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We have constructed 25 site-specific mutations in a domain of 51 nucleotides in Sindbis virus that is highly
conserved among all alphaviruses sequenced to date. These 51 nucleotides are capable of forming two hairpin
structures and are found from nucleotides 155 to 205 in Sindbis virus within the region encoding nsPl. Of the
mutations, 21 were silent and did not lead to a change in the amino acid sequence encoded. These silent
mutations changed not only the linear sequence but also the stability of the hairpins in most cases. Two double
mutants that were constructed led to the replacement of one base pair by another so that the linear sequence
was altered but the nature of the hairpins was not. All of the mutants with silent mutations were viable, but
19 of the 21 mutants were severely impaired for growth in both chicken and mosquito cells. Compared with the
parental virus, they grew slowly and produced virus at rates of 10-l to 10-4 times the parental rate.
Surprisingly, however, the plaques produced by these mutants were indistinguishable from those produced by
the parental virus. Two of the silent mutations, found within the first hairpin structure, produced virus at a

faster rate than the parental virus. It is clear that the exact sequence of this region is important for some aspect
of virus replication. We suggest that one or more proteins, either virus encoded or cellular, bind to the hairpin
structures in a sequence-specific fashion in a step that promotes replication of the viral RNA. Of the mutations
that resulted in a change of coding, only one of four was viable, suggesting that the amino acid sequence
encoded in this domain is essential for virus replication.

Sindbis virus is a well-studied member of the alphavirus
family (for a review, see reference 17). The genome of the
virus consists of a single-stranded RNA of positive polarity
11,703 nucleotides in length that is capped at the 5' end and
polyadenylated at the 3' end. The genomic RNA serves as a
messenger for four nonstructural proteins, which are be-
lieved to be components of the viral replicase. A full-length
minus-strand RNA complementary to the genomic sequence
is synthesized during replication and serves as a template for
the synthesis of a 26S subgenomic RNA as well as for the
synthesis of new viral genomes. This subgenomic RNA is a
messenger for a polyprotein that is cleaved posttranslation-
ally to produce the viral structural proteins.
Comparative studies of the alphaviruses have identified

four conserved sequences and/or structures that may serve
as promoters for various functions during replication of the
virus. The conserved 19-nucleotide sequence adjacent to the
poly(A) tail at the 3' terminus of the RNA is postulated to
serve as a promoter for the initiation of minus-strand syn-
thesis (14). There is a 21-nucleotide sequence in the junction
region between the nonstructural and structural protein
coding regions which contains the initiation site for the
subgenomic 26S RNA and which acts as a promoter for
subgenomic RNA synthesis (13; R. Levis, Ph.D. thesis,
Washington University, St. Louis, Mo., 1988). Near the 5'
terminus of the genome, two conserved regions are found.
At the very 5' end is a conserved stem-loop structure that
might serve as a promoter (in the minus-strand RNA) for the
initiation of plus-strand RNA synthesis (13). Finally, there is
a very highly conserved sequence and structure within the
coding information for the nonstructural protein nsPl, the
so-called 51-nucleotide region, whose function is not known
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(13). It has been postulated that this region might serve as an

accessory promoter element for initiation of minus-strand
RNA, because no minus-strand copy of the subgenomic 26S
RNA is produced and thus non-26S RNA sequences are
implicated in replication (17). Although no direct evidence
for any function of this 51-nucleotide region has been found,
removal of it reduces, but does not abolish, the replication
efficiency of defective interfering particles (11).
The availability of a full-length cDNA clone of Sindbis

virus (15) has facilitated the analysis of these conserved
sequences of alphaviruses by using a molecular genetic
approach (9). In this paper, we report the results of intro-
ducing a number of specific mutations in the 51-nucleotide
region of Sindbis virus. The newly constructed plasmids
were transcribed in vitro by SP6 RNA polymerase to pro-
duce full-length transcripts, and an attempt was made to
recover virus. All of the mutations that did not lead to a
change of coding resulted in viable viruses whose pheno-
typic properties were examined, whereas three of the four
mutations resulting in a coding change were lethal.

