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Summary. The genome of alphaviruses is translated into polyproteins 
that are processed into a viral replicase that produces both negative and 
positive strands. In infected cells, negative strand synthesis is short-lived 
and occurs only early, whereas positive strand synthesis is stable and 
occurs both early and late. Analysis of temperature sensitive mutants 
indicated: nsP1 functioned in the initiation of transcription; nsP3 acted to 
form initial transcription complexes; and nsP2 and nsP4 first recognized 
positive strands as templates and then made negative strands the pre
ferred templates. While nsP4 and nsP1 individually rescued early defects 
in transcription, nsP2 and nsP3 acted initially in cis. We interpret our 
results to suggest nsP1234 was cleaved to nsP4, nsP1 and nsP23, bound a 
positive strand and synthesized a negative strand. Cleavage of P23 or 
other modifications to nsP2 and nsP4 convert the initial transcription 
complex to a stable complex that synthesizes positive strands. Negative 
strand synthesis is unstable because of the failure to form initial trans
cription complexes after host factors that are part of the replicase are 
depleted or the half-life of polyprotein precursors like P23 is shortened. 

Introduction 

A superfamily of animal and plant viruses has been defined that share 
amino acid homologies with the nonstructural proteins (nsP) nsP1, nsP2 
and nsP4 of the alphavirus Sindbis virus [1, 2]. The Sindbis nsPs are 
translated initially as two polyproteins of 200 kDa and 250 kDa, the 
former when translation terminates at an opal stop codon that is located 
at the end of the nsP3 open reading frame and the latter from ribosomal 
readthrough of the opal stop codon [3]. Cleavage by a papain-like 
protease [3] activity of nsP2 gives rise to nsP1, nsP2 and nsP3 from the 
200 kDa polyprotein and to nsP1, nsP2, nsP3 and nsP4 or fusion protein 
nsP34 from the 250 kDa polyprotein. Thus, nsP4 and polyprotein nsP34 
are underproduced relative to nsP1-nsP3. 
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From our current understanding of the functions of the Sindbis nsPs, 
it is clear that most of them act in both positive and negative strand 
synthesis. The nsPI contains sequence motifs for a methyltransferase and 
guanylyltransferase activity that would cap positive strand RNA; cloned 
and expressed Sindbis [4] and Semliki Forest virus [5] nsPI exhibit 
methyltransferase activity in the absence of other nonstructural proteins. 
As described below, we also found that nsPI provides an essential 
function for alphavirus negative strand synthesis [6]. The nsP2 sequence 
encodes two enzymatic activities. The N-half of the Sindbis protein has 
sequence motifs for helicase and NTP-binding activity that are conserved 
within the superfamily; hepatitis E, rubella and furoviruses have a he
licase domain partly resembling that of coronaviruses [7]. Using linker 
insertion mutagenesis, it has been demonstrated [8] that brome mosaic 
virus (BMV) helicase functions to elongate both positive and negative 
strand RNA. The C-half of the Sindbis nsP2 sequence is encoded in 
genomes of animal virus members of the superfamily and contains a 
papain-like protease activity that has been shown to be responsible 
for processing the viral nonstructural polyproteins and allowing RNA 
replication [3, 9]. To date, the absence of protease sequences in genomes 
of plant virus members of the superfamily such as tobacco mosaic virus 
(TMV) indicates their nsPs function as polyproteins. For alphaviruses, 
nsP2 also plays an essential role in the internal initiation of transcription 
of the subgenomic mRNA [10, 11] and in the regulation of negative 
strand synthesis [12]. Recently, it was found that nsP2 contains a nuclear 
localization signal and may contribute to the shut down of host trans
cription in infected cells [13]. Flanking the papain protease domain, the 
N-terminus of alphavirus nsP3 contains a sequence motif of unknown 
function found also in the rubella and hepatitis E genome and related 
to a domain in coronaviruses [9]. A role of this "X" domain in the 
regulation of polyprotein processing has been suggested [9]. For alpha
viruses, only the N-half of the nsP3 sequence is essential and nsP3 is 
phosphorylated by a casein kinase II-like activity [14]. As detailed 
below, it has been found that nsP3 is a component of transcriptionally 
active replication complexes [15] and plays a role in the formation of the 
replication complex for negative strand synthesis [16]. Alphavirus nsP4 
contains conserved sequences that encode the RNA-dependent RNA 
polymerase domain [17], assigned to subgroup III by Koonin et al. [2]. 
It functions in elongation of both positive and negative strand RNAs 
[18], in promoter recognition [19], and in host range [20]. 

