shutoff of minus-strand RNA
synthesis early in SINV infection (31, 35, 61, 62, 71).

In addition to its established role in viral replication, nsP2
has been implicated as a key player in the downregulation of
the host cellular synthetic machinery and in events leading to
development of a cytopathic infection by SINV. In particular,
the adaptive mutations at residue P726 within the SINV nsP2
protease domain has been common to several studies on per-
sistent infection in SINV and Semliki Forest virus (SFV) (1, 16,
21, 23), although persistently replicating virus or replicons
from SINV and SFV had adaptive changes in both the helicase
and the protease domains (53). In addition, mutations at res-
idue P726 have been used to show that nsP2 is the viral factor

responsible for the host translational and transcriptional inhi-
bition in SINV-infected cells (24, 27).

The crystal structure of the Venezuelan equine encephalitis
virus (VEEV) nsP2 C-terminal region, nsP2pro (amino acids
468 to 787 in VEEV), revealed the presence of two do-
mains—a cysteine protease domain, which displayed a novel
fold, and a MTase-like domain (59). This two-domain region
corresponds to amino acids 472 to 801 in SINV nsP2 (see Fig.
S1 in the supplemental material). A substrate binding cleft is
proposed to exist between the domains near the catalytic dyad
of Cys477 and His546 (C481 and H558 in SINV nsP2). The
MTase-like domain has an overall significant tertiary structure
similarity to S-adenosyl L-methionine-dependent MTase struc-
tures (e.g., Escherichia coli FtsJ and dengue virus NS5). How-
ever, there was no significant similarity in the residues that
correspond to the S-adenosyl L-methionine binding site be-
tween nsP2pro and Fts] MTase, and structural alignment
around the binding site was also poor. Both FtsJ and NS5 are
2'-0-MTases, and NS5 is involved in the addition of a type 1
cap to the viral RNA (8, 17). The existence of a resident type
0 capping activity in nsP1 makes the presence of an additional
type 1 MTase-like domain seem redundant. Additionally, it has
been suggested that the nsP2 MTase-like domain is not a
functional MTase (61) and may provide a structural base or
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scaffold for interactions with other nonstructural proteins or
even RNA at one or more stages of viral RNA replication
(59, 61).

Although several mutations in the protease and the MTase-
like domain have been characterized for multiple defects in the
virus life cycle, the possibility of a distinct and independent
role for this unexpected MTase-like domain has not been ex-
plored. The present study examines the functional significance
of the nsP2 C-terminal MTase-like domain for SINV. Consid-
ering the multifunctionality of the protein, mutations in the
MTase-like domain were investigated for effects on both viral
RNA replication and virus-mediated host modulation. The
VEEV nsP2pro structure was used as a reference for interpre-
tation of the observed phenotypes with respect to the predicted
residue location on the protein. The mutants displayed a spec-
trum of phenotypes and were significantly affected in virus
viability. The phenotypes of mutants that affected viral RNA
replication were clearly distinguished from those that affected
virus-mediated host inhibition. The phenotypic characteristics
of these MTase-like domain mutants show that residues from
different regions of nsP2 are involved in early stages of viral
RNA replication, particularly minus-strand RNA synthesis.
One of the SINV residues, R615, contributed to efficient plus-
strand RNA replication, and its mutation led to specific defects
in inhibition of host translation, while minus-strand RNA syn-
thesis, protease activity of nsP2, and inhibition of cellular tran-
scription were not severely affected. These results highlight the
multiple roles for the nsP2 MTase-like domain in regulation of
replication and differential control of virus-host interactions.

MATERIALS AND METHODS

Cell culture and virus stocks. BHK-21 clone 15 cells (BHK-15) and Vero cells
obtained from the ATCC were maintained in minimal essential medium (MEM)
(Life Technologies) containing 10% fetal bovine serum (FBS). Cells were grown
at 37°C in the presence of 5% CO,. Aedes albopictus mosquito cells, C6/36,
obtained from ATCC were maintained in MEM supplemented with 10% FBS
and 2 mM L-glutamine at 30°C in the presence of 5% CO, Virus stocks were
obtained by plaque purification and propagated in BHK cells for higher titers at
37°C for 24 h or at 30°C for 48 h for the temperature-sensitive mutants. For
plaque assays, 10-fold serial dilutions of culture supernatant were made in phos-
phate-buffered saline (PBS) containing 1% FBS. Cells at a density of 80 to 90%
were inoculated with the serial dilutions. After infection at 37°C for 1 h, mono-
layers were overlaid with MEM containing 5% FBS and 1% agarose. The in-
fected cells were incubated at 30°C for 48 h or at 37°C for 24 h, and plaques were
visualized by staining with neutral red at a final concentration of 4% in PBS.

Plasmids and cloning procedures. The nsP2 mutations were generated in
pToto64, a full-length infectious cDNA clone of SINV that has been previously
described (49), using standard overlap PCR mutagenesis procedures.

RNA transcription and transfection. RNA transcripts of SINV were generated
by in vitro transcription using SP6 RNA polymerase (Amersham Biosciences)
from DNA templates linearized by digestion with Sacl restriction enzyme in the
presence of the m’G(5")ppp(5')G cap analog (NEB). This RNA was used for
transfection into BHK-15 cells using DEAE-dextran (at 0.2 mg/ml; Sigma-Al-
drich) as described previously (38). The transfected cells were assayed for the
presence of infectious virus using a standard plaque assay. Viable mutants were
plaque purified to generate viral stocks. For electroporation of RNA into
BHK-15 cells, subconfluent monolayers of cells grown in T-75 culture flasks
(~1.5 x 107 cells) were harvested by the addition of trypsin and washed twice
with PBS before final resuspension in 400 wl of PBS. The resulting cells were
combined with the in vitro transcribed RNA, placed in a 2-mm gap cuvette
(Bio-Rad), and electroporated (two pulses at settings of 1.5 kV, 25 wF, and 200
W) using a GenePulser II apparatus (Bio-Rad). Following a 5-min recovery at
room temperature, cells were resuspended in MEM supplemented with 10%
FBS and dispensed.