MATERIALS AND METHODS

Cells and viruses. All viruses were propagated on second-
ary chicken embryo fibroblast (CEF) monolayers, as previ-
ously described (7). The cells were maintained in Eagle
minimal essential medium supplemented with 3% fetal calf
serum. The mosquito cell line C6/36 (Aedes albopictus) was
obtained from the American Type Culture Collection, Rock-
ville, Md. The wild-type parental virus used in all the
experiments was derived from the full-length cDNA clone
pToto5O of Sindbis virus (15), in which a unique XhoI
restriction site following the 3' terminal poly(A) tract and
derived from the vector sequences of cDNA clone
pTotollO1 was used for runoff transcription. The resulting
construct was called pToto5l and contained all the se-
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quences from the heat-resistant small plaque (HRSP) strain
of Sindbis virus.

Site-directed mutagenesis and the construction of recombi-
nant plasmids. All mutants were constructed in a similar
way. Briefly, a 1,593-base-pair SacI-PstI fragment from the
full-length clone pToto5l (nucleotides 13552 to 1507 [num-
bering in the clone begins with the first nucleotide of Sindbis
virus cDNA]) was subcloned into bacteriophage M13mpl8.
After two rounds of plaque purification, the phage DNA was
enriched in uracil by two rounds of infection in Escherichia
coli BW313 (Ung- Dut-) (10). Phage single-stranded DNA
(0.5 ,ug) was used as a template for in vitro mutagenesis,
using 20 pmol of a phosphorylated synthetic oligonucleotide
(15 or 16 nucleotides in length) (10, 21). Clones containing
the desired mutation were identified by single-lane nucleo-
tide sequencing (16) and digested with PstI and Sacl to
isolate the mutagenized fragment. The fragment was purified
from low-melting-point agarose and recloned into the
pToto5l background in a three-fragment ligation. The full-
length cDNA clone was checked by double-stranded se-
quencing (1) to confirm the presence of the mutation. All
virus mutants were named according to the nomenclature
proposed by Kuhn et al. (9).

Transfection and plaque assays. Full-length mutagenized
derivatives of pToto5l were prepared for transcription by
linearization with the restriction enzyme XhoI for the pro-
duction of runoff transcripts. RNA transcripts were synthe-
sized in vitro with SP6 RNA polymerase essentially as
described by Rice et al. (15). The resulting transcription
mixture was diluted in phosphate-buffered saline (2) and
used directly for transfection into secondary CEFs by using
DEAE-dextran. After incubation for 1 h at room tempera-
ture, the cells were overlaid with 1% agarose (SeaKem ME,
FMC Corp., Marine Colloids Div., Rockland, Maine) in
minimal essential medium containing 3% fetal calf serum.
Plaques were visualized by staining with neutral red after 48
to 72 h of incubation at 30 or 40°C. Virus from a single plaque
was eluted overnight at 4°C in 0.5 ml of phosphate-buffered
saline and used to infect secondary CEFs in a T25 flask for
10 to 14 h at 30°C. The resulting seed stock was often of low
titer, and a working stock was prepared by infecting second-
ary CEFs with the seed stock for up to 20 h at 30°C.

One-step growth analysis. The ability of the mutants to
replicate was examined in differential growth curves. Mono-
layers of secondary CEFs or C6/36 cells were infected with
virus at a multiplicity of infection of 10 (as determined by a
plaque assay of the infecting stock in CEFs) in 250 RI of
phosphate-buffered saline containing 1% fetal calf serum.
After absorption at room temperature for 1 h, the inoculum
was removed and the monolayers were washed twice with
phosphate-buffered saline. Finally, 1 ml of prewarmed me-
dium was added and the cells were incubated at 30°C. The
culture fluid was removed every hour, the cells were
washed, and fresh medium was added. The samples were
then assayed for plaque-forming virus by titration on mono-
layers of CEFs at 30°C.

RESULTS

Construction of nucleotide substitution clones and isolation
of viral mutants. The 51-nucleotide region within the non-
structural protein nsPl is highly conserved among the alpha-
viruses sequenced to date (Fig. 1A). This domain, which
encompasses nucleotides 155 to 205 of Sindbis virus, is
capable of forming two hairpin structures whose calculated
free energy is such that these structures would be expected