Alphavirus RNA synthesis 

Alphaviruses are unique among positive strand RNA viruses because 
they regulate negative strand synthesis and form a stable positive strand 
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Fig. 1. Kinetics of alphavirus RNA synthesis. Cultures of chicken embryo fibroblast 
cells infected with Sindbis HR at an multiplicity of infection of 100 at 37°C were given 
60min pulses of 3H-uridine in medium also containing 20 I!g of actinomycin D/ml. 
Beginning at 3 h p.i., duplicate cultures were treated with 100 I!g of cycloheximide 
(CH)/ml and pulsed with 3H-uridine in medium containing CH and actinomycin D. 
Total labeled RNA, greater than 95% of which is positive strand genomes or 26S 
mRNAs, represents the acid-insoluble incorporation in the absence (0) or presence 
(D) of CH. Labeled negative strand RNA in the absence (e) or presence (_) of CH 

[26] 

polymerase [21]. Genome-length negative strands are templates for 
replication of the genome and transcription of subgenomic mRNA, and 
the same template strand can switch between the two activities [22]. 
While the alphavirus positive strand polymerase is stable, the negative 
strand activity in unstable. Synthesis of negative strands occurs early 
and, once synthesized, the negative strands form stable templates (Fig. 
1) whose accumulation results in proportionally increased numbers of 
replication complexes and increased rates of positive strand synthesis. 
Addition of protein synthesis inhibitors such as cycloheximide selectively 
and rapidly stop negative strand synthesis, leaving positive strand syn
thesis to continue at the rate ongoing at the time of addition of the drug 
(Fig. 1). After the early phase there is a selective cessation of negative 
strand synthesis, when about 5000 negative strand templates/cell have 
accumulated [6]. This results in the number of replication complexes 
becoming constant when the rate of positive strand synthesis is maximal. 
Cessation is not mediated by the encapsidation of positive strand tem
plates or by a trans active repressor [19], and occurs even if the non
structural proteins are overproduced late in infection [23]. The regulation 
of negative strand synthesis may be a common replication feature of the 
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Fig. 2. The phenotype of tsll, a Sindbis RNA-negative mutant exhibiting a rapid and 
selective inhibition of negative strand RNA synthesis after shift to 40°C early in 
infection. Cultures infected with tsll at 30°C were maintained at 30°C or were shifted 
to 40°C at 3 h p.i., when the overall rate of RNA synthesis was 10% of maximum. The 
synthesis of negative strand RNA was determined using pulses of 3H-uridine of 60 min 
at 30°C or 30 min at 40°C and quantitating the % of total incorporation in double
stranded cores (RFs) of viral replicative intermediates that was in negative strand RNA 

[26] 

superfamily since TMV [25] and BMV [8] produced negative strands 
only early in infection. 

These findings led us to propose the following model [21]. An initial 
replication complex associates with a positive strand template and syn
thesizes a negative strand. The negative strand then becomes a preferred 
template of the same replication complex and converts it to positive 
strand synthesis. A corollary of this model is that only a positive strand is 
capable of initiating the formation of a replication complex. Moreover, 
continued negative strand synthesis requires continued formation of 
new complexes. This suggests different viral functions are required for 
the formation of replication complexes which result in the synthesis 
of negative strands and for their conversion later to positive strand 
synthesis. To identify such proteins, we screened for and characterized 
two classes of Sindbis mutants conditionally-lethal for RNA synthesis. 

Viral functions necessary for negative strand synthesis early in infection 

In the first class were two temperature-sensitive (ts) mutants, tsll and 
ts4, whose phenotype upon shift to 40°C reproduced the effect of trans
lation inhibition. That is, they rapidly and selectively shut off the syn
thesis of negative strand RNA at 40°C, in contrast to the normal cessation 
that occured later at 30°C (Fig. 2) (not shown here, positive strand 
synthesis continued at the rate ongoing at the time of shift). The re
sponsible mutations were located by swapping mutant nonstructural 
genes into the infectious Sindbis clone [24], from which RNA was trans
cribed and transfected into cells. The recombinant viruses that resulted 



Alphavirus positive and negative strand RNA synthesis 

Reactivation of negative strand synthesis 

25,000 

s 
c. 
': 20,000 

~ 
p:: 
"CI 15,000 a 
.!:: 
'" ~ 10,000 

~ 
I>Il 

Z 5,000 

5 10 

u 
~ 
.E 
c. = 
c: ct:: :a :a 
1 ~ 

(0\ untreated 

II 

1'1' -CH from 12 h pi 
II 

I 

15 20 
Hours, p.i. 

