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Alphavirus nsP3 phosphoprotein is essential for virus replication and functions initially within polyprotein
P123 or P23 components of the short-lived minus-strand replicase, and upon polyprotein cleavage, mature
nsP3 likely functions also in plus-strand synthesis. We report the identification of a second nsP3 mutant from
among the A complementation group of Sindbis virus (SIN) heat-resistant strain, ts RNA-negative mutants.
The ts138 mutant possessed a change of G4303 to C, predicting an Ala68-to-Gly alteration that altered a
conserved His-Ala-Val tripeptide in the ancient (pre-eukaryotic), “X” or histone 2A phosphoesterase-like
macrodomain that in SIN encompasses nsP3 residues 1 to 161 and whose role is unknown. We undertook
comparative analysis of three nsP3 N-terminal region mutants and observed (i) that nsP3 and nsP2 functioned
initially as a single unit as deduced from complementation analysis and in agreement with our previous
studies, (ii) that the degree of phosphorylation varied among the nsP3 mutants, and (iii) that reduced
phosphorylation of nsP3 correlated with reduced minus-strand synthesis. The most striking phenotype was
exhibited by ts4 (Ala268 to Val), which after shift to 40°C made significantly underphosphorylated P23/nsP3
and lost selectively the ability to make minus strands. After shift to 40°C, mutant ts7 (Phe312 to Ser) made
phosphorylated P23/nsP3 and minus strands but failed to increase plus-strand synthesis. Macrodomain
mutant ts138 was intermediate, making at 40°C partially phosphorylated P23/nsP3 and reduced amounts of
minus strands. The mutants were able to assemble their nsPs at 40°C into complexes that were membrane
associated. Our analyses argue that P23/P123 phosphorylation is affected by macrodomain and Ala268 region
sequences and in turn affects the efficient transcription of the alphavirus genome.

The alphavirus Sindbis virus (SIN) is a plus-strand RNA
virus whose 49S genome encodes four nonstructural proteins
(nsPs), nsP1, nsP2, nsP3, and nsP4, numbered according to
their gene order. These essential components of the viral rep-
licase and transcriptase are synthesized initially as two polypro-
teins, P1234 and P123, the former by readthrough of an opal
termination codon between the nsP3 and nsP4 genes (66). The
viral replicase synthesizes genome-length plus- or minus-strand
RNA, and the transcriptase synthesizes a subgenomic 26S
mRNA that encodes the viral structural proteins. Functions of
the four nsPs are beginning to be elucidated (reviewed in
references 26, 54, and 66). The nsP1 methyltransferase and
guanylyltransferase activities function in capping of the viral
49S and 26S plus-strand RNA (4–6, 9, 45, 59, 72), and nsP1
downstream regions function in the initiation of minus-strand
RNA synthesis (23, 58, 74) and interaction with the nsP4 poly-
merase (15, 16, 60). The N-terminal region of nsP2 expresses
RNA 5�-triphosphatase (69), and NTPase and helicase activi-
ties (12, 19, 29, 32, 33, 52). The C-terminal domain expresses a
thiol protease that is responsible for processing the viral non-
structural polyprotein precursors (11, 13, 18, 23, 24, 28). It also
functions in internal initiation for subgenomic mRNA synthe-
sis (22, 27, 56, 63) and encodes a nuclear localization signal
(48). The nsP4 polymerase contains the conserved, GDD-con-
taining sequence motif of RNA-dependent RNA polymerases

(14, 19, 21, 25, 29) and affects host cell-dependent replication
(15, 39). Only some plant virus members of the SIN superfam-
ily have an nsP2-like thiol protease sequence, and only animal
virus members have an nsP3-like gene (2, 19, 25, 29, 64).

The 549-amino-acid-long SIN nsP3 provides an essential
although unknown function needed for viral RNA synthesis,
including minus-strand and subgenomic 26S mRNA syntheses
(22, 29, 34, 35, 49, 73). Comparison of the N-terminal se-
quences of SIN nsP3 with those of rubella virus, hepatitis E
virus, and coronaviruses showed a highly conserved region of
unknown function, originally called the “X” domain, flanking
the papain-like protease domains of each virus (29). This is a
homologue of the “macrodomain” identified initially in mac-
rohistone 2 of vertebrates (46) and is also present as a repeated
sequence in open reading frames in the human genome that
include BAL, a gene implicated in diffuse large B-cell lym-
phoma migration (1). The macrodomain product of yeast gene
YBR022w exhibited ADP-ribose-1�-phosphate (Appr-1�-p)-
processing activity, indicating that the macrodomain is a phos-
phoesterase (41). Only the N-terminal one-half to two-thirds of
nsP3 is conserved among alphaviruses, and it is essential for
infectivity (35, 66). SIN and Semliki Forest virus (SFV) nsP3
are phosphoproteins. This posttranslational modification oc-
curs on Ser and Thr residues primarily in the C-terminal region
and likely involves kinases resembling casein kinase II (40) and
protein kinase C (71). SIN nsP3 phosphorylated species range
in size from 76 to 106 kDa (23, 40, 49). Sixteen phosphoryla-
tion sites were mapped in the smaller SFV nsP3, identifying
Ser320, Ser327, Ser332, and Ser350 and �10 possible residues
within the region containing amino acids G338 to K415, and
especially Thr344/345 residues, as phosphorylation targets
(71). Several observations support a functional role for phos-
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phorylated nsP3 species. Phosphorylated nsP3 species are en-
riched in the 15,000 � g pellet (P15) cell fraction that contains
viral replicative intermediates and active polymerases (35, 38,
40, 47) and in active replication complexes solubilized from
P15 membranes (7). Eliminating phosphorylation of nsP3
greatly reduced pathogenicity in mice (68, 70).

Initially, nsP3 seems to function within polyproteins P123
and P23. Using complementation to assess the ability of SIN
heat-resistant (HR) nsPs to dissociate, exchange, and assemble
in replication complexes, we found evidence for only three
complementation groups (73). These would represent nsP1
(group B), P23 (mutants formerly in group A or G), and nsP4
(group F). We argued that nsP2 and nsP3 would act as a single
cistron because they associated immediately after their synthe-
sis and before their cleavage or because polyprotein P23 was
their functional form. The only exceptions to this to date are
SIN linker insertion mutants carrying an extra six amino acids
between residues 58 and 59 or 226 and 227 of nsP3 (35). The
low or selective complementation observed may reflect en-
hanced 2/3 site cleavage or the partial activity of replicases
composed of mixtures of both mutant P23 proteins. Biochem-
ical (36, 39, 61, 62) studies also provided evidence that P23
polyproteins are components of the minus-strand replicase.
The present model is that cleavage of the nascent P1234 first at
the 3/4 site forms P123-nsP4 complexes able to bind genome
RNA and synthesize a minus strand. Then, cleavage at the 1/2
site forms nsP1-P23-nsP4 replicases active in 49S minus-strand
and plus-strand amplification. Last, cleavage of P23 results in
stable nsP1-nsP2-nsP3-nsP4 complexes that continue 49S ge-
nome synthesis and can recognize the internal promoter on
minus strands for synthesis of 26S mRNA. Cleavage of P23 is
a key regulatory event because it inactivates the minus-strand
activity of the replicase and forms the transcriptase activity for
26S mRNA synthesis.