to exist stably in solution (Fig. 1B). The stem of the first
hairpin structure is identical in all alphaviruses, in terms of
both sequence and length, whereas there is considerable
variability in the loop. The stem of the second structure is
identical in all alphaviruses as to length but there is some
variability in sequence. It is noteworthy that O'Nyong-
nyong virus has a UA base pair replacing a CG in the second
stem and that the substitution of A at nucleotide 206 (num-
bering for Sindbis virus) requires the substitution of C for the
otherwise invariant U at nucleotide 182 to keep the stem
length unchanged. At the boundaries of the stems of the
structures, there is considerable variability in nucleotide
sequence (Fig. 1A), suggesting that the structure rather than
the nucleotide sequence per se is important. It is also clear
that the amino acid sequence of this region is highly con-
served, but as we have discussed previously, conservation
of amino acid sequences in alphaviruses is not normally
accompanied by nucleotide sequence conservation because
of the degeneracy of the genetic code (17). Nucleotides that
can be changed without a change in coding are indicated in
Fig. 1B. The conservation in both sequence and structure of
this domain suggests that it may have an important function
in viral replication (13, 17) and that nucleotide changes might
have a drastic effect on the growth of the virus. However,
deletion of this sequence from defective interfering (DI)
RNAs (11) was not lethal but led only to a reduction in the
growth rate of the DI particles.
The availability of a full-length cDNA clone of Sindbis

virus from which infectious RNA can be transcribed in vitro
(15) makes it possible to analyze this sequence and structure
with a molecular genetic approach. Furthermore, the effect
of changes can be studied directly in the virus itself. The
strategy we used was to substitute a large number of
nucleotides within this conserved domain, most of which
would disrupt the hairpin structure. Most substitutions were
chosen to leave unaltered the amino acid sequence encoded
by this region (the nucleotides that can be changed in this
way are shown in Fig. 1B). After isolation of the mutant
clone, the mutagenized fragment was used to replace the
corresponding fragment in the full-length Sindbis virus
cDNA clone. RNA transcripts were made in vitro with SP6
RNA polymerase and introduced into susceptible chicken
cells by transfection with DEAE-dextran, and the viability of
the mutant was tested by plaque assays at both 30 and 40°C
to identify possible temperature-sensitive mutants. In every
case, three serial dilutions of the RNA transcripts were
tested and compared with the results in the same experiment
with wild-type RNA transcribed from the parental clone
pToto5l, and for all viable mutants the specific infectivity of
the RNA was within threefold that of wild-type RNA. Thus,
there was no indication that revertants, same site or second
site, were being selected, and we believe that all results
obtained are the result of the introduction of the primary
mutation (this analysis is complicated by the presence of two
plaque sizes in two of the mutants, as described below).
Stocks of viable mutants were produced, and most mutants
were tested for their growth properties in one-step differen-
tial growth curves in both chicken cells and C6/36 mosquito
cells in comparison with the wild-type virus recovered from
the parental cDNA clone pToto5l.

Nucleotide substitutions within the first hairpin structure.
The 11 mutations made in the first hairpin structure are
summarized in Table 1. All are located within the stem
region, which is invariant in sequence among all alphavi-
ruses sequenced to date, and all but three were silent
mutations. The calculated free energy of the resulting stem-
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FIG. 1. The 51-nucleotide conserved sequence element of the alphaviruses. (A) The linear nucleotide sequences of the seven alphaviruses
sequenced through this region to date are shown. Nucleotides represented with a dash are the same as in the Sindbis virus sequence in the
first line; whenever a nucleotide differs from the Sindbis virus sequence, it is shown. Nucleotide changes that are silent are unshaded; shaded
nucleotides result in a change in coding from the Sindbis virus sequence. Nucleotide numbers refer to Sindbis virus starting from the 5' end
of the RNA, and the amino acids encoded in the sequence of Sindbis virus are shown above the nucleotide sequence. Amino acids that are

invariant in the seven viruses are unshaded; shaded amino acids differ in one or more of the other viruses. Two additional nucleotides are

shown at the 5' end of the conserved element, and four are shown at the 3' end to illustrate that conservation terminates abruptly at the
boundaries. The boxed nucleotides are those found in the base-paired stems of the stem-loop structure in panel B. SIN, Sindbis virus; HJ,
Highlands J virus; EEE, Eastern equine encephalitis virus; SF, Semliki Forest virus; RR, Ross River virus; ONN, O'Nyong-nyong virus;
VEE, Venezuelan equine encephalitis virus. The data for SIN, HJ, EEE, and SF are from Strauss and Strauss (17), the RR sequence is from
Faragher et al. (3), VEE is from Kinney et al. (8), and the ONN sequence is from Levinson, Strauss, and Strauss (Virology, in press). (B)
A possible secondary structure of the conserved 51-nucleotide region of Sindbis virus. The free energies were calculated by the method of
Tinoco et al. (18). The nucleotides that can be substituted in the 51-nucleotide element without altering the encoded amino acid sequence are

indicated. Symbols: El, nucleotides that can be changed to any of the other three nucleotides; 0, nucleotides for which a purine can be
replaced by the other purine or a pyrimidine can be replaced by the other pyrimidine; 0, nucleotides that can be changed by other than a

transition or that require that one or both of the other two nucleotides within the same codon also be changed. One calorie = 4.184 J.