397 

Fig. 3. Reactivation of negative strand synthesis at 40°C late in infection after its 
cessation at 30°C is a property of Sindbis mutant ts24. Cultures infected with ts24 
maintained at 30°C (.) were pulse labeled with 3H-uridine in the presence of actin
omycin D for 60 min periods during the first 13 h p.i. At 12 h p.i., duplicate cultures 
were shifted to 40°C, incubated in the presence (~) or absence (D) of 100 Jlg of 
cycloheximide (CH)/ml and pulse-labeled with 3H-uridine at 40°C for 60 min periods. 
Negative strand RNA synthesis was determined [26] (modified from Sawicki and 

Sawicki [10], reproduced by courtesy of Academic Press) 

were assayed for retention of mutant phenotype and were sequenced. 
The mutation in ts11 mapped to amino acid 348 of nsP1 [6, 11], which is 
downstream of the methyltransferase domain located within the first 200 
amino acids of nsP1 [4]. The mutation in ts4 mapped to amino acid 268 
of nsP3 [16] and downstream of the "X" domain in nsP3. Thus, both 
nsP1 and nsP3 apparently provide essential functions early in infection to 
form a replication complex and/or to initiate negative strand synthesis. It 
was interesting that nsP3 played an essential role in negative strand 
synthesis because an nsP3 sequence is not present in the genomes of 
plant viruses of the superfamily. This suggests that for transcription nsP3 
may be required for proper folding of nsP2 or for a function that also 
requires the thiol protease sequence, or that it may be required only in 
animal cells because a host factor provides the function in plant cells. 

Viral functions necessary for the regulation of negative strand synthesis 

The second class of three mutants had ts defects in the shut off of nega
tive strand synthesis and allowed negative strand synthesis to continue at 
40°C or turned negative strand synthesis back on once it had stopped. As 
shown in Fig. 3, shifting ts24 infected cells to 40°C late in infection, after 
negative strand synthesis had ceased at 30°C, led to its reactivation, even 



398 D. L. Sawicki and S. G. Sawicki 

under conditions when no new proteins were synthesized [26]. These 
negative strands accumulated but did not increase the rate of positive 
strand synthesis, even though they were present in replicative inter
mediates and served as templates for positive strand synthesis. Thus, 
there was no net increase in the number of replication complexes. The 
ts24 mutation was not conditionally lethal and mapped to amino acid 194 
of nsP4 [19]. It introduced a positive amino acid into a linear stretch of 
19 uncharged polar or nonpolar amino acids, in a sequence upstream of 
the conserved replicase Gly-Asp Asp (GDD) domain and near the 
region affecting host range. The other two mutants were ts17 and ts133, 
whose individual single mutations mapped within the protease domain of 
nsP2 at amino acids 517 and 700, respectively [11, 12]. Both mutations 
inactivated protease activity, inhibited polyprotein cleavage, and blocked 
RNA synthesis. They also inhibited sub genomic mRNA synthesis and 
reactivated negative strand synthesis [12]. Because the nsP4 mutation 
altered activities of preformed replication complexes, we asked if the 
loss of subgenomic mRNA synthesis and reactivation of negative strand 
synthesis by the nsP2 mutations affected the same preformed complexes. 

Cells infected at 30°C were shifted to 40°C late in infection and 
continuously incubated with cycloheximide to monitor the activities of 
replication complexes formed earlier in infection. Negative strand syn
thesis reactivated at 40°C but shut off again when cultures were returned 
to 30°C within 3 h [12]. Similar results were found for subgenomic mRNA 
synthesis, which was inhibited at 40°C and recovered upon return of 
cultures to 30°C in the absence of new protein synthesis. Thus, reacti
vation of negative strand synthesis was the property of stable nsP2 or 
nsP4 proteins that were produced early in infection and present in 
preformed complexes [12]. These results did not support the hypothesis 
[27] which proposed that cleavage of polyprotein nsP34 and release 
of nsP4 reactivated negative strand synthesis because, if this model 
was correct, reactivation would have required translation of polyprotein 
molecules and would not have occurred in the presence of cycloheximide. 