We report the identification of a new nsP3 mutant from
among those assigned originally to the A complementation
group, which includes many nsP2 mutants. This provides ad-
ditional evidence for an essential role for P23 species. A com-
parative analysis of this and two other nsP3 mutants showed
that the degree of phosphorylation of nsP3/P23 differed in the
three mutants and that reduced nsP3/P23 phosphorylation cor-
related with reduced minus-strand synthesis. It is interesting
that the new nsP3 mutant ts138 changed a conserved His-Ala-
Ala tripeptide sequence that is predicted to be part of the
active site of the putative nsP3 macrodomain enzyme.

MATERIALS AND METHODS

Cells and virus. Chicken embryo fibroblast (CEF) cells were prepared from
10-day-old embryos from the eggs of leukosis-free (SPF-COFAL/Marek-nega-
tive) flocks (Spafas, Roanoke, Ill.) and were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with tryptose phosphate broth (5%,
vol/vol) and fetal bovine serum (FBS; 6%, vol/vol). BHK-21 cells, a continuous
cell line derived from baby hamster kidney cells, were grown in DMEM con-
taining 6% fetal bovine serum.

The HR strain of SIN (wild type) and the RNA-negative ts mutants ts4 and
ts11 of SIN HR were isolated by Burge and Pfefferkorn (8) and obtained from E.
Pfefferkorn. The mutant ts138 was isolated following chemical mutagenesis of a
large-plaque variant of SIN HR (63) and was a generous gift of E. G. Strauss.
Toto:ts7B5 is a recombinant virus (22), obtained by in vitro transcription and
transfection of cells with the plasmid Toto:ts7B5, a gift from E. G. Strauss. It
contains the SalI (nucleotide [nt] 4845)-SpeI (nt 5262) region of ts7 in Toto1101,
an infectious cDNA clone of SIN HR (51). Virus stocks used in this study were

obtained by plaque purification and propagated at a low multiplicity of infection
(MOI) of 0.1 to 1 PFU/cell. Revertants of ts138 were obtained from plaques at
40°C, followed by two plaque purifications at 40°C. The twice-plaque-purified
virus was then grown in CEF cells at an MOI of 0.1 to 1 PFU/cell, and revertant
virus stocks that had an efficiency of plaquing (EOP; the ratio of PFU at 40°C to
PFU at 30°C) on CEF cells of 0.70 were obtained.

Plasmids. Toto1101 and the �nsP12 and �nsP23 shuttle vectors were con-
structed by Rice and coworkers (51) and were a generous gift from J. Lemm and
C. Rice (Rockefeller University, New York, N.Y.). Plasmid DNA preparation,
DNA ligations, restriction enzyme digestion and cloning, and transformation
were performed as previously described (10, 53, 74).

Infection and RNA labeling. In all experiments, CEF or BHK monolayers were
infected with SIN HR or one of the ts mutants at an MOI of 100 and, where
indicated, were shifted to 40°C, as previously described (10). Monolayers were
pulse-labeled with 1 ml of 5�-[3H]uridine (50 �Ci/ml unless otherwise indicated)
in DMEM containing 20 �g of actinomycin D/ml, 5% FBS, and 20 mM HEPES,
pH 7.4. At the end of the labeling period, cells were washed twice with ice-cold
phosphate-buffered saline and lysed with 5% lithium dodecyl sulfate in LET
buffer (0.1 M LiCl, 1 mM EDTA, and 10 mM Tris-HCl, pH 7.4) containing
proteinase K (Amresco, Solon, Ohio), as described previously (10). The amount
of 49S genome RNA relative to subgenomic 26S mRNA synthesis at permissive
and nonpermissive temperatures was determined after electrophoresis of infect-
ed-cell extracts on agarose gels (10).

Isolation of viral RNA. Viral RNA for sequencing and reverse transcription
was obtained as described previously (10, 73). The concentration of viral RNA
was determined by measuring absorbance at 260 nm in a Beckman DU 70
spectrophotometer (25 A260 � 1 mg of RNA).

Construction of hybrid genomes. First-strand cDNA was synthesized as de-
scribed by Dé et al. (10). Second-strand cDNA synthesis and subsequent ampli-
fication (20) were performed by PCR in a Perkin-Elmer thermal cycler (Perkin-
Elmer Cetus Corp., version 2.0), using thermostable Taq (Thermus aquaticus)
DNA polymerase (Perkin-Elmer or Boehringer Mannheim). Toto1101 DNA was
used as a control for each of the reactions. Thermal cycling was done for a total
of 20 or 25 cycles (10).

Construction of Toto1101 deletion vectors. Selection of hybrid clones contain-
ing mutant cDNA sequences took advantage of the use of vectors of Toto1101
containing deletions within the region to be cloned. Swapping into these vectors
the overlapping cDNA fragments derived from mutant genomes restored the full
sequence and gave infectious constructs. The vectors TEB, TSH, and TW20 have
been described previously (10, 73).

Construction of Toto:ts138 BglI (nt 2288)-BspEI (nt 4318) clones. First-strand
cDNA of regions of the mutant genome RNA was synthesized using a minus-
sense primer, DLS11 (nt 4324 to 4342), prepared by Operon Technologies Inc.
(Alameda, Calif.). One-twentieth (5 �l) of the reverse transcription reaction
mixture was then amplified by PCR using DLS11 and a second-strand primer,
ID2 (nt 1366 to 1380), for 25 cycles. The PCR products were separated on an
0.8% agarose gel in Tris-agarose-EDTA buffer. The desired fragment of 2,976 bp
was cut out from the gel and extracted using the GeneClean II (Bio 101 Inc.)
protocol. About 100 ng of PCR product was digested with BglI (nt 2288) and
BspEI (nt 4318) at 37°C. The restriction fragments were separated on an 0.8%
agarose gel, and the DNA fragment was cut out and extracted in 10 �l of water.
The DNA fragment was then inserted, using T4 DNA ligase (New England
Biolabs, Beverly, Mass.), in place of the corresponding region in the shuttle
vector �nsP23 (37). The ligation products were used to transform competent
MC1061p3 bacteria, and the resulting transformed colonies were screened for
the presence of a full-sized plasmid. DNA from each clone was screened by
restriction enzyme digestion and separation of the resulting fragments on aga-
rose gels to confirm their size and the presence of the inserted fragment. DNA
from positive clones was cut with BglII (nt 2288) and SpeI (nt 5262), and this
fragment was swapped into Toto1101 in place of the wild-type sequence.