Analysis of nsP2 proteolytic processing. In vitro translation and processing
analysis was carried out using the SP6 TNT coupled transcription and translation
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rabbit reticulocyte lysate system (Promega) according to the manufacturer’s
instructions. The reactions mixtures were supplemented with 10 wCi of [**S]me-
thionine (>1,000 Ci/mmol; GE Healthcare) and 1 pg of plasmid DNA per 25 pl
of reaction mixture, and they were incubated for 90 min at 30°C. The reaction
products were separated by sodium dodecyl sulfate-10% polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized by autoradiography using a phos-
phorimager (Molecular Imager FX; Bio-Rad). Expression and processing of
nonstructural proteins in vivo was analyzed by performing Western immunoblot
analysis on lysates of BHK-15 cells infected with wild-type or mutant virus at a
multiplicity of infection (MOI) of 5 or electroporated with Toto64 RNA. At 12 h
after infection or electroporation, cells were washed with PBS and harvested.
Samples were separated under denaturing conditions by SDS-PAGE. The gel
was electroblotted onto a nitrocellulose membrane and probed with polyclonal
rabbit anti-nsP2 antibody (a generous gift from James Strauss, Caltech) and with
an Alexa-Fluor 680-conjugated goat anti-rabbit secondary antibody (Molecular
Probes). Bands corresponding to nonstructural proteins were visualized using an
Odyssey scanner (LI-COR, Lincoln, NE). Protein (nsP2) levels in the corre-
sponding bands were quantified using Odyssey version 1.1 software.

Analysis of viral RNA replication. Relative levels of plus-strand RNA in
infected cells were analyzed as described previously (36). Briefly, two sets of
BHK-15 cells were infected with wild-type or mutant virus at an MOI of 10. After
infection at 37°C for 1 h, the inoculum was removed, and MEM prewarmed to
30°C and containing 5% FBS and 2.5 pg/ml of actinomycin D was added. The
infected cells were either maintained at 30°C throughout the time, or one set was
shifted to 37°C after 2 h. Infected cells were then labeled with inorganic 3P (100
prCi/ml) in the presence of actinomycin D (1 ng/ml). Cytoplasmic RNA was
extracted at 10 h postinfection. About 2 pg of total RNA was denatured in the
presence of formamide-formaldehyde and analyzed by electrophoresis in 1X
morpholinepropanesulfonic acid (MOPS) electrophoresis buffer (20 mM MOPS,
pH 7.0, 2 mM sodium acetate, 1 mM EDTA, pH 8.0) on a 1% agarose gel
containing 2.2 M formaldehyde. Gels were dried and visualized by autoradiog-
raphy using a phosphorimager (Molecular Imager FX; Bio-Rad). The radioac-
tivity counts in the genomic and subgenomic RNA bands were quantitated using
Quantity One software (Bio-Rad).

Analysis of minus-strand RNA synthesis. To detect the levels of minus-strand
RNA in infected cells, a minus-strand-specific reverse transcriptase PCR (RT-
PCR) assay was used. BHK cells were infected with wild-type or mutant viruses
at an MOI of 10. The infected cells were incubated at 37°C, and at specific
intervals postinfection (indicated in the figure legends) cytoplasmic RNA was
extracted from the infected cells using an RNeasy mini kit (Qiagen) according to
the manufacturer’s instructions and treated with RQ1 RNase-free DNase I
(Promega) at 37°C for 60 min at 40 U/ml of reaction volume. The RNA samples
were purified using the manufacturer’s protocols (Qiagen) and were used in a
two-step minus-strand-specific RT-PCR. RNA (~100 ng) was denatured at 98°C
for 2 min, chilled on ice, and allowed to anneal with the plus-sense primer
annealing to nucleotides 1 to 42 of the SINV genome (5'-ATTGACGGCGTA
GTACACACTATTGAATCAAACAGCCGACCA-3") at 65°C for 5 min. Con-

TABLE 1. Plaque phenotypes at permissive and nonpermissive
temperatures of growth

Plaque phenotype”

VEEV nsP2 SINV nsP2
residue mutation? 30°C 37°C
R604 R615A Medium NP
K646 K658A Large Large
Mo647 R659A Large Large
K673 R686A Large Large
K686 R699A Medium NP
1720 K733A Medium Small
R727 R740A Large Medium
R738 R751A Small Small
Q739 K752A NP NP
K747 R760A Large Medium
K767? R781A Large Large
R769 R783A Large Large
SINV (wild-type) Large Large

¢ The SINV residue analogous to the respective VEEV residue is given in each
case.

b Plaque sizes are defined as follows: large, 2.0 to 2.5 mm; medium, 1.0 to 2.0
mm; small, =<0.5 mm. NP, no plaques after 24 h at 37°C or 48 h at 30°C.
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FIG. 2. Analysis of growth and viability for nsP2 MTase-like do-
main mutants. BHK-15 cells were infected with wild-type (SINV) or
mutant virus at the same MOIs. The lethal mutants R615A and
R699A, as well as the small-plaque mutants K733A and R751A, were
compared with wild-type virus for relative growth rates. At the indi-
cated times, medium was replaced, virus titers were determined by a
standard plaque assay, and incubation was carried out at 30°C for 48 h.
R699A did not show any detectable virus release.

tents of this tube were mixed on ice with 25 U of avian myeloblastosis virus RT
(Promega) and 3 U of RNaseout (Invitrogen) and incubated at 42°C for 30 min,
followed by inactivation of RT at 90°C for 5 min. One-tenth of the resulting
c¢DNA product was then used in a PCR with the minus-sense primer that anneals
to nucleotides 1617 to 1635 of the SINV genome (5'-CCCCTCCACTTCGCA
GACAACTTCTGCGGCTGCCTCGATGCC-3'), with a 30-cycle amplification
(unless indicated otherwise). The products were electrophoresed on a 1.2%
Tris-borate-EDTA agarose gel, stained using ethidium bromide, and visualized
on a Kodak image station 2000R using Molecular Imaging Software, version 4.0.
Lambda phage DNA digested with HindIII was used for size quantitation stan-
dards.

A dsRNA control for minus-strand specific RT-PCR. Double-stranded RNA
(dsRNA) corresponding to the 5'-terminal ~3.0 kb of SINV genomic RNA was
prepared in vitro as described previously (65). Briefly, the 5’ terminal 3,051-
nucleotide region of SINV was cloned between the Sall and Sacl restriction sites
on pGEM4Z (Promega). The cloned DNA was linearized with Acll, and plus-
and minus-sense RNA were transcribed using SP6 and T7 RNA polymerases
(Ambion) in the same reaction at 37°C for 120 min. Template DNA was removed
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by DNase I treatment at 37°C for 60 min. After DNase treatment, the RNA
sample was heated at 70°C for 5 min and annealed by gradual cooling to room
temperature. The dsRNA was then treated with RNase A (0.02 mg/ml of the
reaction volume) at 37°C for 25 min. The dsRNA was serially diluted in water
and used in the two-step RT-PCR as described above. Negative controls included
a one-step PCR performed without initial denaturation of the dsSRNA or per-
formed without a reverse transcription step.