Reactivation did not cause an increase in the rate of positive strand 
synthesis because there was no formation of additional replication com
plexes [12]. Thus, we argue that reactivation was due to template switch
ing: replacement of the preferred negative strand template with a positive 
strand template. Reversibility by a temperature shift of ten degrees 
suggested that mutations in nsP2 and nsP4 induced reversible changes 
in protein interactions. These interactions affected changes either in 
protein conformation that modified the structure or affinity of the posi
tive strand polymerase, such that it resembled the negative strand poly
merase and was able to recognize the 3' promoter on a positive strand 
template, or in the association of a host factor(s) with the replication 
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complex. Reactivation and its reversal thus resulted from the modifi
cation of one polymerase activity into another polymerase activity and in 
this way mimicked conversion events postulated to occur in replication 
complexes early in infection [21]. The rate of reactivation of negative 
strand synthesis was higher for viruses carrying the nsP4 mutation com
pared to the nsP2 mutation, but the individual rates were additive when 
both mutations were in the same genome and when their proteins were 
components of the same replication complex [15]. This suggests that 
nsP2 and nsP4 function differently in negative strand synthesis but both 
act, nevertheless, to fix the negative strand as the stable template of the 
replication complex. Modifications that cause the replication complex 
to favor positive strand synthesis would not affect essential helicase 
and elongation activities required for both positive and negative strand 
synthesis. They would result in the conversion of the replication complex 
from negative to positive strand synthesis and lead to the overproduction 
of positive strands and to cessation of negative strand synthesis if no new 
replication complexes were formed. 

Are functions of nsP! and nsP3 required early for negative strand 
synthesis also required late? 

Mutation in nsP4 resulted in the failure to turn off negative strand 
synthesis late in infection and in the ability to reactivate negative strand 
synthesis by preformed replication complexes [16]. Recombinant viruses 
containing the nsP4 mutation and either the nsPl or the nsP3 mutation 
were constructed (Fig. 4). To summarize our results, in the absence of 
any other mutation the nsP4 mutant reactivated negative strand synthesis 
when shifted to 40°C in the presence of cycloheximide, while parental 
virus and nsPl or nsP3 mutants had background levels [16]. The double 
mutant construct containing the nsPl mutation did not reactivate neg
ative strand synthesis. Thus, the function in negative strand synthesis 
provided by nsPl was required for negative strand synthesis by preformed 
replication complexes as well as newly formed ones and dominated that 
provided by nsP4. On the other hand, the double mutant with the nsP3 
mutation reactivated negative strand synthesis to a level comparable to 
that observed with the nsP4 mutation alone. We take this to mean 
that the nsP3 function was required only early in infection. We also 
determined the composition of the late replication complexes to verify 
that nsP3 was a component of replication complexes reactivating neg
ative strand synthesis. Replication complexes solubilized from the 15000 
x g pellet membrane fraction of infected cells and transcriptionally 
active [18] were incubated with antibodies specific for each nonstructural 
protein. When the complexes were denatured before immunoprecipita-
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The defect in negative-strand RNA synthesis In nsP1 functions early and late, 
but the defect in nsP3 functions only early. 
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Fig. 4. Reactivation potential of mutant genomes containing the tsll mutation in nsPl 
[6] plus the 24R1 mutation [19] in nsP4 (Toto: tsllA1: 24R1) or the ts4 mutation in 
nsP3 [16] plus the 24R1 mutation in nsP4 (Toto: ts4: 24R1). Double mutants were 
constructed by swapping cDNAs of the mutant nonstructural genes into the infectious 
Totol101 eDNA [24], from which infectious RNA was transcribed and transfected into 
CEF cells. The resulting virus stocks were screened for mutant phenotypes as described 

[19]. Data are from Wang et al. [16] 

tion, only the individual nsP was precipitated by specific antibody to it 
(Fig. 5). When not pre-denatured, each of the antibodies, and especially 
those specific for nsP3, coprecipitated the four proteins as well as a 
120 kDa protein of possible host origin (Fig. 5), consistent with their 
being present in the same complex. We interpret such findings to mean 
that significant amounts of nsP3 are associated with replication com
plexes reactivating negative strand synthesis late in infection. We argue 
that the reason the nsP3 function is not required late in infection for 
negative strand synthesis by preformed replication complexes is because 
this function acts during the formation of replication complexes and is 
not required once the complex has formed. 