In vitro transcription and transfection of CEF cells. Hybrid cDNA clones
were linearized at the unique XhoI site and transcribed with SP6 polymerase
(Megascript; Ambion), and the full-length transcripts were transfected into CEF
cells, as previously described (51).

Sequence analysis. Sequencing of the mutant recombinant cDNA was as
described previously (10). The entire region of the mutant cDNAs swapped to
form the final recombinant subclones expressing mutant phenotypes was se-
quenced.

Protein labeling and immunoprecipitation. CEF cells were infected with SIN
HR, ts4, Toto:ts7B5, or ts138 viruses at 30°C for 1 h with an MOI of 100. After
virus adsorption, cell monolayers were refed with complete DMEM (DMEM,
5% FBS, 20 mM HEPES [pH 7.4], and 2 �g of actinomycin D/ml) and incubated
at 30°C. Cells were refed with DMEM containing 1% of the normal methionine
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concentration, 5% dialyzed FBS, 2 �g of actinomycin D/ml, and 20 mM HEPES
(pH 7.4) and incubated at 30°C for 1 to 2 h prior to labeling at 30°C or to shift
to 40°C. Cultures were shifted to 40°C at a time when the rate of RNA synthesis
was approximately 10% of the maximum and incubated with prewarmed hyper-
tonic medium (DMEM with 1% normal methionine and containing NaCl at a
final concentration of 335 mM) for 40 to 60 min at 40°C (27, 28). For labeling at
30°C, cultures were incubated in the hypertonic medium for 60 min. Following
hypertonic treatment, the cells were labeled for 30 min with 1 ml of [35S]methi-
onine (0.2 mCi/ml) in isotonic DMEM minus methionine, after which cells were
lysed with 1% lithium dodecyl sulfate–1 mM EDTA to obtain a final cell con-
centration of 5 � 106 cells/ml. Following the pulse, a second set of cultures was
chased for 1 to 2 h in isotonic medium containing a 20-fold excess of methionine
at 30 or 40°C and was then lysed as above.

Immunoprecipitation of labeled nsPs was performed with monospecific anti-
bodies to nsP1, nsP2, nsP3, or nsP4, as described previously (7, 10) that were a
generous gift from J. H. and E. G. Strauss. The final precipitate after solubili-
zation was analyzed on 5 to 10% linear gradient polyacrylamide gels in Laemmli
buffer (31).

Preparation of the P15 fraction and solubilization. CEF cells in 60-mm-
diameter petri dishes were infected with each virus for 1 h at 30°C at an MOI of
100. After virus adsorption the cells were incubated with complete DMEM
(DMEM, 2 �g of actinomycin D/ml, 6% FBS, 20 mM HEPES, pH 7.4) at 30°C.
One and a half hours before shift to 40°C the cells were refed with medium
containing DMEM containing 1% of the normal concentration of methionine, 2
�g of actinomycin D/ml, 20 mM HEPES (pH 7.4), and 6% dialyzed FBS for 1.5 h
at 30°C. At 4.5 h postinfection (p.i.) the cultures were shifted to 40°C and
incubated with hypertonic medium containing 1% of the normal concentration of
methionine and a final concentration of 335 mM NaCl for 40 min at 40°C. After
hypertonic treatment, the cells were pulsed with 0.2 mCi of [35S]methionine/ml
for 30 min at 40°C in isotonic DMEM–1% methionine followed by a 1-h chase
with isotonic DMEM containing a 20-fold excess of methionine at 40°C. At the
end of the chase period the cells were harvested and broken by Dounce homog-
enization in hypotonic medium, and the P15 and S15 fractions were obtained as
described previously (7). Aliquots of the P15 fraction were adjusted to 100 mM
NaCl and 1% deoxycholate (DOC), vortexed, and recentrifuged at 15,000 � g.
Proteins in the resultant supernatant (DOC-S15) fractions were immunoprecipi-
tated as described previously (7), by the addition of nsP1 to nsP4 monospecific
antibodies (gift of E. and J. Strauss), and were analyzed by electrophoresis on
sodium dodecyl sulfate (SDS)–5 to 10% linear gradient polyacrylamide gels (31).

Isolation of SIN RF RNA and quantitation of minus-strand RNA. The rate of
minus-strand RNA synthesis was determined as described by Dé et al. (10).
Duplicate cultures at 30°C were pulse-labeled for 1 h or for 20 min at the time
of shiftup and for 1 h or for 20 min before shiftup to determine the amount of
minus strands synthesized at 30°C prior to shift as well as after shift to 40°C over
the same period of time. In experiments where incorporation was measured at
5-min intervals for 20 min at 40°C, cells also were labeled at 30°C, starting at the
time of shiftup, for two 20-min intervals to determine the trend of minus-strand
RNA synthesis at 30°C. Deproteinized cell lysates were digested with RNase A
and chromatographed on CF-11 cellulose (Whatman, Clifton, N.J.) as described
previously (17) for the isolation of the replicative-form RNA (RF RNA). Minus-

strand RNA was measured by nuclease protection assays that determine the
amount of [3H]uridine-labeled RF RNA that after denaturation will hybridize to
an excess (about 100-fold) of unlabeled 49S plus-strand RNA (53).

RESULTS

Identification of a new nsP3 mutant. Reversion frequencies
of A complementation group mutant ts138 ranged between
10	4 and 10	5 (data not shown), suggesting that the phenotype
of ts138 was the result of a single point mutation. The A
complementation group is complex and comprised of mutants
whose causal lesions can reside in the gene for either nsP2 or
nsP3. Thus, it is likely that the A complementation group
represents the functional P23 cistron. For this reason, se-
quences coding for both nsP2 (nt 1601 to nt 4101) and the
N-terminal part of nsP3, which encompasses nt 4102 to nt
5750, were cloned initially and exchanged in place of the cor-
responding wild-type sequence in the SIN cDNA clone
pToto1101 (Fig. 1). In vitro RNA transcripts were synthesized
and used to transfect CEF cells. The recombinant viruses that
resulted were screened for growth at 30 and 40°C. Results are
summarized in Table 1.

Only Toto:ts138BBs (BglII [nt 2288]-BspEI [nt 4318]) viruses
were ts for growth and had an EOP that ranged between 0.1 �
10	5 and 3 � 10	5. This region was subcloned as three sepa-
rate pieces, and the resulting viruses were analyzed. Toto:

FIG. 1. Strategy for mapping the responsible mutation in ts138. Infectious cDNA clones that contained parts of each mutant nsP coding region
in place of the corresponding regions of parental pToto1101 cDNA were made as described in Materials and Methods. Unique restriction
endonucleases and their cleavage sites are marked under the schematic of the viral nsP1 to nsP4 regions. The solid regions represent sequences
from the mutant; the open regions are those from pToto1101.