loop structure is indicated. As shown, all of the mutants with
silent mutations were viable, and none was temperature
sensitive by plaque assays on chicken cells. The mutant
P1-158U with the missense mutation which results in the
substitution of Gln-33 by His was also viable. The two
missense mutations at nucleotide 176, both of which result in
the substitution of His-39 by Gln, were lethal, suggesting
that this amino acid replacement is not tolerated and that this
protein domain performs an essential function during virus
replication.
The two single mutations which would most destabilize

the first hairpin structure were P1-158A and P1-173U, which
reduce the negative free energy to -3.8 and -4.8 kcal/mol,
respectively (approximately -16 and -20 kJ/mol, respec-
tively). Both constructs resulted in viable virus at both 30
and 40°C. However, a mixed plaque population was present
in the primary transfection assay for both viruses. This
mixed plaque population consisted of very large plaques
(five to six times the size of plaques produced by wild-type
virus) and plaques somewhat smaller than those of the wild
type, with the small plaques in about a fivefold excess.

Plaque purification led to homogeneous stocks of the large

and small plaque variants, which were used to infect sec-

ondary chicken cells or C6/36 mosquito cells at a multiplicity
of 10 in a differential one-step growth experiment in which
these mutants were compared with the wild type for their
ability to produce virus (Fig. 2). Note that the cumulative
yield of virus was not determined. Instead, in these and all
other growth curves, the media were changed every hour in
order to determine the amount of virus released per hour at
different times, and thus the curves show the rate of virus
release as a function of time.

All four mutants grew well in both cell types, but for both
P1-158A and P1-173U, the small plaque strains grew better
than the large plaque strains in both cell types (thus the very
large difference in plaque size is not correlated with the titer
of virus produced). Intriguingly, P1-158A.SP grew even

better than the wild type in both cell lines. In chicken cells,
virus was produced at faster rates than for the wild type
early in infection, but the rates of virus release for the
mutant and wild type were the same after 8 h. In mosquito
cells, the rate of virus production by the P1-158A.SP mutant
was about threefold greater than that of the wild type
throughout the infection cycle. Mutant P1-173U.SP also
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FIG. 2. Differential one-step growth curves of the small and large plaque variants of P1-158A and P1-173U in chicken (A) and mosquito

(C6/36) (B) cells at 30°C. Monolayers of cells were infected with wild-type viruses or one of the four mutant viruses at a multiplicity of 10.
After absorption for 1 h at room temperature, the inoculum was removed, the monolayers were washed, and the cells were covered with Eagle
medium. The medium was replaced every hour with fresh medium, and titers of selected samples were determined by plaque assay on chicken
monolayers at 30°C. The data are the average numbers of two independent experiments.

outgrew the wild type in mosquito cells but not in chicken
cells. Sequence analysis of the genomic RNA of all four
mutants between nucleotides 151 and 240 showed that the
original mutation was still present and that no other change
was present in this region. The source of the plaque size
variation is thus obscure. The large and small plaque strains
both grew well in chicken cells, and neither possessed a
significant selective advantage over the other. Both were
present in the original transfection mixture, and because the
specific infectivity of the RNA was the same as that of
wild-type RNA within the margin of experimental error,
there is no reason to believe that revertants were being
selected.