Analysis of cellular translation. Cellular translation in infected cells was an-
alyzed as described previously (27). Briefly, BHK cells were infected with wild-
type or mutant viruses at an MOI of 10 in PBS supplemented with 1% FBS for
1 h. Infected cells were maintained at 37°C in MEM with 5% FBS. At 6 h and
12 h postinfection, the cells were washed with PBS and then incubated for 30 min
at 37°C in 0.8 ml of Dulbecco’s modified Eagle’s medium lacking methionine but
supplemented with 0.1% FBS and 20 w.Ci of [>>S]methionine/ml. Then, cells were
scraped from the dish into the incubation medium, pelleted by centrifugation,
and dissolved in Laemmli (reducing) loading buffer for protein electrophoresis.
Samples were electrophoresed on SDS-10% polyacrylamide gels. After electro-
phoresis, gels were dried, autoradiographed, and analyzed on a phosphorimager
(Molecular Imager FX; Bio-Rad). The radioactivity counts in the actin and
capsid bands were quantitated using Quantity One software (Bio-Rad) and used
to evaluate the host cellular protein synthesis and viral structural protein syn-
thesis, respectively.

Analysis of cellular transcription. BHK-15 cells were infected with viruses at
an MOI of 10. At 8 h postinfection, the medium was replaced with MEM
containing 5% FBS and inorganic 3*P (100 p.Ci/ml). After 3 h of incubation at
37°C, total RNA was isolated using an RNeasy mini kit (Qiagen) according to the
manufacturer’s instructions, denatured in the presence of formamide-formalde-
hyde, and analyzed by electrophoresis in 1X MOPS electrophoresis buffer on a
1% agarose gel containing 2.2 M formaldehyde. Following electrophoresis, gels
were dried and visualized by autoradiography using a phosphorimager (Molec-
ular Imager FX; Bio-Rad). The radioactivity counts in the 18S rRNA band were
quantitated using Quantity One software (Bio-Rad) and compared with those
obtained from uninfected cells.

RESULTS

Mutations in the nsP2 MTase-like domain affect virus via-
bility. The functional role of the nsP2 MTase-like domain of
SINV nsP2 was investigated by individual substitutions of ala-
nine for highly conserved lysine and arginine residues in the
domain (residues 615 to 807 of SINV nsP2) and characteriza-
tion of each mutation for its effect on plaque phenotype. The
pToto64 cDNA carrying the mutations was transcribed in vitro,
and BHK cells were transfected with the in vitro transcribed
RNA to determine the effect on virus viability in terms of
plaque phenotype. The plaque phenotypes observed at the

TABLE 2. Phenotypic characteristics of MTase-like domain mutants

Percentage of RNA

Virus Virus titer (PFU/ml) P;gtcz(;i}i,;ic nsp2 synthesis synthesis® Mismrﬁ:;;?snd
at 37°C* processing in vivo (37°C) Y

(in vitro) G Sg at 6 i
SINV 1.2 X 10° + + 100 100 +++
R615A 4.0 X 10% + + 5 4.1 ++
R699A — + - 4.2 4.9 +
K733A 0.8 x 10° I 1 36.8 24 ++
R751A 1.0 X 10° + + 33.5 71 ++
R740A 1.2 X 10° + + ~98 ~94 ND
R760A 1.1 X 10° + + ~98 ~90 ND
SIN/G 0.94 x 10° ND? + ND ND ND
SIN/2V 0.82 x 10° ND 1 ND ND ND

“ Virus titers were determined by maintaining infected BHK cells under liquid medium at 37°C for 24 h, harvesting the medium, and assaying the production of

progeny viruses by standard plaque assay.

® For R615A and R699A plaque analysis was performed at 30°C for 48 h. —, no detectable infectious virus released or no detectable protein synthesis.

1, polyprotein intermediates observed in addition to full length nsP2.
4ND, not determined.

¢ Percent incorporation of inorganic 2P into the genomic (G) and subgenomic (Sg) RNA at 10 h p.i. at 37°C.

/Minus-strand synthesis levels: +++, 100%; ++, ~50-100%; +, ~1-10%.
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FIG. 3. Analysis of protein synthesis and processing. (A) In vitro transcription and translation of nsP2 lethal (R615A, R699A, and K752A) and
small-plaque mutants (K733A and R751A) using the rabbit reticulocyte lysate. Translation products were separated by SDS-PAGE and visualized
by autoradiography. Locations of the proteins are indicated on the right. M indicates molecular mass (kDa). (B) Synthesis and processing of nsP2
in virus-infected cells. BHK cells in six-well plates were infected with wild-type (SINV) or mutant virus at an MOI of 5 and incubated at 30°C (I) or
37°C (II). At 12 h postinfection, cells were harvested and equal amounts of proteins were separated by SDS-10% PAGE. After transfer, the
nitrocellulose membranes were processed by rabbit anti-nsP2 antibodies and an Alexa-Fluor 680-conjugated goat anti-rabbit secondary antibody
(Molecular Probes). The K752A lane represents extracts obtained 12 h postelectroporation with Toto64 RNA carrying the mutation, which was
tested previously along with mock and wild-type controls in a separate experiment.

permissive (30°C) and the nonpermissive (37°C) temperatures
are summarized in Table 1. Wild-type virus produced large
plaques, and 5 of the 12 mutated residues displayed noticeable
plaque phenotypic defects. Mutation of residues R615 and
R699 yielded no plaques at the nonpermissive temperature,
and medium-sized plaques were obtained at the permissive
temperature, indicating that these may be temperature-sensi-
tive lethal mutants. Small plaques were obtained for K733A
and R751A while medium plaques were seen for the R740A
and R760A mutations at the nonpermissive temperature. No
plaques were observed at either temperature upon mutation of
residue K752. The lethal and small-plaque phenotype for
K752A and R751A, respectively, were temperature indepen-
dent.

The relative replication rates of the mutant viruses in BHK
cells were examined in a growth curve analysis (Fig. 2). This
experiment included all the mutants that showed a defective
plaque phenotype and for which virus could be propagated to
high titers at either 30°C or 37°C. SINV wild type produced
about 1.2 X 10° PFU/ml after 24 h at 37°C. For the mutants
R615A and R699A that had yielded no plaques at the nonper-

missive temperature, virus release at 37°C was determined in
plaque assays at 30°C. As evident from the growth curve, al-
though R615A was incapable of forming plaques at the non-
permissive temperature, the virus released was infectious, and
the titer was reduced by only about 1 log PFU/ml compared to
the growth curve for the wild-type virus. However, R699A
showed no detectable virus release at 37°C. The small-plaque
mutants K733A and R751A showed slightly reduced growth
rates at the earlier time points, and the plaques were always
reduced in size. Mutants R740A and R760A displayed growth
rates and virus titers indistinguishable from the wild type (Ta-
ble 2). All the mutants were also tested for viability on Vero
cells (African green monkey kidney cells) and C6/36 mosquito
cells. The plaque phenotypes for the mutants in Vero cells
were identical to those observed in BHK cells. The culture
supernatant from infected C6/36 mosquito cells maintained at
30°C was used in plaque assays on C6/36 cells at 30°C and on
BHK cells at 30°C and 37°C. Despite use of the arthropod host
cell line for virus propagation, the mutants displayed temper-
ature sensitivity and altered growth characteristics and re-
tained the respective plaque phenotype that was observed in
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FIG. 4. Analysis of plus-strand RNA synthesis in BHK cells infected with wild-type (SINV) or mutant viruses. (A) The infected cells were
maintained at the permissive (30°C) or nonpermissive temperature (37°C) and radiolabeled with inorganic **P in medium containing actinomycin
D. At 10 h postinfection, cytoplasmic RNA was extracted. Approximately 2 pg of total RNA was subjected to denaturing gel electrophoresis on
a formaldehyde-agarose gel, and the gel was dried and autoradiographed on a Molecular Imager FX Phosphorimager. (B) The radioactivity counts
in bands corresponding to the genomic and subgenomic RNA were quantitated using Quantity One software (Bio-Rad) and used to evaluate the
percent RNA levels for the mutants with respect to wild-type virus at 37°C.