TABLE 1. Analysis of recombinant viruses indicates that ts138 is an
nsP3 mutant

Virus
Fragment
replaced

(nt)

EOP (PFU at 40°C/
PFU at 30°C) Growth

ts138 2 � 10	4 ts
138R 7 � 10	1 wta

Toto:ts138SC 1–2713 3 � 10	1 wt
Toto:ts138BBs 2288–4318 0.1 � 10	5–3 � 10	5 ts
Toto:ts138BN 2288–3734 3 � 10	1–9 � 10	1 wt
Toto:ts138NA 3734–4280 4 � 10	1–6 � 10	1 wt
Toto:ts138ABs 4280–4318 2 � 10	4 ts
Toto:ts138BN�NA 2288–4280 1 � 10	1–5 � 10	1 wt

a wt, wild type.
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ts138BN (BglII [nt 2288]-NheI [nt 3734]) and Toto:ts138NA
(NheI [nt 3734]-AvrII [nt 4280]) viruses were wild type, but
Toto:ts138ABs (AvrII-BspEI) viruses that contained the region
from nt 4280 to nt 4318 were ts for growth. This latter virus
gave an EOP similar to the original ts138 mutant EOP, con-
firming that the causal lesion(s) was in the region between nt
4280 and nt 4318. Sequencing identified two changes from the
published SIN nsP3 sequence (65) at nt 4227 (A to G, predict-
ing a change of Thr43 to Ala) and at nt 4303 (C to G, predict-
ing a change of Ala68 to Gly). We found that Toto:ts138ABs
recombinants with only the nt 4303 change expressed fully the
ts phenotype, while Toto:ts138NA recombinants with only the
nt 4227 change were wild type. Therefore, the change at nt
4303 was necessary and sufficient to confer the ts138 pheno-
type.

In addition to the causal mutation, the nsP2 sequence of
ts138 and ts138 revertant viruses differed from the published
SIN HR small-plaque virus sequence (65) in having U at nt
2992 instead of C, which predicts a change of Pro438 to Leu,
and in having U at nt 3035 instead of C, which would not
change the Asp452 codon. The substitution at nt 2992 is
present also in our laboratory strain of SIN HR and mutants
derived from SIN HR (10), in Toto1101 (S. Barnhart and D.
Sawicki, unpublished results), and in several strains of SIN
including AR339 (43). The change at nt 3035 was unique to
ts138 and its revertants, as it was not present in the genomes of
Toto1101, SIN HR, or other SIN HR mutants such as ts16 and
ts19 (data not shown). We tested whether the nt 2992 and nt
3035 base changes together might confer an additional condi-
tionally lethal phenotype by combining subclones Toto:
ts138BN and Toto:ts138NA into one genome (Toto:
ts138BN�NA). Neither of these mutations made virus growth
ts (Table 1) or significantly affected the temperature sensitivity

of viruses containing the Gly68 change also (Toto:ts138BBs,
Table 1).

Finding that A group mutants ts4 (73) and ts138 map to
nsP3, while eight other A complementation group mutants
map to nsP2 (10, 22, 57), supports our earlier finding that nsP2
and nsP3 behave as a single cistron and the interpretation that
this reflects early, essential functions of the P23 polyprotein
intermediate (73). To date, there are three conditionally lethal,
single-nucleotide alterations known to affect nsP3 function, a
change of Ala268 to Val in ts4 (73), the Gly68 change in ts138
(this study), and a change of Phe312 to Ser in ts7 that in the
recombinant Toto:ts7B5 is expressed in the absence of an nsP2
mutation also found in ts7 (22). Some of the multiple-base
insertion mutations constructed by LaStarza et al. (35) are also
in this N-terminal region (Fig. 2). Mutants CR3.36, with an
insertion between residues 58 and 59, and CR3.39, with an
insertion between residues 226 and 227, were ts for growth and
defective in minus-strand synthesis at 40°C (35). Mutant
CR3.34, with an insertion between amino acids 252 and 253,
was defective in 26S mRNA synthesis independent of temper-
ature.

Lesions in nsP3 are within the essential N-terminal domain
and one overlaps the “X” or macrodomain. Of the 549 amino
acid residues in SIN nsP3, only the N-terminal 325 residues are
conserved and essential in cultured cells (34, 35). Substituted
residues Val268 and Ser312 are nearer the C-terminal end of
this conserved domain (Fig. 2). The N-terminal part of nsP3
contains residues identified as invariant in the genomes of at
least four alphaviruses, rubella virus, and hepatitis E virus and
are within the ancient macrodomain (29). In SIN HR, the
macrodomain comprises amino acid residues 1 to 161. Of in-
terest, the change of Ala68 to Gly in ts138 alters one of these
invariant residues and the middle residue in an His-Ala-Val

FIG. 2. Change of Ala68 to Gly alters an invariant residue in the nsP3 N-terminal macrodomain sequence. The symbol ! denotes invariant
residues among nsP3-like proteins encoded in the genomes of hepatitis E virus, rubella virus, and at least the alphaviruses SIN, SFV, O’nyong-
nyong virus, Ross River virus, Middelburg virus, and Venezuelan equine encephalitis virus. Computer analysis and sequences were reported by
Koonin et al. (29), who found that the macrodomain represented residues 1 to 161 of SIN nsP3, residues 785 to 942 of the hepatitis E virus protein,
and residues 816 to 984 of the rubella virus protein. Additional insertion mutations and deletions were reported by LaStarza et al. (35), and five
of these mutants mapping within the N-terminal 325 amino acids of nsP3 are also indicated (designated CR3, followed by a number).
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tripeptide sequence (the sequence is His-Ala-Ala in newly
described fish alphaviruses, sleeping disease of trout and
salmon pancreas disease viruses (50, 77). The His-Ala-Val (or
His-Ala-Ala) sequence is predicted by structural analysis to be
part of the active site of an enzyme residing in nsP3 (A. E.
Gorbalenya, personal communication). We undertook a com-
parative analysis of the phenotypes of the nsP3 Gly68, Val268,
and Ser312 mutants.