In order to investigate whether the mutations P1-158A and

TABLE 1. Mutations in the first hairpin structure
(nucleotides 155 to 178)

Mutanta Free energy Plaque phenotype'(kcal/mol)b

P1-158A -3.8 Large and small plaquesd
P1-158U(Q33H) -8.8 Wild type
P1-161A -5.6 Wild type
P1-161G -5.6 Wild type
P1-161U -7.6 Wild type
P1-170C -10.8 Wild type
P1-173U -4.8 Large and small plaques
P1-158A173U -3.6 Wild type
P1-176C -8.6 Wild type
P1-176A(H39Q) -8.6 Lethal
P1-176G(H39Q) -8.6 Lethal

a Mutants are named for the change(s) made. Thus P1-158A has A as
nucleotide 158 of the Sindbis virus genome in the region encoding nsPl (the
wild-type nucleotide is G, as shown in Fig. 1). All of the mutants have silent
mutations except for three, for which the change in coding is indicated at the
end of the name by a parenthesis which contains the single-letter for the
original amino acid, the position in nsPl, and the single-letter code for the
mutant amino acid. Thus, substitution 158U leads to the substitution of Gln-33
by His in nsP1.

b Calculated according to Tinoco et al. (18). One calorie = 4.184 J.
Determined in CEF monolayers.

d Two sizes of plaques were present in the original transfection assays.
Large plaques were five- to sixfold larger than wild-type plaques, whereas
small plaques were slightly smaller than those of the wild type. Variants
producing both plaque types were stable on plaque purification; the large
plaque variant is indicated by .LP and the small plaque is indicated by .SP
after the mutant name.

P1-173U together would have more effect on viral replication
or plaque morphology than either one alone, the double
mutant P1-158A173U, which led to further destabilization of
the first hairpin, was constructed. This mutant was viable
and grew fairly well in chicken cells, but there was a delay in
initial virus production and virus were produced at a slightly
reduced rate late in infection. In mosquito cells, however,
the mutant produced virus at only about 10% of the wild-
type rate throughout the infection cycle (Fig. 3). Thus,
although either mutation alone has a little or even a slightly
enhancing effect upon virus growth, the double mutant is
significantly impaired for growth.
The effect of changing the C at position 161 to any of the

other three nucleotides, which could be done without alter-
ation of the amino acid sequence, was also tested. As shown
in Table 1, a change to G or A destablizes the hairpin (AG =
-5.6 kcal [--23 kJ]/mol) more than a change to U (AG =
-7.6 kcal [--32 kJ]/mol) because of the ability of U to
participate in a GU pair. All three mutants were viable.
Growth curves of these three mutants in both chicken and
mosquito cells are shown in Fig. 4A and B. All were
significantly impaired in their ability to grow, showing a
considerable lag in the release of virus and producing virus at
a significantly lower rate. There is a clear difference in the
three, and the ability to replicate did not correlate with the

CEF
---* wt
-*o-- 158A173U

MOSQ
---0-- wt

----a--- 158Al73U

0 4 8 12
Hours

FIG. 3. Differential one-step growth curves of wild-type Sindbis
virus and the mutant P1-158A173U in chicken and mosquito cells.
Methods were the same as those described in the legend to Fig. 2.
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FIG. 4. Differential one-step growth curves for wild-type Sindbis virus and several mutants with mutations in the first stem structure.
Growth curves are shown for the wild-type virus and for mutants P1-161A, P1-161G, and P1-161U grown in CEFs (A) and C6/36 cells (B) and
for the wild type and mutants P1-170C and P1-176C grown in CEFs (C) and C6/36 cells (D). Methods were the same as those described in the
legend to Fig. 2 except that for P1-170C, the growth curve represents the results of a single experiment rather than the average of two
experiments.

stability of the hairpin structure. P1-161G grew best in both
cell types, whereas 161A was worst in chicken cells and
161U was worst in mosquito cells. P1-161A produces virus at
a rate four orders of magnitude less than the wild type in
chicken cells (but, as noted in Table 1, its plaque-forming
properties are the same as those of the wild type). P1-161U
produces virus at a rate three orders of magnitude less than
the wild type in both cell lines. Thus, it seems clear that the
stability of the hairpin structure per se is not the determining
factor, but either the structure of the stem of the hairpin or
the linear sequence of this domain is crucial for replication.
We also tested the effects of nucleotide substitutions at

positions U170 and U176, both of which could be changed
into a C without altering the amino acid sequence (Table 1).
These mutants were also viable, and growth curves in
chicken and mosquito cells are shown in Fig. 4C and D. Both
mutants were significantly impaired in their ability to grow,
producing virus slowly and at rates three orders of magni-
tude less than the wild type in both cell types.
The effect of changing U176 to G or A, which results in the

replacement of His-39 in nsPI by Gln, was also tested. Both
mutations were lethal, probably as a result of the amino acid
change.