BHK cells. This result indicated that the effect of the mutations
on the viability of the virus was not cell type specific. These
mutants were then examined for possible effects on the effi-
ciency of proteolytic processing of the nonstructural polypro-
tein and viral RNA replication.

Proteolytic processing of the nonstructural polyprotein. The
MTase-like domain mutants were screened for replication-
independent defects in protein synthesis and nsP2-mediated
processing of the nonstructural polyprotein in vitro using the
TNT coupled transcription and translation rabbit reticulocyte
system (Promega). A representative gel of the processing ac-
tivity of the mutants at 30°C following a 90-min reaction is
shown in Fig. 3A. Only K733A showed the presence of pre-
cursor nonstructural proteins in addition to the fully processed
nsP1, nsP2, and nsP3, indicating delayed or reduced processing
abilities. All the other mutants with defective plaque pheno-
types showed processing results that were indistinguishable
from the wild-type (SINV).

To assess the synthesis and processing of nonstructural
polyproteins in vivo during the course of the virus infection,
BHK cells were infected with the mutant or the wild-type virus
at the same MOI at 30°C or 37°C for 12 h. In vitro transcribed
RNA (wild type or carrying the mutation) was electroporated
into BHK cells to analyze the K752A mutation since virus
stocks could not be generated for this mutant. The synthesis
and processing of viral nonstructural proteins was analyzed by
immunoblotting with polyclonal anti-SINV nsP2 antibodies.
The immunoblot analysis (Fig. 2B) showed that both the lethal
mutant K752A and the temperature-sensitive lethal mutant
R699A displayed negligible levels of nsP2 protein at 37°C
compared to nsP2 synthesis in wild-type-infected or -trans-

fected cells. However, nearly wild-type protein levels were de-
tected at both 30°C and 37°C for R615A, R751A (small
plaque), R740A, and R760A (both medium-large plaques).
Only K733A showed reduction in the efficiency of proteolytic
processing, as seen by the presence of a polyprotein precursor
in addition to fully processed nsP2. Absence of a predominant
polyprotein intermediate suggested that none of the mutations
altered the cleavage efficiency at a specific (nsP3/4, nsP1/2 or
nsP2/3) cleavage site on the nonstructural polyprotein. The
mutation G806V (referred to as SIN/2V) in nsP2, which blocks
cleavage at the 2/3 site (27) was used as a control for specific
cleavage defects (Table 2 and data not shown).

The lethal mutants (R699A and K752A) did not display altered
processing in vitro but showed negligible protein synthesis during
the course of virus infection. The mutant R615A displayed almost
wild-type levels of polyprotein synthesis and its processing under
replication-independent in vitro conditions as well as during virus
replication at the nonpermissive temperature. Translation of the
incoming RNA in a viral infection and replication of the viral
RNA by the translated nonstructural proteins are interdependent
events during the early stages of infection. These mutants were
differentially characterized for possible defects in plus- and mi-
nus-strand RNA replication.

Analysis of plus-strand RNA replication. The relative levels
of radiolabeled genomic and subgenomic RNA in cells infected
with the mutants were used as an indication of the plus-strand
RNA synthesis. The mutants once again displayed a range of
phenotypes (Fig. 4). The medium-plaque mutants, R740A and
R760A, displayed almost wild-type levels for both genomic
and subgenomic RNA (>90% of wild-type virus). Among
the small-plaque mutants, K733A had reduced genomic and
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subgenomic RNA (~37% and 24%, respectively). R751A
showed appreciable levels of subgenomic RNA synthesis (71%
of wild type), but genomic RNA was almost as low as K733A
(34%), which indicated a specific role for the residue R751 in
genomic RNA synthesis. The temperature-sensitive lethal mu-
tant R699A displayed noticeably reduced levels for both
genomic and subgenomic RNA at the nonpermissive temper-
ature (4 to 5% of wild-type replication levels), while at the
permissive temperatures of growth, the RNA levels were not as
severely reduced. The plus-stand RNA synthesis for R615A
was also noticeably reduced at the nonpermissive temperature
and was, in fact, comparable to the levels observed for the
temperature-sensitive lethal mutant R699A. In this context the
mutants from this study differed substantially from the previ-
ously characterized temperature-sensitive mutants in the nsP2
proteases and MTase-like domains of SINV and SFV that have
been shown to cause specific defects in subgenomic RNA syn-
thesis with no effects on genomic RNA synthesis (4, 71). The
mutants were then compared for the efficiency of minus-strand
RNA synthesis to account for the reduced plus-strand RNA
levels.

Analysis of minus-strand RNA synthesis. Minus-strand
RNA from infected cells was found as a part of dsRNA struc-
tures (replicative intermediate or replicative form) when iso-
lated from infected cell lysates that were deproteinized and the
RNA was collected by ethanol precipitation (67). To detect the
levels of minus-strand RNA in infected cells, a minus-strand-
specific RT-PCR assay was used as previously described (65).
To determine the detection limit of the RT-PCR assay, dSRNA
representing the 5’-terminal 3,051-nucleotide region of SINV
was produced in vitro. This in vitro synthesized dsSRNA was
subjected to a minus-strand RNA-specific RT-PCR designed
to amplify a 1,633-bp region. The intensity of the PCR product
detected increased with increasing input RNA for up to about
10° molecules of dsSRNA before becoming saturated, indicating
that the assay could be used to detect molecules of minus-
strand RNA in the range of about a 100 to 10° molecules (Fig.
5A). To detect minus-strand RNA synthesis in vivo, BHK cells
were infected with wild-type or lethal/small-plaque mutant vi-
ruses at an MOI of 10. The infected cells were incubated at
37°C, and at various times after infection/transfection, cyto-
plasmic RNA was extracted from the infected cells and used in
the minus-strand-specific two-step RT-PCR assay.