Polyprotein processing by the nsP3 mutants. The presence
of nsP3 Gly68 (ts138), Val268 (ts4), or Ser312 (Toto:ts7B5)
proteins in nascent or intermediate polyproteins did not affect
cleavage and release of nsP2 (10, 56, 73) or of nsP3 and nsP4
(Fig. 3). Infected cells shifted to 40°C at 3.5 h p.i., a time when
viral replication complexes are being formed and nsP produc-
tion is maximal, contained cleaved nsP3, nsP4, and P34
polypeptides (Fig. 3). The formation of nsP3 in large amounts
indicated that pulse-labeled P123 and P23 were cleaved effi-
ciently during the chase. Newly synthesized nsP3 migrated as
76-kDa proteins, similar to the fast-migrating, nonphosphory-
lated forms of nsP3a proteins detected immediately after a
short pulse (40). Phosphorylation is responsible for the re-
duced mobility on gels of nsP3 proteins and polyproteins (40).
Consistent with their becoming phosphorylated during the
chase period, nsP3 proteins were found as several higher-mo-

lecular-mass species, two of which have been called nsP3b (78
kDa) and nsP3c (106 kDa) by Li et al. (40). In addition to these
two major phosphorylated species, a significant amount of a
third species with intermediate mobility, here labeled nsP3*,
was present. A protein of similar mobility was detected in
C7/10 mosquito cells (40).

Two of the nsP3 mutants showed a ts defect in phosphory-
lation based on the higher electrophoretic mobility of their
nsP3 species. This modification occurred normally at 40°C in
virus-infected CEF cells producing Ser312 (Toto:ts7B5) nsP3
and P34 proteins (Fig. 3B). However, Val268 (ts4) nsP3 pro-
duced at 40°C included little or none of the higher-molecular-
weight nsP3* or nsP3c species (Fig. 3). Gly68 (ts138) nsP3
proteins accumulated as mostly nsP3b and nsP3*, with little of
the nsP3c species (Fig. 3A). There was a similar failure to fully
modify their P34 proteins at 40°C. The ts4 Val268 nsP3 pro-
teins were found as nsP3a species immediately after the pulse
and were converted to slightly higher molecular weight forms
equivalent to parental nsP3b after a chase. This indicated that
a level of phosphorylation typical of nsP3b was likely occurring
in ts4-infected cells at 40°C (Fig. 3B) but that little or no nsP3*
or nsP3c species were formed. Revertants of ts4 regained the
ability to fully phosphorylate Val268 nsP3 at 40°C (Fig. 3A).

Also noted was an increased formation of P34 relative to
nsP4 by nsP3 mutant-infected cultures (Fig. 3B) compared to
wild type or non-nsP3 mutants (data not shown) (10). Accu-
mulation of P34 argued that P1234 polyproteins were cleaved
efficiently at the 2/3 site but less well at the 3/4 site. Failure to
efficiently release large amounts of nsP4 would be rate limiting
for the formation of minus-strand replicases and in turn would
affect levels of plus-strand replicases and transcriptases.

Transport of mutant nsPs to P15 membrane-associated rep-
lication complexes at 40°C. SIN HR replication complexes are
composed of all four nsPs, are enriched selectively in the
15,000 � g mitochondrial membrane pellet (P15) fraction, and
can be released from membranes with DOC (7). We found
evidence that mutant nsP3 proteins made at 40°C were trans-
ported to P15 membranes and became complexed with other
nsPs at 40°C. Cultures of CEF cells in 60-mm-diameter petri
dishes that were infected at an MOI of 100 at 30°C were
monitored for the composition of replication complexes early
in infection by shifting these cultures to 40°C when each virus’s
rate of RNA synthesis was ca. 25% of its eventual maximal
30°C rate (monitored in a separate experiment). Cultures were
incubated for 1 h with 40°C hypertonic medium to clear trans-
lating ribosomes, allowed to initiate translation in the presence
of [35S]methionine in isotonic medium for 30 min, and chased
for 1 h to allow nsPs to be processed and assembled into
complexes that normally accumulate in the P15 fraction. When
made and processed at 40°C, mutant nsP3 was found in the P15
fraction with other nsPs and was released into the soluble
phase after DOC treatment (Fig. 4A), similar to parental nsPs.
At 40°C, Toto- and nsP3 mutant-infected cells had greater
amounts of nsP2 in the soluble fraction than the P15 fraction
even without DOC treatment, confirming results with SFV
nsP2 (67). Only at 40°C and only in Toto:ts7B5-infected cells
were several high-molecular-weight species present of the size
expected for P12 or P23 intermediate polyproteins.

Immunoprecipitation of the solubilized DOC-S15 fractions
with antibodies monospecific for each nsP and analysis of the

FIG. 3. Altered migration of nsP3 proteins made at 40°C indicated
that certain mutant nsP3 proteins were temperature sensitive for phos-
phorylation. (A) CEF cells were infected with either an nsP3 mutant,
the revertant of ts4, or parental SIN HR and were maintained at 30°C
or shifted to 40°C late in infection. Viral proteins were pulse-labeled
with [35S]methionine for 30 min as described above (Materials and
Methods) followed by a chase period of 1 h before the cells were lysed.
Infected-cell lysates were immunoprecipitated with nsP3 antibodies,
and the precipitates were analyzed by gel electrophoresis. (B) Lysates
from ts4-, Toto:ts7B5-, or mock-infected cells labeled and chased at
40°C were immunoprecipitated with antibodies specific for nsP3 (left
panel) or for nsP4 (right panel), and the immunoprecipitates were
analyzed on 5 to 10% Laemmli linear gradient polyacrylamide gels
(31).
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immunoprecipitates after electrophoresis on SDS-polyacryl-
amide gels found that the four nsPs made at 40°C were com-
plexed together (Fig. 4B). While each nsP antiserum predom-
inantly precipitated its homologous nsP, a consistent finding
when this fraction is analyzed by immunoprecipitation (7),
each nsP antiserum also coprecipitated detectable amounts of
the other nsPs. Intermediate polyproteins present in the 40°C
Toto:ts7B5-infected DOC-S15 fraction were P12, and not P23,
proteins from their presence in immunoprecipitates formed by

both nsP1 and nsP2 antisera (Fig. 4B, right panel). This is of
interest because, in vitro, P12 proteases poorly cleave the 2/3
site of P23 proteins that would be components of minus-strand
replicases (11, 24). One prediction would be that, at 40°C, its
minus-strand synthesis would continue longer than in infected
cells where P23 was cleaved more quickly. In addition to nsP1
and nsP2 proteins, nsP3 was present in the DOC-S15 fractions
and had similar electrophoretic mobilities (phosphorylated
species) as the total infected-cell nsP3 population (Fig. 3).