As shown in Table 1, we compared the ability of the mutants to 
complement each others' defects. Complementation measures the ef
ficiency with which the proteins separate after polyprotein processing 
and then reassociate. This would not occur if the replication complex 
were formed by proteins processed from the same polyprotein, as the 
mutations would be cis-acting. Because, with the exception of the Sindbis 
HR mutants, alphavirus mutants do not show complementation, these 
replication complexes likely are composed of proteins processed from 
the same polyprotein. For Sindbis HR mutants, nsP1 and nsP4 were 
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Fig. 5. Immunoprecipitation of Sindbis replication complexes solubilized from PIS 
membranes. PIS membranes from infected cells pulse-labeled with 35S-methionine 
2-4 hpj. and chased from 4-6 hpj. were collected and solubilized with 1% sodium 
deoxycholate to obtain the 1.25 gm/cc replication complexes [15]. Equal amounts of 
complexes were treated with 1% lithium dodecylsulfate in 1 mM EDTA, heated to 
100°C for 3 min and fast cooled (left panel) or were left untreated (right panel) before 
both were aliquoted and incubated either with preimmune serum (PI) or with mono
specific nsP antisera (the gift of 1. H. Strauss [3]), followed by addition of Strep. G cells 
[15]. Immunoprecipitates were analyzed by electrophoresis on 5 to 10% polyacrylamide 

gels (modified from Barton et al. [15]. Reproduced by courtesy of ASM 

trans-active but nsP2 and nsP3 were not as readily dissociated, even 
when produced by mutants with no defects in polyprotein cleavage. One 
interpretation is that nsP2 and nsP3 function initially as a cis-active 
pair during the formation of a replication complex that then engages 
in negative strand synthesis. If so, increased amounts or stability of 
polyprotein nsP23 is predicted to produce increased levels of RNA 
synthesis. Such a finding was observed in a recent study [28] using 
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Table 1. Complementation analysis of Sindbis HR RNA-negative mutants 

Virus Mutation in Complementationa by mutants of Interpretation 
nsPl nsP2 nsP3 nsP4 

tsll nsPl + + + trans-active 

ts17 nsP2 + + 
ts18 nsP2 + + cis-active 
ts21 nsP2 + + with nsP3 
ts24 nsP2 + + 
ts7 nsP3 + + cis-active 
ts4 nsP3 b + with nsP2 

ts6 nsP4 + + + trans-active 

a Analyses were performed as described [10] and employed 35 mm petri dishes 
containing CEF cells and 20pfu of each mutant/cell. Complementation values are the 
yield of the mixed infections divided by the sum of the infections with each mutant 
alone. Complementation values (+ ) ranged from 3 to ~800. Data are from Sawicki and 
Sawicki [10], Wang et al. [16] and D. Sawicki (unpubl.) 

b Sindbis HR ts4 exhibits a defect in negative strand synthesis similar to that of 
nsPl mutant tsll [16] 

VaCCInIa expression vectors to produce various forms of Sindbis virus 
proteins. Cells infected with vectors encoding polyproteins nsP123 and 
nsP34 that expressed an unc1eavable form of Sindbis nsP23 polyproteins 
and individual nsP1, nsP3 and nsP4 proteins yielded increased levels of 
negative and positive strand RNA, as compared to levels obtained from 
expression of fully cleavable polyprotein nsP123 plus nsP34. 

Model for alpha virus transcription and the regulation of positive and 
negative strand synthesis 

In summary, we suggest the following model (Fig. 6): early in infection, 
the nsP1234 polyprotein is cleaved at the 3/4 site to form an active nsP4 
replicase and at the 112 site to release nsP1 and to form the polyprotein 
nsP23 or a cis-active complex of nsP2 + nsP3. These viral proteins, 
perhaps in association with host factors, bind a positive strand to form 
the initial replication complex and synthesize a negative strand. The 
nsP1 functions in the initiation of transcription, while nsP3 is needed 
to form the complex or the active replicase. In such a model, only 
genomes, not negative strands, are capable of initiating the formation 
of replication complexes. Once the negative strand is synthesized, it 
becomes the preferred template of the replication complex as a result of 
modifications to nsP2 and nsP4 that affect promoter recognition and that 
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Fig. 6. Model for the regulation of alphavirus positive and negative strand transcription 
and the role of polyproteins in the formation of viral replication complexes. * To date, 
Sindbis mutants ts for continued synthesis of 26S mRNA have mapped to nsP2 [10-12] 
and for reactivation of negative strand RNA synthesis have mapped to nsP4 or nsP2 
[12, 19]. Data are from Wang et al. [16], Sawicki and Sawicki [12], Sawicki et al. [19], 

and Strauss and Strauss [3] 

convert the replication complex to positive strand synthesis. Reactivation 
of negative strand synthesis by preformed replication complexes indi
cates such modifications are reversible and suggests they may involve 
changes in protein interactions or conformation, possibly from a cleav
age of polyprotein nsP23 or the binding or loss of factors. Finally, 
activities that decrease the half-life of polyprotein nsP23 or prevent its 
formation or that limit essential host factors lead to a failure to form new 
replication complexes and a failure to synthesize negative strands late in 
infection, as is observed in alphavirus-infected cells. 
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