The negligible levels of minus-strand RNA for all the time
points examined in cells infected with R699A indicated that
the mutant protein was incapable of efficient minus-strand
synthesis (Fig. 4B). The mutant K752A displayed no detectable
minus-strand RNA synthesis up to about 6 h postinfection, but
a faint band was observed for minus-strand RNA at 12 h
postinfection (Fig. 4C), suggesting slow recovery or reversion.
The mutant R615A, however, displayed a less severe defect in
minus-strand RNA synthesis than mutants R699A and K752A.
The levels for minus-strand RNA-derived PCR product
though reduced showed an increase in intensity by 6 h postin-
fection, in contrast to the other lethal mutants (Fig. 4B). The
small-plaque mutants K733A and R751A showed low levels of
minus-stand RNA at 1 h and 3 h postinfection (Fig. 4D),
reflecting reduced minus-strand RNA synthesis, which is also
reflected in the slow growth of these viruses (Fig. 2); but by 6 h
the RNA levels had reached saturation, and any possible dif-
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FIG. 5. Detection of minus-strand RNA by RT-PCR. (A) dsRNA
was prepared by hybridizing plus-sense and minus-sense in vitro tran-
scripts representing the 5’ terminal 3.0-kb region of the SINV genome.
The dsRNA was serially diluted in water (the concentration of RNA is
shown at the top) and used in a minus-strand-specific RT-PCR assay to
amplify a 1.6-kb fragment; -ve, one-step RT-PCR negative control. (B,
C, and D) Minus-strand-specific RT-PCR for cytoplasmic RNA
derived from cells infected with wild-type (SINV) or mutant virus at an
MOI of 10 (B and C) or transfected with 10 ng of RNA carrying the
mutation (D). The PCR amplification was for 30 cycles except in the
case of K733A and R751A (C), where the amplification was 15 cycles
long for the 6-h time point. Lambda phage DNA digested with HindIII
was used for size standards (M,). Cytoplasmic RNA from uninfect-
ed cells was used as a control (Mock). p.i. postinfection; p.e.,
postelectroporation.

ferences between wild-type and mutant viruses could not be
ascertained.

The characterization of all the mutants for their ability to
synthesize minus-strand RNA indicated that most of the resi-
dues examined were critical for efficient minus-strand and
therefore plus-strand RNA synthesis. The possible role of
these residues in nsP2-mediated downregulation of host cellu-
lar translation and transcription was then investigated.

Cytopathogenicity and modulation of host macromolecular
synthesis. nsP2 has been associated with virus cytopathogenic-
ity by means of adaptive mutations that have been mapped to
both the N-terminal and the C-terminal regions of the protein
in noncytopathic variants of SINV and SFV (16, 21, 53). The
protein has also been suggested to play a role in host transla-
tional and transcriptional shutoff (27). Mutants from this study
were analyzed for their ability to induce CPE and inhibit cel-
lular translation and transcription.

BHK cells infected with wild-type or mutant viruses were
observed for CPE at 37°C at different times postinfection.
While SINV showed complete CPE by 24 h, small-plaque
mutants K733A and R751A showed complete CPE by 36 h.
R615A showed no detectable CPE at 24 h and only partial
CPE at 48 h. Lethal mutant R699A showed no CPE at 37°C.
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FIG. 6. Virus protein synthesis and inhibition of host cellular translation in cells infected with SINV wild-type or mutant virus. BHK-15 cells
were infected at an MOI of 10. (A) At the indicated times, proteins were pulse labeled with [*S]methionine and analyzed on an SDS-10%
polyacrylamide gel. Gels were dried and autoradiographed. The positions of SINV structural proteins and uncleaved P23 are indicated. The
position of the actin band is indicated by an arrow. (B) Synthesis of cellular proteins in infected cells was analyzed by measuring the radioactivity
counts in the actin band (SINV-actin or R615A-actin), and the results were normalized with the radioactivity detected in uninfected cells. Viral
protein synthesis in infected cells was evaluated by measuring the radioactivity counts in the band of the capsid protein (SINV-capsid or

R615A-capsid).

These results were consistent with previous reports suggesting
a direct correlation between the levels of viral replication and
the development of CPE (21).

In addition to the development of CPE, another major
change accompanying infection of vertebrate cells with SINV is
downregulation of transcription and translation of cellular
mRNAs, which contributes to suppression of the host antiviral
response. The mutants in this study that showed appreciable
nsP2 synthesis, reduced replication, and delayed or negligible
CPE (R615A, K733A, and R751A) were then tested for inhi-
bition of host translation and transcription.

BHK cells were infected with wild-type (SINV) or mutant
viruses at an MOI of 10. The infected cells were incubated at
37°C. At various times postinfection, the infected cells were
radiolabeled with [**S]methionine. The radioactive counts
from the band for B-actin were used for quantitation of cellular
protein synthesis, and the capsid band was used as an indicator
of synthesis of viral structural proteins.

Wild-type SINV and small-plaque mutants K733A (polypro-

tein processing defects) and R751A (reduced RNA replica-
tion) displayed comparable and efficient inhibition of cellular
translation (Fig. 6). This once again demonstrated that defects
in polyprotein processing and RNA replication do not a priori
prevent inhibition of cellular translation, as reported previ-
ously (23, 27). On the other hand, the mutant R615A displayed
reduced efficiency at inhibiting host cellular translation. The
cellular protein (actin) synthesis in cells infected with SINV
was only about 20% of that from mock-infected cells, but cells
infected with R615A had about 80% as much actin synthesis as
in mock-infected cells (Fig. 6B). The synthesis of virus struc-
tural proteins (capsid protein) in R615A-infected cells was
reduced about 3- to 3.5-fold relative to wild-type SINV, which
was also seen as a moderate reduction in the release of infec-
tious virus for this mutant at the nonpermissive temperature
(Fig. 5). This indicated that the reduced ability of R615A to
downregulate the cellular machinery and cause CPE could not
be attributed to lack of assembly and release of infectious
virus.
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FIG. 7. Comparison of phenotypic characteristics for R615A and SIN/G. (A) Minus-strand RNA synthesis. BHK cells were infected with
wild-type virus (SINV), R615A, or the SIN/G mutant at an MOI of 10. At different times postinfection cytoplasmic RNA was extracted and used
in a minus-strand-specific two-step RT-PCR as described in Materials and Methods. (B) Comparison of virus and cellular protein synthesis in cells
infected with R615A, SIN/G, or wild-type (SINV) virus. BHK-15 cells were infected at an MOI of 10 and maintained at 37°C. At 8 h postinfection
proteins were pulse labeled with [>*S]methionine at the indicated times and analyzed on an SDS-10% polyacrylamide gel. Gels were dried and
autoradiographed. The positions of SINV structural proteins and uncleaved P23 are indicated. The position of the actin band is indicated by an
arrow. (C) The synthesis of cellular proteins in infected cells was analyzed by measuring the radioactivity counts in the actin band, and the results
were normalized on the amount of radioactivity detected in uninfected cells. Viral protein synthesis in infected cells was evaluated by measuring

the radioactivity counts in the band of the capsid protein.