FIG. 4. nsP3 mutants form replication complexes that associate with P15 membranes and are released with detergent treatment. CEF cells were
infected at 30°C, shifted to 40°C between 1.5 and 2 h p.i., and labeled with [35S]methionine as described in Materials and Methods. (A) Lysates
from cultures shifted to 40°C. The 15,000 � g pellet (P15) and supernatant (S15) fractions were obtained and analyzed directly on 5 to 10%
Laemmli polyacrylamide gels. The P15 fraction was resuspended in 100 mM NaCl–1% DOC, vortexed, and repelleted at 15,000 � g to obtained
the detergent-washed pellet fraction (DOC-P15) and the detergent supernatant (DOC-S15). (B) Immunoprecipitation of 40°C nsP3 mutant
DOC-S15 fractions. The DOC-S15 fractions, obtained from each infected-cell P15 fraction as described above, were incubated with antibodies
specific for each of the viral nsPs, as indicated. Immunoprecipitates were collected and analyzed on 5 to 10% Laemmli polyacrylamide gels. Right
panel: DOC-S15 fractions were denatured in 1% SDS at 100°C before immunoprecipitation.
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Also, some nsP4, and more P34, was detected in the detergent-
solubilized fractions (Fig. 4B). In Toto:ts7B5 DOC-S15 frac-
tions, very little P12 coprecipitated with nsP3 antibodies and
may not have been assembled into nsP complexes.

RNA synthesis and plaquing efficiency at 40 and 37°C rela-
tive to 30°C. We determined the replication abilities of the
nsP3 mutants and compared them to representative nsP1 and
nsP2 mutants. When assayed for the ability to form plaques, all
mutant stocks produced less than 10	3 to 10	7 fewer plaques
at 40°C compared to 30°C (Table 2). However, only nsP3
mutant ts4, three mutants mapping to the C-terminal domain
of nsP2, and nsP1 mutant ts11 were also defective at a tem-
perature of 37°C. The causal lesions in nsP3 mutants Toto:
ts7B5, ts138, Toto:ts138BBs, and Toto:ts138ABs and four N-
terminal domain nsP2 mutants were more leaky, requiring
temperatures higher than 37°C to confer full temperature sen-
sitivity.

As shown in Fig. 5, levels of RNA synthesis generally re-
flected the EOP profile. The nsP3 mutant ts4 was inhibited
over 97% at 40°C and more than 95% at 37°C, coinciding with
EOP values of 10	3 or less at both temperatures. Mutants
ts138, Toto:ts138ABs, and Toto:ts7B5 synthesized RNA at
37°C to 15, ca. 7.5, and 100% of the maximum rate observed at
30°C, respectively (Fig. 5), yet PFU yields at 37°C were within
parental levels (Table 2). At 40°C, however, RNA synthesis by
each virus was 5% or less of that at 30°C, paralleling the low
PFU yields at 40°C (Table 2). We interpret the results to
indicate that low but stable rates of transcription of at least
7.5% of the 30°C maximum are sufficient to enable formation
of plaques, albeit ones generally with smaller diameters, over
the 2- to 3-day incubation period of the assay. Recombinant
Toto:ts138BBs resembled ts138 fully (data not shown). Differ-
ences in the ability to synthesize RNA at 30 and 37°C of ts138
and Toto:ts138BBs compared to Toto:ts138ABs, which has
only the nsP3 ts Gly68 lesion common to each virus, suggest

that the other, non-ts substitutions in the nt 2288-to-nt 4318
region and expressed in the nsP2 and nsP3 proteins of ts138
and Toto:ts138BBs partially rescue the ts lesion. Finally, ts4,
Toto:ts7B5, and Toto:ts138ABs viruses were partially defective
even at 30°C and had rates of overall transcription of about
one-third of parental values (Fig. 5A).

Similar to ts138, replication complexes formed at 30°C by
ts138 recombinants also were stable and continued RNA syn-
thesis when cultures were shifted to 40°C, but few or no new
ones formed at 40°C (data not shown). None of the ts138
recombinants were defective in 26S mRNA synthesis at 40°C
(Table 3) and thus differed from most C-terminal domain nsP2

FIG. 5. Comparison of the kinetics of RNA synthesis by nsP3 mu-
tant viruses and parental viruses. CEF cells were infected at 30°C
(A) with ts4 (F), ts7B5 (■ ), ts138 (�), Toto:ts138AS recombinant (Œ),
or parental SIN HR (�) at an MOI of 100 or were mock infected (�).
Duplicate cultures were shifted to 37°C (B) or 40°C (C) beginning at
1 h p.i. and were maintained at the respective temperatures until the
end of the experiment. Cultures were labeled with [3H]uridine (50
�Ci/ml) in the presence of 20 �g of actinomycin D/ml for 1-h periods
and were immediately harvested at the end of the pulse. The acid-
insoluble incorporation in 50,000 cells is shown.

TABLE 2. Plaque formation at 37 and 40°C relative to 30°C

Virus Mutant nsPa
EOP

40/30°C 37/30°C

SIN HR 0.6–1.2 0.8–1.2
Toto1101 1.0 1.5
24R1 0.4 0.4–0.9
24R2 0.3 0.5–1.0
133R 0.3 0.4
17R 0.7 0.6

ts138 nsP3 0.7 � 10	4–5 � 10	4 0.2–0.3
Toto:ts138BBs nsP3 0.2 � 10	4 0.2
Toto:ts138ABs nsP3 0.3 � 10	4–0.7 � 10	4 0.2–0.6
Toto:ts7B5 nsP3 0.9 � 10	4–14 � 10	4 0.5–0.6
ts4 nsP3 0.3 � 10	3–0.6 � 10	3 0.4 � 10	3–1.3 � 10	3

ts133 C-nsP2 
10	7 
10	7

ts17 C-nsP2 0.4 � 10	4 0.8 � 10	4

ts24 C-nsP2 
10	7 
10	7

ts14 N-nsP2 0.1 � 10	4 0.3
ts16 N-nsP2 0.2 � 10	4 0.2
ts19 N-nsP2 0.2 � 10	4 0.5
ts21 N-nsP2 0.1 � 10	5 0.4

Toto:ts11A1 nsP1 0.6 � 10	4–0.9 � 10	4 0.2 � 10	4–0.3 � 10	4

a C-nsP2, C-terminal nsP2; N-nsP2, N-terminal nsP2.
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mutants (10, 27, 66). The ts138 recombinant fully reproduced
the ts RNA-negative phenotype of the original ts138 mutant.