Finally, the effect of one other nucleotide substitution that
resulted in an amino acid change was tested. Bulged As have

been found to be important in the recognition of some RNAs
by proteins (20), and bulged As are found in both stems in
the 51-nucleotide sequence element. We wanted to test the
effect of drawing the extrahelical A at nucleotide 175 into the
stem. There is no simple way to do this without altering the
amino acid sequence, but substitution of the G at position
158 with U, which results in the substitution of Gln-33 in
nsPl by His, will draw A175 into the stem and cause C174 to
become extrahelical. Mutant P1-158U(Q33H) was viable,
and growth curves for it are shown in Fig. 5. This mutant is
significantly impaired in its ability to grow, but no more so

than are many of the other (silent) mutants in this region.
Because of the change in coding, it is impossible to deter-
mine at this time whether the effect is at the level of amino
acid sequence or of nucleotide sequence, but it does seem
clear that the bulged A is not essential for virus replication.

Nucleotide substitutions in the second hairpin structure. In
contrast to the stem of the first hairpin structure, the stem of
the second hairpin (nucleotides 183 to 205) is not absolutely
conserved among alphaviruses (Fig. 1A). A number of
differences are seen, some of which lead to a less stable
hairpin structure. However, in each case, the second hairpin
structure is more stable than is the first. It is interesting that
in the Sindbis virus structure, nucleotides C185 and G203
form a CG base pair which was also present in the equivalent
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FIG. 5. One-step differential growth curves of the mutant P1-
158U(Q33H) in chicken and mosquito cells. Methods were the same

as those described in the legend to Fig. 2.

position in four of the other alphaviruses, but in Eastern
equine encephalitis virus, this base pair is replaced with UG
and in O'Nyong-nyong virus it is replaced with UA (Fig. 1).
These substitutions have little effect on the structure that can
be formed. The changes at C201 in Highlands J virus and
U200 in Semliki Forest virus would be more disruptive.
We have tested the effects of a number of nucleotide

substitutions in this structure, which are summarized in
Table 2. All of the changes but one were silent, and almost
all of the changes were chosen to disrupt the stem structure
(but in all cases, the residual stability of the hairpin is
significant). One double substitution, P1-185G203C, substi-
tuted a CG base pair with a GC base pair. A second double
substitution, P1-188G200C, changed an AU base pair to GC.
All of the silent mutants were viable, and all produced
plaques with morphologies similar to that of the wild-type
virus. No mutant was temperature sensitive by plaque assay
in chicken cells.
Seven of the mutants were analyzed in differential one-

step growth curves (Fig. 6). All of the mutants were signif-
icantly impaired in growth, both in chicken cells and in
mosquito cells, producing virus at approximately 1% of the
wild-type rate. Results for two pairs of mutants are shown in
Fig. 6A and B. Mutant P1-185G disrupted a CG base pair,

TABLE 2. Mutations in the second hairpin structure
(nucleotides 183 to 205)

Mutant' Free energy Plaque(kcallmol)b phenotypec
P1-185G -7.6 Wild type
P1-186C -10.4 Wild type
P1-188U(R43S) -17.0 Lethal
P1-197A -10.4 Wild type
P1-197C -10.4 Wild type
P1-197U -10.4 Wild type
P1-195A196G197U -10.4 Wild type
P1-200C -13.4 Wild type
Pl-188G200C -20.8 Wild type
P1-201U -12.4 Wild type
P1-203A -7.6 Wild type
P1-203C -7.6 Wild type
P1-203U -7.6 Wild type
P1-185G203C -17.0 Wild type

a Mutants are named as in Table 1. All are silent except for P1-188U(R43S).
b Calculated according to Tinoco et al. (18). One calorie = 4.184 J.
Determined in CEF monolayers.