The inability of R615A to shut off host translation as effi-
ciently as wild-type SINV and the lack of CPE in R615A-
infected cells were similar to a previously reported adaptive
change at position P726 of nsP2 in persistent infections of both
SINV and SFV virus and replicons (1, 21, 23). In order to
perform a comparative analysis for R615A, the adaptive mu-
tation P726G, referred to as SIN/G (23), was engineered into
the SINV infectious cDNA clone. In vitro transcribed RNA
was used for transfection, and a standard plaque assay was
performed. SIN/G was viable, giving rise to medium-sized
plaques on BHK-15 cells at 37°C as opposed to the no-plaque
phenotype of R615A at 37°C (Table 2). The medium-plaque
phenotype for SIN/G was not surprising since the cytopathic
defects for SIN/G are known to be cell line dependent (23).
Minus-strand RNA synthesis for both mutants displayed a slow
but steady increase that approached wild-type levels by 12 h
postinfection (Fig. 7A). The levels of host protein synthesis in
SIN/G-infected cells was about 40% of that in mock-infected
cells, as opposed to ~20% for cells infected with wild-type
SINV and about 80% for R615A-infected cells (Fig. 7B and
C). Therefore, R615A caused a more severe defect in the
ability of nsP2 to downregulate cellular protein synthesis com-
pared to SIN/G. Synthesis of the viral structural proteins (cap-
sid) was higher for SIN/G than that seen for R615A, consistent
with medium plaque size for SIN/G at 37°C.

The transcriptional inhibition profiles for R615A and SIN/G
were then compared to further differentiate the two mutants.

As seen previously (27), the mock-infected cells displayed the
presence of large amounts of 28S rRNA, 18S rRNA, and
rRNA precursors. The 18S rRNA band was used as a marker
for cellular transcription and processing because the rRNA
precursors comigrated with the viral genomic RNA, and 28S
rRNA comigrated with the subgenomic RNA. The wild-type
virus inhibited cellular transcription such that the 18S rRNA
level was about 3% of that from mock-infected cells (Fig. 8).
Also, mature 18S and 28S rRNA were barely detectable, while
both genomic and the subgenomic RNA could be detected.
SIN/G displayed moderate defects in transcriptional inhibition,
with 18S rRNA at about 39% of the levels detected in mock-
infected cells. Surprisingly, R615A displayed no detectable
rRNA precursors or mature cleavage products. The levels of
genomic and subgenomic RNA were lower in cells infected
with R615A than wild-type SINV, as seen previously (Fig. 3).
However, the transcriptional inhibition was unimpaired in
R615A-infected cells, with 18S rRNA levels of about 3.5% of
the mock-infected cells for both wild-type virus and R615A.
These results indicate that R615 and P726 have different roles
in modulation of the host.

Roles for conserved residues in the interdomain region.
VEEYV residue R604 (analogous to SINV R615) (Fig. 1B and
Table 1; see also Fig. S1 in the supplemental material) is
located on a 29-residue loop that links the protease domain
(VEEV residues 468 to 581 and SINV 472 to 592) and the
MTase-like domain (VEEV residues 610 to 787 and SINV 621
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FIG. 8. Inhibition of transcription in cells infected with wild-type or
mutant viruses. (A) BHK-15 cells were infected with SINV, R615A, or
SIN/G mutants at an MOI of 10 and maintained at 37°C. At 6 h
postinfection cellular RNAs were labeled with inorganic **P for 3 h,
and the RNA was extracted and analyzed by gel electrophoresis under
the conditions described in Materials and Methods. The positions of
28S and 18S rRNA bands are indicated. G and Sg indicate the viral
genomic and subgenomic RNAs, respectively. Asterisks indicate the
rRNA precursors. (B) The synthesis of cellular RNA in infected cells
was analyzed by measuring the radioactivity counts in the 18S rRNA
band.

to 801) (Fig. 1B) (59). The possibility that the phenotypic
characteristics of R615A were due to its location in a highly
conserved region of this loop (see Fig. S1 in the supplemental
material) was examined by mutational analysis. Twelve resi-
dues surrounding R615 (SINV 609 to 622) were replaced with
alanines, and the effects on virus viability (plaque phenotype at
30°C and 37°C), synthesis of protein, and proteolytic process-
ing were determined. Most of the mutations resulted in large
or medium plaques at both temperatures and wild-type levels
of nsP2 (Table 3). Three of the mutations led to a no-plaque
phenotype at 37°C (N609A, N614A, and L621A), but only the
mutant N614A displayed characteristics of a temperature-sen-
sitive plaque phenotype, similar to R615A (Table 3). The no-
plaque mutants N609A and L621A displayed no protein
(nsP2) synthesis at 37°C; however, N614A had nearly wild-
type levels of nonstructural proteins, similar to R615A (Ta-
ble 3). The mutant L610A displayed a small-plaque pheno-
type and showed reduced polyprotein proteolytic processing.

Due to the similarities in the phenotypic characteristics of
No614A and R615A, the effects of N614A on the inhibition of
cellular translation and transcription were determined in par-
allel with R615A. The two mutations had virtually identical
effects. Cells infected with N614A showed 82% of the levels of
actin relative to mock-infected cells at 8 h postinfection, similar
to 80% in cells infected with the R615A mutation and 20% in
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SINV wild-type-infected cells, as seen before (Fig. 6). Virus-
mediated transcriptional inhibition of the host was once again
unaffected in cells infected with either N614A or R615A.
These results indicated that invariant residues N614 and R615
have similar roles in virus replication and survival.

DISCUSSION

The nonstructural proteins from several RNA viruses have
been found to play multiple roles in virus replication. In addi-
tion to being involved in viral RNA genome replication, they
act as antagonists of the host response to virus infection. Ex-
amples include the NS4B protein in dengue virus (46, 47), the
NSS protein of Japanese encephalitis virus and Langat virus (5,
44), the NS5a protein of hepatitis C virus (reviewed in refer-
ence 54), the nonstructural proteins of Rift Valley virus (6),
poliovirus proteases 2A and 3C (9, 79), and the influenza virus
NSI1 protein (15, 72). The mechanism of host inhibition differs
significantly among these viruses. The virus may utilize the
resident enzymatic activity of a viral protein to downregulate
the host response, as in case of the picornavirus proteases (9,
79). Or the host inhibitory function of a viral protein may
overlap with a region that is involved in viral RNA replication,
like the RNA-dependent RNA polymerase domain of Langat
virus (50).