Minus-strand RNA synthesis at 40°C. The nsP3 mutants
were tested for their ability to produce minus strands after shift
to 40°C. Infected cultures were allowed to initiate replication
at 30°C for 2 to 3 h. To compare the different mutants at the
same relative time in the infectious cycle, each set of infected
cultures was shifted to 40°C early and at the time p.i. when only
ca. 15% of the maximum rate of plus-strand RNA synthesis
had been attained. Cultures were pulse-labeled at 40°C for
successive 15-min periods and harvested at the end of each
pulse period. As shown in Fig. 6, ts4 nsP3 rapidly inhibited
minus-strand synthesis at 40°C and at a rate similar to that
following addition of cycloheximide. An intermediate inhibi-
tion profile was observed for ts138 and Toto:ts138ABs, while
Toto:ts7B5 resembled parental Toto virus and continued mi-
nus-strand synthesis longer. Addition of cycloheximide at the
time of shift to 40°C prevented continued minus-strand syn-
thesis in all cultures (Fig. 6B), indicating that nsPs synthesized
at 40°C were responsible for this replicase activity. Since ts138,
Toto:ts138ABs, and Toto:ts7B5 nsP3 function at 37°C similarly
to parental nsP3 but do not function at 40°C (Table 2 and Fig.
5), synthesis observed during the first 15 min postshift could be
due to production of active nsP3 proteins at temperatures
lower than 40°C. However, the observed continuation of mi-
nus-strand synthesis beyond this time argues that ts138 nsP3
proteins produced at 40°C are only partially compromised and
Toto:ts7B5 nsP3 proteins are in fact functional (Fig. 6). Loss of
phosphorylation and loss of minus-strand synthesis were also
exhibited by nsP3 insertion mutants CR3.36 and CR3.39 (Fig.
2) (35) that are located near ts138 or ts4, respectively, support-
ing a role of the two nsP3 subregions in both functions.

DISCUSSION

The results of our studies identified a new nsP3 mutant,
ts138 of the A complementation group of SIN HR RNA-
negative mutants. Its lesion mapped to nt 4303 in the nsP3
gene and to a predicted change of Ala68 to Gly in the N-
terminal region of the nsP3 protein. The nsP3 sequence first
functions in infected cells as nascent P1234 polyproteins, then
as intermediate P123 and P23 polyproteins, and later as ma-

ture, fully cleaved forms. It was possible that a phenotype
observed for individual nsP3 mutants would be expressed by
only one of these forms. Our observations were (i) that nsP3
and nsP2 seem to function initially as a single unit (P23/P123)
as deduced from complementation experiments and as pre-
dicted earlier, (ii) that the degree of phosphorylation changed
with different nsP3 mutants, and (iii) that reduced phosphor-
ylation of nsP3 (as P23/P123) correlated with reduced minus-
strand synthesis. The ability to block the majority of nsP3
phosphorylation (nsP3c) with single changes in the macrodo-
main or at residue 268 suggests that these sites are important
for recruiting or targeting kinases and that the higher phos-
phorylated nsP3 species are functionally important. LaStarza
et al. (34, 35) reported similar effects on nsP3 phosphorylation
in some but not all nsP3 insertion or deletion mutants. Mutant
CR3.39 (insertion at residue 226-227) and mutant CR3.36 (in-
sertion at residue 58-59) exhibit phenotypes similar to ts4 and
ts138, including reduced plus-strand synthesis (20 to 30% of
wild type) at 30°C.

As summarized in Table 4, the phenotype of Gly68 (ts138)

FIG. 6. Minus-strand synthesis by the nsP3 mutants. CEF cells,
infected with an MOI of 100 of each virus at 30°C, were maintained at
30°C (A) (dashed lines) or were shifted up to 40°C when about 15% of
the maximal rate of RNA synthesis had been achieved at 30°C or
between 2 and 3 h p.i. depending on the virus. Duplicate cultures
shifted to 40°C were incubated in the presence (B) or absence
(A) (solid lines) of cycloheximide beginning at the time of shift. Minus-
strand synthesis was determined by pulse-labeling cells with 200 �Ci of
[3H]uridine/ml for 15-min periods over the first 1 h of shift and analysis
of the purified viral RF RNA for radiolabeled minus-strand RNA, as
described in Materials and Methods. Incorporation into newly made
minus strands is expressed as the percentage of the total labeled RF
RNA that was in minus-strand RNA. Symbols: F, SIN HR; E, ts4; Œ,
ts138; ■ , Toto:ts138AS recombinant; �, ts7B5.

TABLE 3. Toto:ts138ABs recombinants resemble ts138 and are not
ts for 26S mRNA synthesisa

Virus

Molar ratio of 49S RNA:26S mRNA

At 30°C
At 40°C when shifted up at:

1 h p.i. 4 h p.i. 8 h p.i.

ts138 0.12 0.19 0.16 0.19
Toto:ts138ABs

1 0.19 0.28 0.21 0.27
4 0.16 0.29 0.21 0.26

a CEF cells were infected with each virus at an MOI of 100 PFU per cell. At
4 and at 9 h p.i., one set of cultures was labeled for 1 h at 30°C with [3H]uridine
(50 �Ci/ml). At the times indicated, cultures were shifted to 40°C and incubated
for 1 h before being labeled for 1 h at 40°C. At the end of the labeling period, the
monolayers were harvested and the lysates were electrophoresed on agarose gels
as described in Materials and Methods. The molar ratio of the two RNAs was
calculated from the incorporation present in each RNA band excised from the
dried gel after correcting for their respective molecular weights.
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nsP3 had several properties in common with mutant nsP3
Val268 (ts4) and Ser312 (Toto:ts7B5) proteins. All three single
amino acid substitutions conferred ts phenotypes in replication
and PFU production (EOP of 10	3 to 10	5) at 40°C. None of
the mutations inhibited overall polyprotein processing or the
ability to internally initiate subgenomic mRNA synthesis at
40°C; thus, none drastically blocked functions of the nsP2 car-
boxyl-terminal domain that in nascent and intermediate
polyproteins was covalently attached to the N-terminal end of
nsP3. However, all three affected the processing of P1234 in
more subtle ways by reducing cleavage at the 3/4 site, thereby
increasing accumulation of inactive P34 relative to the active
nsP4 polymerase core. Finding that the nsP3 mutants success-
fully complemented defective ts6 nsP4 proteins argues that
their cleaved nsP4 levels were sufficient and trans-active at
40°C (56, 73). All three mutant nsP3 proteins also were trans-
ported to membrane compartments of the cell and associated
with nsP1, nsP2, and nsP4 in detergent-resistant and immuno-
precipitation-resistant complexes, similar to parental nsP com-
plexes (7). Thus, their functional defects occur after these
initial steps. A recent study of the biogenesis of alphavirus SFV
complexes suggested that assembly occurs at the plasma mem-
brane, where nascent P1234 polyproteins are targeted initially
by signals within the nsP1 protein sequence; intriguingly, over
time, such complexes appear to cycle between endosomal-
lysosomal compartments and the plasma membrane (30).