making the hairpin less stable (AG = -7.7 kcal [--32
kJ]/mol), whereas the double mutant P1-185G203C replaced
the CG base pair with a GC pair and restored the stem. Both
mutants grew poorly. In chicken cells, these two mutants
grew very similarly, with the double mutant growing just
slightly better. In mosquito cells, the single mutant grew
almost 10-fold better than the double mutant. Mutants P1-
200C and P1-188G200C form a similar pair, but the AU base
pair in the stem is replaced with a GC base pair in the double
mutant. Again, both mutants grew poorly in both cell types.
Clearly it is not the stability of the stem structure per se that
determines the function, but the sequence of the stem is
important as well.
Growth curves for mutants P1-197A and P1-201U and for

the triple mutant P1-195A196G197U, in which the serine
codon UCG is replaced by AGU, are shown in Fig. 6C and
D. This last mutant also tests the effect of changing a
conserved UC in the second loop. All three mutants grew
poorly in both cell lines, with the triple mutant growing as
well as or better than many of the single mutations tested.
Because the triple mutant has a change in the stem in
addition to the two changes in the loop, the relative contri-
bution of changes in the stem and in the loop to the
phenotype of this mutant cannot be determined, but it is
clear that changes in the loop structure do not have a more
severe effect upon virus replication than do changes in the
stem. In chicken cells, these last three mutants produced
virus at about 1% of wild-type rate. In mosquito cells,
P1-201U grew significantly less well than other mutants
tested, producing only 0.1% of wild-type levels at all times
tested.

Mutants P1-197C, P1-197U, P1-203A, P1-203C, and P1-
203U were also constructed. Although all were viable and
produced normal-size plaques, all grew very poorly such
that the resulting stocks were low titer, and growth curves
were not attempted because of the inability to produce an
input multiplicity of 10. It seems clear, however, that these
mutants are all significantly impaired in their ability to grow,
at least in chicken cells.
We also tested one coding change mutant. Mutant P1-

188U(R43S) was constructed in an attempt to test the
importance of the bulged A in the second hairpin, as there
was no simple way to draw this A into the hairpin without a
coding change. This mutant was not viable, as shown by
transfection attempts with three independent constructs.
Even after blind passaging in liquid culture, no virus could
be detected. It seems likely that the lethality is due to the
amino acid substitution, although we cannot rule out the
possibility that the extrahelical A is essential for virus
replication.

DISCUSSION

A number of conserved nucleotide sequences have been
found in alphavirus RNAs which are postulated to function
as promoter elements in virus replication (for a review, see
reference 17). Although there are probably other important
sequence elements in the viral genomes (for example, a
domain important for interaction with the viral capsid pro-
tein has recently been identified [19]), it seemed likely that
investigation of the role of these short conserved sequence
elements would be useful for our understanding of virus
replication. We have begun with a mutational analysis of the
3' nontranslated region (9) and the 51-nucleotide region
reported here. Most of the 25 different mutations in the
51-nucleotide sequence element examined were silent so as
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FIG. 6. Differential one-step growth curves of the mutants in the second hairpin structure. Methods were the same as those described in

the legend to Fig. 2, except that the growth curves for P1-197A, P1-200C, P1-201U, and P1-195A196G197U (referred to as 195/7AGU in the
figure) are from a single experiment rather than the average of two independent experiments.

not to complicate the analysis with changes in protein
sequence, and most of these would disrupt one or the other
of the hypothetical stem-loop structures, although two dou-
ble mutants were constructed that replaced base pairs in the
second stem with another base pair. The results make it clear
that the sequence in this region is quite important in some
way for virus replication, as predicted from its conservation.
The fact that two mutants, P1-158A and P1-173U, grow

better than the wild type in tissue culture suggests that the
wild-type viral sequence is a compromise. We presume that
these two mutants are less well adapted for persistence in
nature even though they replicate at faster rates in tissue
culture cells. It is possible that they grow less well than the
wild-type virus in the target tissues of their natural hosts. If
these viruses replicated less efficiently in gut cells or salivary
gland cells of the mosquito, for example, they would not be
transmitted as efficiently. A second intriguing possibility,
which can be explored in whole animals, is that strains that
replicate too efficiently in mosquitoes might be selected
against in nature because of lowered vector viability.
These two mutants that grow well are also strange in that

both large and small plaque variants are present in the
primary transfection plate. But the large and small plaque
variants grow similarly, and thus neither has a significant
selective advantage over the other. Furthermore, the spe-
cific infectivity of the RNA transcript is the same (within the
margin of experimental error) as that of wild-type tran-
scripts, so that there is no reason to suspect that revertants
of some sort are being selected from the transfection mix.