In alphaviruses, two distinct proteins have been found to
contribute to virus-mediated host modulation. In the Old
World alphaviruses, e.g., SINV and SFV, nsP2 is the protein
that is involved in cellular downregulation (16, 21, 23, 27, 53).
Recently it was demonstrated that for New World alphaviruses
e.g., VEEV and Eastern equine encephalitis virus, virus-medi-
ated host antagonism is a property of the capsid protein (CP)
(25), similar to the M (matrix) protein of vesicular stomatitis
virus (2, 7). These proteins are involved in different aspects of
the virus life cycle, nsP2 in RNA replication and CP in forma-
tion of the nucleocapsid core. Both proteins are viral proteases
responsible for critical cleavages during the virus infection
(70). Unlike picornaviruses, host antagonism in alphaviruses

TABLE 3. Phenotypic characteristics of nsP2 interdomain loop mutants”

nsP2 synthesis

Mutation Plaque phenotype in vivo?
SINV Large +
N609A NP -
L610A Small 1
V611A Large +
P612A Large +
V613A Large +
N614A* NP (ts) +
R615A* NP (ts) +
N616A Large +
L617A Large +
P618A Large +
H619A Medium +
A620R Large +
L621A NP -
V622A Large +

“ Plaque phenotype and nsP2 synthesis represent results obtained at 37°C.
Plaque phenotype analysis was also performed at 30°C for all mutants that did
not form plaques at 37°C to identify a temperature-sensitive (z5) lethal phenotype
(*). NP, no plaques.

b 1, polyprotein intermediates observed in addition to full-length nsP2.
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does not depend on viral protease activity (27). Alphavirus
nsP2 is a multifunctional protein and also exists in multiple
forms. The cytoplasmic form of nsP2 functions in the replicase
complex or exists as a soluble factor thought to regulate sub-
genomic RNA synthesis (71). The nuclear form of the protein
is not involved in replication and is important for modulation
of the host in the Old World alphaviruses, e.g., SINV and SFV
(16, 21, 23, 27, 53).We sought to investigate the functional
relevance of the nsP2 MTase-like domain in the diverse roles
of nsP2 during viral RNA replication and host cellular shutoff
during the viral replicative cycle, with the structure from
VEEYV nsP2pro as a reference.

Twelve highly conserved lysine and arginine residues in the
MTase-like domain of SINV (residues 615 to 807) were mu-
tated to alanines as an initial screen to identify residues im-
portant for the virus life cycle. The mutations led to diverse
effects on virus viability and replication. The kinetics of virus
growth for the small-plaque mutants (K733A and R751A) was
only moderately different from the wild-type virus, compared
to the more obvious difference in plaque phenotypes (Fig. 2
and Table 2). Differences between plaque phenotypes and
growth kinetics have been previously reported for SINV 5" and
3’ nontranslated region mutants (37, 48) and suggest that sub-
tle changes in growth kinetics have a more significant manifes-
tation on the ability of the virus to form plaques. Most of the
residues that affected virus growth in SINV could be mapped
to solvent accessible surfaces on the VEEV nsP2pro structure
(Table 1 and Fig. 1B). However, not all conserved, surface-
exposed, positively charged residues displayed growth defects
upon mutagenesis (Table 2). One example was the conserved
nuclear localization sequence (657 RKR 659 in SINV nsP2)
(51, 57). Single amino acid substitutions of residues K658 or
R659 did not lead to altered virus viability, consistent with
previous reports (20, 55, 58). Alanine substitutions for SINV
nsP2 residues R686, R781, and R783 also had no effect on
virus viability (Table 1).

Several previously reported mutations in the protease and
MTase-like domain of nsP2 were associated with temperature-
sensitive defects in polyprotein processing in both SFV and
SINV (62, 71). Recently reported temperature-sensitive mu-
tants in the helicase domain of SFV nsP2 displayed reduced
NTPase and processing functions (4). The ability of residues
distant from the protease active site to influence the proteo-
lytic processing of the polyprotein made it important to screen
the mutants for processing defects. With the exception of
K733A, the mutants in this study largely did not seem to alter
the nonstructural polyprotein processing activity of nsP2 at the
permissive temperature in vitro or at the nonpermissive tem-
perature in infected cells (Fig. 3). The reduced efficiency of
proteolysis processing and the decreased levels of subgenomic
RNA synthesis seen for the mutant K733A were similar to
previously reported nsP2 C-terminal temperature-sensitive
mutants (30, 62, 71). The effect of K733A on the protease may
arise from disruption of the K733-mediated interactions, which
may destabilize the integrity of the MTase-like domain and its
contribution to the substrate binding cleft at nonpermissive
temperatures. These possibilities could explain the polyprotein
intermediates detected for K733A (Fig. 3 and 6A).

While polyprotein precursors arising from defects in pro-
cessing did not accumulate in cells infected with most of the
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mutants, the levels of overall nonstructural protein synthesis
differed significantly. The reduced protein synthesis for mu-
tants R699A and K752A suggested that these mutations either
destabilized nsP2 at nonpermissive temperatures or abrogated
a function of nsP2 required during early stages of viral infec-
tion. Protein stability defects could be ruled out for K752A
since this mutant displayed wild-type levels of protein synthesis
at 30°C in vitro (Fig. 3) but not during virus infection in vivo.
This indicated that the mutation affected a critical function of
nsP2 during replication, which in turn also affected nonstruc-
tural protein synthesis. Similarly, R699A showed ~50% recov-
ery of protein synthesis when cells infected with the virus were
initially maintained at the permissive temperature for 4 h
postinfection, followed by a shift to the nonpermissive temper-
ature (data not shown), suggesting that the temperature sen-
sitivity of this mutant was not because the mutation rendered
the protein thermolabile.

Therefore, the mutations R699A and K752A may affect
nsP2 functions early in virus replication, resulting in reduced
protein synthesis and replication. This early step in viral rep-
lication could be minus-strand RNA synthesis. A comparison
of plus- and minus-strand RNA synthesis for the mutants re-
vealed that the levels for both genomic and subgenomic RNA
were reduced for all the mutants with defects in viability, e.g.,
R615A, R699A, K733A, and R751A (Fig. 4). The reduction in
plus-strand RNA synthesis observed for these mutants could
have arisen either from limited availability of minus-strand
RNA templates because of an inefficient minus-strand repli-
case or from defective functioning of plus-strand replicase,
similar to the previously characterized nsP2 amino terminal
“conversion mutants” (12).

Plus-strand RNA synthesis early in virus replication depends
on the ability of a functional minus-strand replicase to utilize
the incoming RNA (due to virus infection) as a substrate (63,
65). Mutants with inefficient minus-strand RNA synthesis (de-
fective minus-strand replicase) would adversely affect all down-
stream events, i.e., plus-strand RNA synthesis and translation
of plus-strand RNA into nonstructural polyprotein. In this
study, minus-strand replication was downregulated for all mu-
tants that displayed a reduction in the levels of genomic and
subgenomic RNA (Fig. 4 and 5). Previously, molecular genetic
studies have suggested a role for nsP1 and nsP3 in the synthesis
of minus-strand RNA (76, 77). The results from this study
indicate that residues in the MTase-like domain may have an
important role in the early minus-strand RNA synthesis, either
in stabilizing nsP2 interactions in the minus-strand replicase
(nsP1, -2, and -3 and nsP4) or even in promoter recognition for
minus-strand RNA synthesis. Interaction studies involving all
the nonstructural proteins using a combination of biochemical
(in vitro) and replication-independent in vivo analysis would
help to define precise roles of these residues in early infection.