Table 4 also summarizes the differences observed among the
three mutant nsP3 proteins. Of these three, ts4 was the most
extreme, and only it failed to complement ts11, which has a
mutated nsP1 (73). At 40°C, both P23 and nsP3 of ts4 were
underphosphorylated (both nsP3* and nsP3c were undetect-
able) and minus-strand synthesis stopped immediately. This is
in contrast to Toto:ts7B5, which at 40°C produced Ser312 nsP3
that ranged in size from 76 to 106 kDa (Fig. 3B), similarly to
parental fully phosphorylated nsP3, and retained the ability to
engage in minus-strand synthesis after shift to 40°C, also like
parental SIN HR. Unlike parental virus, only Toto:ts7B5-in-
fected cells accumulated P12, suggesting that the mutated nsP3
decreased recognition of the 1/2 cleavage site. The Toto:ts7B5
Ser312 lesion in nsP3 also required temperatures greater than
37°C to inactivate its RNA synthetic functions. The ts138 Gly68
change was intermediate between these two extremes. Its ts
lesion was leaky at 37°C, its nsP3 proteins were partially phos-
phorylated (reduced nsP3* and little nsP3c), and its P23
polyproteins were partially active in minus-strand synthesis at
40°C. Also, because cleavage of the 1/2 site occurred efficiently,
the ts138 P123/P23 polyproteins did not appear to be grossly
altered in overall conformation. Also, plus-strand synthesis by
ts138 was unaffected at 40°C. Whatever the role of the mac-

rodomain, our observations suggest that it exerts its effect at
the polyprotein (P23/P123) level and not on mature, cleaved
nsP3 proteins. This property is shared by ts4 Val268 nsP3
proteins, whose ts inhibition of minus-strand synthesis was
specific for newly made, polyprotein-containing complexes and
did not inhibit a resumption of minus-strand synthesis by ma-
ture, normally plus-strand-synthesizing complexes whose nsP1,
nsP2, and nsP3 components also included a mutant form of the
nsP4 polymerase (73). We conclude that the Val268 nsP3 pro-
teins (ts4) form only inactive nsP complexes at 40°C. The Gly68
nsP3 proteins (ts138 and its recombinants) are weakly active,
reducing the efficiency with which new complexes form or
function; this in turn would limit accumulation of plus-strand
RNA-synthesizing complexes and prevent rapid increases in
the rate of plus-strand synthesis. Because alphavirus minus-
strand synthesis is blocked by the infected cell at about 4 h p.i.
(at 37°C), a failure to sufficiently amplify minus-strand tem-
plates during this early period could explain its ts RNA-nega-
tive phenotype. The Ser312 nsP3 proteins (Toto:ts7B5) are
essentially fully active, arguing that the defect with this virus
occurs after formation of the minus-strand replicase and may
be in a step needed for its conversion to a mature, plus-strand-
synthesizing form. Consistent with this interpretation, our ear-
lier studies showed that the Toto:ts7B5 Ser312 nsP3 defect did
not block reactivation of minus-strand synthesis by preformed
replication complexes containing an altered nsP4 polymerase
(73).

The ts138 Gly68 nsP3 mutant provided the first opportunity
to probe the role of the histone 2A macrodomain in nsP3. The
macrodomain homologue in yeast (gene YBR022w) is a phos-
phoesterase; it acts to process ADP-ribose-1�-phosphate
(Appr-1�-p) generated during processing of tRNA precursors.
Removal of a 2�-phosphate from the exon junction after liga-
tion involves its transfer to NAD with formation of Appr�p
(1�,2�-cyclic phosphate) and nicotinamide, and the subsequent
cleavage of Appr�p to Appr-1�-p by the 2�,3�-cyclic phos-
phoesterase CPD1p (41). Some viruses encode a 2�, 3�-phos-
phodiesterase activity that is part of a novel 2H phosphoester-
ase superfamily, and coronaviruses and a few others possess
both this and the Appr-1�-p phosphoesterase (42). Their func-
tions have been postulated to include posttranscriptional gene
silencing, RNA degradation, capping (rotavirus VP3 protein
active in capping contains a 2H phosphodiesterase domain at
its C terminus), or even signal transduction (42). While nsP2 is
transported and accumulates in the nucleus and nucleolus,
P23/nsP3 proteins do not enter the nucleus or nucleolus (re-
viewed in reference 26), ruling out a role for the viral mac-
rodomain in modifying cellular RNA processing events. Struc-
tural analysis supports the likelihood that the alphavirus nsP3

TABLE 4. Phenotypic analysis of mutant nsP3 proteins at 40°Ca

nsP3 protein Polyprotein processing nsP3
phosphorylation

RNA
synthesis

26S
RNA

synthesis
37°C EOP Forms nsP

complex
Minus-strand

RNA synthesis

Gly68 Incr. P34 Partially ts ts wt wt � Intermediate
Val268 Incr. P34 ts ts wt ts � ts
Ser312 Incr. P34, P12 wt ts wt wt � wt

a Incr., increased; wt, wild type or parental phenotype; �, replication-transcription nsP complexes were detected.
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macrodomain retains phosphoesterase activity (M. Lakshmi-
narayan, personal communication). Of particular interest, the
His-Ala-Val (His-Ala-Ala) tripeptide is part of the putative
active site of this predicted enzyme, with its conservation due,
at least partly and possibly fully, to this enzymatic activity (A.
Gorbalenya, personal communication).

A role for a putative macrodomain phosphoesterase in al-
phavirus replication is not obvious at this time. It may play
some role affecting the response to infection, not actually rep-
lication itself. Its role might be cell type specific. There is no
macrodomain sequence in the genomes of plant virus members
of the SIN superfamily. Alphavirus replication does not involve
cytoplasmic splicing or RNA processing-ligation events such as
occur with tRNA precursors. Rather, replication involves an
internal initiation process for subgenomic synthesis (66) that
may require template remodeling. Also, alphavirus replication
utilizes a novel form of capping whereby GTP is first methyl-
ated and then transferred to the 5� end of nascent plus-strand
transcripts (3). And, alphavirus replication results in the addi-
tion of a nontemplated G residue to the 5� end of nascent viral
minus strands (75, 76). In addition to possible roles in the
above functions, a putative phosphoesterase or other activity
might contribute to antihost defenses if it inactivates small,
cyclic, signaling molecules (55) or might recruit activated pro-
tein kinases to the initial viral replication complexes (42). Fi-
nally, the histone 2A variant H2A.Z protein protects euchro-
matin from transcriptional silencing (44), a function that if
shared by the histone 2A-like macrodomain in nsP3 could
contribute to the transcriptional efficiency or active state of
alphavirus replicative and transcriptive intermediates.

In summary, for the macrodomain His-Ala-Val peptide and
residue 268, the extent of nsP3 phosphorylation and the ability
of each mutant to engage in minus-strand synthesis varied in
parallel at nonpermissive temperature. Thus, although the
present evidence argues that the nsP3 sequence is not an es-
sential accessory component of group 3 RNA-dependent RNA
core polymerases from its presence in only the animal mem-
bers of the SIN superfamily (19), the N-terminal nsP3 se-
quence and the enzyme predicted to reside within the nsP3
macrodomain appear to play a role in overall viral replication
in vertebrate cells that affect principally minus-strand synthe-
sis.
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