Both the large and small plaque variants have the predicted
sequence within the 51-nucleotide region but clearly must
differ somewhere else in the genome. We presume that the
small plaque variant represents the parental mutant that was
constructed because it is present in fivefold excess over the
large plaque variant and that an RNA polymerase error leads
to a second change elsewhere in the genome to produce large
plaques. Because the small plaque variant is stable once

isolated, it seems likely that the error is introduced by the
SP6 polymerase and not by the viral replicase. It is unclear
if such an SP6 polymerase error is one that is introduced
often but not seen because its effect is seen only when the
change in the 51-nucleotide region is present or if the
mutation in this element induces the polymerase to make the
error. It will be possible to map the second site change by
using the same methods that have been used successfully for
mapping temperature-sensitive mutations or other pheno-
typic markers (5, 6, 12).
The relationship of plaque size to virus growth rate is also

unpredictable. In the case of the two mutants Pl-158A and
P1-173U, the small plaque variant grows at a faster rate than
the large plaque variant, which produces plaques that are six
times as large. But even more strangely, all of the other
mutants produce plaques that are wild type in morphology,
despite the fact that most produce virus at a rate only 1%,
and in extreme cases 0.01%, that of the wild type rate and
many exhibit a pronounced lag in the growth curve. Thus,
primary plaque morphology cannot be used to predict the
growth properties of the virus other than that it is viable. We
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have obtained similar results with mutants in other regions of
the genome (9).

Deletion mapping of DI RNAs shows that the entire
51-nucleotide domain is dispensible, although the DI parti-
cles do replicate somewhat more slowly (11). In our hands,
changes in this region led to a reduction of virus growth rate
of two orders of magnitude, which effectively makes the
RNA noncompetitive and might be expected to inactivate DI
RNA. It is unclear at present why DI RNA can dispense with
the function of this region.
Although the function of this region is currently unknown,

we presume that a protein, whether virus encoded or cellu-
lar, interacts with this domain in a specific fashion. It seems
almost certain that the hairpin structures exist in solution.
They have a large calculated free energy, and the sequence
conservation ends precisely at the boundaries of the stems
(Fig. 1). Furthermore, observations such as the fact that
O'Nyong-nyong virus has compensating changes that pre-
vent the second stem from being elongated by a base pair or
that in some viruses one base pair is substituted for another
(Fig. 1) lend credence to the hypothesis that this conserved
domain functions as two hairpin structures. The mutational
analysis here makes clear that the sequence within the stems
of the hairpins is crucial, and thus these stems cannot exist
simply to present the loop sequence to a protein. Further-
more, our results suggest that the presence of the extraheli-
cal As in the stem structures is not the key feature (20),
although we cannot rule this out now because of the diffi-
culty of obtaining mutants with silent mutations to test this in
a simple fashion. We suggest, however, that some protein
interacts with the stem structures in the major or minor
grooves in a fashion similar to that of a number of DNA
binding proteins and that the distortions in the structure
caused by nucleotide alterations (or the altered sequence
when one base pair is replaced with another) lead to a lower
affinity of binding and slower virus growth. In this model,
two explanations are possible for the fact that the mutants
are viable but grow poorly. One (the enhancer theory) is that
the binding function can be dispensed with entirely such that
the virus can replicate in the absence of binding of the
putative binding factor but at a much slower rate. The
second possibility is that binding is absolutely required for
replication and the slower kinetics of growth result from a
weakened affinity of the binding factor for its substrate. The
DI particle results suggest the former, but it is unclear at
what stage binding to this region is required and therefore if
it is a function required for virus replication but not for DI
particle replication in the presence of helper virus. Further-
more, the fact that the different mutants tested vary over
three to four orders of magnitude in the rate of virus
production might suggest that for many or all of these
mutants there is some residual binding by the interacting
protein.
Two hypotheses have been put forward for the possible

function of this region (13, 17). One hypothesis suggests that
this domain is involved in encapsidation, which seems
unlikely now because of recent results that implicate a region
between nucleotides 746 and 1226 in encapsidation (19). The
second possible function is production of minus strands from
a plus-strand template, because it is thought that non-
3'-terminal sequences are required for production of minus
strands. In this model, the replicase must bind simulta-
neously to both the 5' and 3' ends of the RNA to initiate
minus-strand synthesis in an efficient fashion, a process
which could be facilitated by the cyclization of alphavirus
RNAs that is known to occur (4). Now that we have a series

of mutants that have been characterized as to growth prop-
erties in two cell lines representing different phyla, we are in
a position to explore the function of the domain in virus
replication.
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