However, the mutation of SINV residue R615 gave rise to
phenotypic characteristics that differed from the other nonvi-
able mutants. The mutant R615A did not give rise to an ob-
servable CPE at the nonpermissive temperature but displayed
a reduced rate of infectious virus release at this temperature.
This mutant did not display remarkable defects in efficiency of
nonstructural polyprotein processing compared to wild-type
virus (Fig. 3 and 6A). The mutation did, however, affect plus-
strand RNA replication. And while the plus-strand RNA levels
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for this mutant were comparable to the temperature-sensitive
lethal mutant R699A (Fig. 4), the minus-strand RNA levels for
R615A did not show the same dramatic reduction as R699A
(Fig. 5B). This suggests that residue R615 presumably contrib-
utes more significantly to the establishment of a functional
replicase complex during plus-strand RNA replication. The
synthesis of wild-type levels of nonstructural protein but re-
duced plus-strand RNA synthesis seen for R615A was similar
to the characteristics of SIN/G in NIH 3T3 cells (27).

In addition to its role in viral replication, R615 contributes
to virus-host interactions that result in a lytic infection by
SINV. The R615A mutant did not affect virus production sig-
nificantly, indicating that the low levels of replication were
enough to produce packaged virus particles that cause a non-
cytopathic infection (Fig. 2 and 6). Comparison of R615A with
the extensively studied persistent infection mutant SIN/G re-
vealed similarities at the level of replication but significant
differences in host modulation.

There have been conflicting reports on the levels of minus-
and plus-strand RNA synthesis by persistent-infection mutants
in SINV and SFV (53, 61). The minus-strand RNA levels were
similar for the mutants R615A and SIN/G (Fig. 7A). R615A
had a more pronounced effect on the ability of nsP2 to cause
host translational shutoff than SIN/G, which showed moderate
effects (Fig. 7B and C). On the other hand, while the role of
nsP2 in transcriptional inhibition was unaffected for R615A,
SIN/G showed less efficient inhibition of cellular transcription
(Fig. 8). Previously, nsP2-mediated inhibition of cellular tran-
scription was shown to be affected by the state of nonstructural
polyprotein processing and cellular distribution of nsP2 (24,
27). In addition, the inhibition of transcription by nsP2 was
suggested to play the more critical role in virus-mediated sup-
pression of the cellular stress response The polyprotein pro-
cessing (and cellular distribution [data not shown]) by nsP2 in
R615A-infected cells had no observable differences from cells
infected with wild-type virus (Fig. 3). Therefore, these results
implicated the change of the residue R615 in causing defects in
translational shutoff with no direct role in nsP2-mediated tran-
scriptional inhibition of the host. This suggests that surface-
exposed residues, R615 and P726, in the MTase-like domain
have different functions in virus-host interactions. While mu-
tation of P726 leads to an overall reduction in nsP2-mediated
interruption of host translation and transcription, the change
at residue R615 specifically affects the ability of the virus to
inhibit cellular translation.

A careful analysis of the VEEV nsP2pro structure reveals
that a 29-residue interdomain linker (SINV 593 to 620 and
VEEV 582 to 609) connects the protease and the MTase-like
domains (Fig. 1B). This linker region could act as a hinge to
allow the two domains to form a functional substrate-binding
cleft for the protease. The invariant R615 is surrounded by 12
highly conserved residues (see Fig. S1 in the supplemental
material), suggesting that this region may have a common
function in virus replication and viability and also raising the
possibility that the unique phenotypic characteristics of the
mutant R615A (compared to other MTase-like domain mu-
tants) may be attributed to the location of the residue R615 on
this loop. Additionally, the surface accessibility of R615 and
phenotype for R615A hint at a role for the linker region in
mediating virus-host interactions.

MTase-LIKE DOMAIN MUTANTS OF SINV nsP2 7295

Mutational analysis of the 12 residues around R615 revealed
that not all of the conserved residues had critical roles in the
virus life cycle. However, the phenotypic characteristics for
N614A and R615A indicated that these interdomain residues
indeed contributed specifically to the protease-independent
host translational inhibition by nsP2 and in the cytopathic
outcome of SINV infection. Unlike the distribution of function
in host antagonism seen for the picornavirus proteases 2A
(translational inhibition) and 3C (transcriptional inhibition) (9,
79), the same domain in nsP2 has residues involved in specific
aspects of host cellular downregulation. It remains to be de-
termined whether the residues in the nsP2 MTase-like domain
control nsP2-mediated transcriptional inhibition in a manner
that is independent of the host translational shutoff and the
viral protease functions. Comparison of New and Old World
alphaviruses reveals that the amino-terminal region of VEEV
CP, which is involved in host antagonism, is independent of the
protease domain and the major viral RNA-binding domain
(25). The VEEV CP amino-terminal region is located between
helix I (that contributes to coiled-coil interactions in nucleo-
capsid core) and the positively charged RNA-binding region.
Similarly, we found that in the case of nsP2, residues in the
MTase-like domain have specific roles in the virus-mediated
host downregulation. This suggests that the virus evolved to
mediate interactions with other viral and/or host proteins using
structural motifs that do not contribute enzymatically to virus
replication (nsP2 MTase-like domain and CP N-terminal re-
gion).

In summary, we used point mutations in the SINV nsP2
MTase-like domain to answer questions about its functional
significance during viral replication. The phenotypic character-
istics of the residues demonstrated the following: (i) that this
domain is involved in early stages of viral replication, presum-
ably in the establishment of a stable, functional (minus strand)
replicase; (ii) that residues located on the linker between the
protease and MTase-like domain have specific roles in host
translational inhibition in addition to their roles in viral RNA
replication; (iii) that these residues play a critical role in the
ability of SINV to give rise to a cytopathic infection, and in
contrast to previous reports (27), loss of host translational
inhibition may contribute significantly (if not solely) to devel-
opment of a noncytopathic infection. Mutation of residue
SINV R615 gives rise to a virus with all the desired phenotypes
of a persistent SINV vector: reduced inhibition of host mac-
romolecular synthesis, reduced vector RNA synthesis, efficient
protein synthesis, and efficient packaging into alphavirus par-
ticles. Therefore, these results also provide information about
residues that can be used for construction of noncytopathic
SINV vectors for gene delivery, as well as production of re-
combinant proteins in cultured cells.
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